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Oil-in-water emulsions, stabilised with conventional surfactants, are commonly used in eye drops for
ocular drug delivery. However, the presence of surfactants can sometimes irritate tissues. Furthermore,
conventional emulsions often have poor retention on ocular tissue. Pickering emulsions stabilised with
nanoparticles have been gaining attention in recent years for a range of biomedical applications because
of their biocompatibility. Here, Pickering emulsions were evaluated for the first time for the confinement
of organic components for potential application in ocular drug delivery. For a model system, we used
nanodiamond (ND) nanoparticles functionalised with covalently-bonded two-tail (2T) oligoglycine
C10(NGly,), to make Pickering oil-in-water emulsions, which were stable over three months of storage
under neutral pH. We proved the non-toxicity of ND-2T Pickering emulsions, comparable to buffer
solution, via an ex vivo bovine corneal permeability and opacity test. The retention of the oil phase in
the ND-2T stabilised emulsions on corneal tissue is significantly increased because of the mucoadhesive

Received 13th April 2023, properties arising from the positively-charged terminal amino groups of 2T. Our formulated emulsions

Accepted 3rd July 2023 have a surface tension, pH and salt concentration comparable to that of tear fluid. The high retention of
DOI: 10.1039/d3sm00495¢ the ND-2T-stabilised emulsions on the corneal surface, in combination with their non-toxicity, gives

them distinct advantages for ocular drug delivery. The principles of this model system could be applied

Open Access Article. Published on 03 July 2023. Downloaded on 6/24/2026 4:21:56 PM.

(cc)

rsc.li/soft-matter-journal

1. Introduction

Out of the 2.2 billion people in the world who have a visual
impairment, approximately one billion could have been pre-
ventatively treated or are yet to be treated.” Ocular drug
delivery formulations are required to address the problem of
visual impairment. The purpose of such systems is to maintain
therapeutic drug concentrations at the target site, minimise
dosage frequency, and overcome various dynamic and static
ocular barriers.® Although topically applied eye drops are used
by clinicians to treat anterior segment disorders, such as dry
eye disease, keratitis, and allergic conjunctivitis,® the relatively
low drug bioavailability resulting from several factors is a major
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in the future design of a range of formulations for drug delivery.

disadvantage. These factors include the continuous production
of tear fluid and its drainage through the nasolacrimal duct
to the nasal cavity, poor permeability of the cornea, and the
removal of the drug by blinking.

To improve drug bioavailability, ophthalmic formulations
require higher pre-corneal residence times and better drug
penetration through ocular membranes. Therefore, drug delivery
systems that provide longer retention times on ocular surfaces to
facilitate the sustained release of drug molecules are required.
Taking advantage of the negatively-charged glycocalyx covering
the corneal surface,” the use of positively-charged particles or
polymers is a common method for increasing the retention time
of ocular formulations.® For example, a cationic polysaccharide,
chitosan, and its derivatives are widely used for enhancing the
mucoadhesive properties of various formulations.®

Oil-in-water emulsions are commonly used to formulate
poorly water-soluble drugs for ocular drug delivery.””® They
are usually prepared as eye drops and emulsified using con-
ventional or polymeric surfactants, such as poloxamers
(e.g., Poloxamer 188), polysorbates (e.g., Tween 20), poly(ethylene
glycol), Brij®, and tyloxapol.® Moreover, surfactants can improve
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drug permeation through the cornea.'® For instance, Tween 20
was shown to be effective in increasing corneal permeability."

Some classical surfactants widely used to stabilise emulsions,
such as anionic sodium lauryl sulphate,'? cationic cetylpyridi-
nium chloride®® or non-ionic polysorbates,* can cause tissue
irritation or even damage to biological cells,"*'*> which limits
their applications in ocular drug delivery. Pickering emulsions
are particle-stabilised liquid droplets dispersed in an immiscible
continuous liquid phase.'®"” Compared to conventional surfactant-
stabilised emulsions, Pickering emulsions can potentially
show attractive qualities, including long-term stability against
coalescence and the biocompatibility of the emulsifiers. Non-
irritating nanoparticles used to stabilise Pickering emulsions
could offer advantages in the formulation of ocular drug
delivery systems. To the best of our knowledge, there are no
prior reports in the literature on the use of ocular drops
formulated as Pickering emulsions.

Pickering emulsions have previously been investigated for
transdermal drug delivery. For example, Simovic and co-workers'®
studied the stability, structural and transdermal delivery charac-
teristics of Pickering emulsions stabilized by hydrophilic bio-
compatible silica nanoparticles. They showed the importance of
considering both delivery efficiency and potential toxicological
risks. Accordingly, the selection of particles with biocompatible
properties is very important for Pickering emulsions as drug
delivery systems.

The biocompatibility, stability and facile surface modifica-
tion of carbon-based particles make them an attractive choice
as Pickering emulsion stabilisers.’® Nanodiamond (ND) parti-
cles have been reported to exhibit better biocompatibility (and
lower toxicity) compared to other carbon nanomaterials, such
as carbon black, carbon nanotubes, carbon nanohorns, carbon
nanoplatelets, and graphene oxide.?** This conclusion was
derived from a variety of methods, such as the MTT assay,
mitochondrial membrane permeability (MMP) measurement,
and reactive oxygen species (ROS) generation detection, utilizing
neuronal and lung cell models by Schrand and coworkers.”*
Moreover, ND offers advantages in biomedical and pharmaceu-
tical applications owing to a high loading capacity and an ability
to cross cellular membranes.>® Effective techniques for producing
non-aggregated ND particles open new and exciting opportunities
for applications in colloidal technology.”® In addition, the func-
tionalization of ND with carboxylic groups allows the covalent
bonding or adsorption of molecules of interest in biomedicine, as
well as demonstrating drug-loading capabilities.>”>° Surface func-
tionalization with carboxylic groups offers greater colloidal stabi-
lity of ND when dispersed in polar solvents**>* as well as their
enhanced biocompatibility, which is of great importance for their
biomedical applications.*

In our previous work,** we demonstrated for the first time
the feasibility of producing carboxylated ND-stabilised Picker-
ing emulsions. However, the stability of these emulsions at
neutral pH was found to be relatively low compared to emul-
sions with acidic or basic pH. Many ophthalmic solutions have
an acidic pH range (3.5-6.3) that may cause discomfort upon
initial application.®® Therefore, extending the stability and

5514 | Soft Matter, 2023,19, 5513-5526

View Article Online

Soft Matter

lifetime of the ND-stabilised Pickering emulsions at neutral
pH is one of our aims here.

Wettability is an important parameter of the nanoparticles
that determines their suitability as Pickering emulsions.
Raising the pH is a common approach to increase the wett-
ability of carboxylated colloidal particles, but surface modifica-
tion can offer considerable scope for designing multifunctional
hybrid nanoparticles that can act as novel and efficient Picker-
ing emulsion stabilisers.>® For example, Zhao et al.*” reported
novel switchable silica nanoparticles modified by mixed
polymer brushes of poly(acrylic acid) and polystyrene. Those
functionalised particles can form stable dispersions in various
solvents with the reorganization of polymer chains based on
surrounding solvent conditions. Using the same mechanism,
Motornov and coworkers®® fabricated responsive nanoparticles
by employing hybrid copolymer brushes and demonstrated a
reversible switching between stable water-in-oil (w/o) and o/w
emulsions. More recently, Yandrapalli et al.?® used 3-allyloxy-2-
hydroxy1-propane sulfonic acid to modify graphitic carbon
nitride nanopowders, then produced monodispersed Pickering
emulsions and demonstrated their potential applications in
bioimaging, catalysis, and photonics.

Two-tail oligoglycine, C;¢(NGly,), (referred to hereafter as 2T),
consists of a middle alkyl chain between four glycine amino acid
residues (tetrapeptides) at both ends of the molecule. 2T has been
studied in depth, notably because of its special 2D self-assembled
structure in neutral pH buffer solutions and its pH-responsive
properties arising from its positively-charged terminal amino
groups.’”*! We have previously used self-assembled sheets of 2T
to emulsify oil in water at a neutral pH.*> We now hypothesise that
the charged terminal amino groups on 2T will enhance muco-
adhesion on ocular tissue. However, emulsions stabilised by 2T
alone do not have adequate stability at a neutral pH for ocular
drug delivery. Accordingly, we have developed a new type of model
Pickering emulsion system stabilised by ND with covalently-
bonded 2T, never reported previously. We used sunflower oil,
which has been employed previously in eye drop applications,"® as
the oil phase in the Pickering emulsions. Using freshly excised
bovine eyes as substrates, we investigated the toxicity of the
composites and also explored the retention of the Pickering
emulsions on the cornea. This model system will establish
principles upon which to develop future ocular drug delivery
formulations.

2. Results and discussions

2.1. Nanodiamond functionalisation and Pickering
emulsification

2T was covalently bound to the surface of ND via a coupling
reaction, which is schematically shown in Fig. 1. N-(3-Di-
methylaminopropyl)-N’-ethyl carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were used to mediate
the reaction between the carboxylic groups on the ND surface
and amino groups of 2T to form stable amide bonds.** This is
the first example of this coupling reaction being applied to ND

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The surface modification of ND particles with 2T. EDC and NHS produce a semi-stable amine-reactive ester on the ND surface. 2T replaces the

ester and is covalently bonded to the ND surface.

and the first reported covalent grafting of 2T to ND. We refer to
the functionalised nanoparticles as ND-2T.

Transmission electron microscopy (TEM) images of both ND
and ND-2T are presented in Fig. 2. Individual ND particles,
with a mean size of 4.8 + 1.0 nm, are observed (Fig. 2a). The
nanocrystals form aggregates following their drying from
the water phase (pH = 7) during the TEM sample preparation.
After undergoing surface modification of ND with the 2T, the
morphology of the nanoparticles is significantly altered, as is
presented in Fig. 2b. A large ND-2T cluster (ca. 100 nm in
diameter) composed of modified nanoparticles (>20 nm) is
visible. A coating layer on the ND nanoparticles (possibly
grafted 2T) is observed in the inset image. The ND-2T particles
might be formed by 2T being sandwiched between ND nano-
crystals, with each end of the 2T molecules covalently binding
to the facing ND crystals.

Evidence for the successful covalent bonding of the 2T to the
ND via the EDC/NHS coupling reaction is provided by FT-IR
spectra (Fig. 2c). Characteristic spectral bands at 1646 and
1560 cm ' are assigned to the C—O stretching and N-H
bending of 2T. The broad absorption band between 3700 cm ™
and 2700 cm ™" is assigned to the O-H stretching of carboxylic
groups on the surface of ND particles. After the surface modi-
fication of ND with 2T, the relative intensity of the broad O-H
stretching band in the ND spectrum is decreased. Additionally,
the intensity of NH, wagging at 893 cm™" in the 2T spectrum is
greatly reduced in the ND functionalised with 2T following the
conversion of some of the amino groups to amide bonds.

Thermogravimetric analysis (Fig. 2d) confirms that both 2T
and ND are present in the nanoparticles functionalised with 2T
(ND-2T). The first mass loss of 2T (56.5%), which is observed in
the range from 200 °C to 400 °C, is explained by the defrag-
mentation of linear peptides accompanied by the release of
NH; and CO,.*> A mass loss is observed over the same tem-
perature range for NDs functionalised with 2T where 28.4% of
the mass is lost. As the mass loss of ND in this temperature

This journal is © The Royal Society of Chemistry 2023

range is 2.8%, then the mass percentage of 2T in ND-2T
particles can be estimated as

Myt X 56.5% = Mypor X 28.4% — (Myp_or — Mar) X 2.8%

where m,r is the mass of 2T in ND-2T particles and myp_pt is
the total mass of the ND-2T. Thus, we obtain m, = 47.7% Mxp_or,
which is comparable to the initial proportion of reactants: 50% 2T
by mass. According to the calculations presented in the ESI,{ the
surface coverage of 2T on ND is estimated from the mass analysis
to be about 16 wt% of a dense 2T shell. The slightly higher
decomposition temperature for the ND-2T, in comparison to the
unmodified ND, can be explained by the amide bonds between 2T
and ND. This difference provides additional evidence for the
successful functionalization of NDs.

The (-potential and particle size of ND and ND-2T disper-
sions in water were evaluated over a wide range of pH (Fig. 2e)
as a means to characterise the surface modification. The
{-potential values for ND dispersions change from —20 mV to
—31 mV upon increase in pH from 4.0 to 10.0, which is related
to the deprotonation of the carboxylic groups. The changes
of (-potential values for ND-2T particles are very different in the
same range of pH. At pH 4.0 these particles are positively
charged ({ = +10 mV), because of the protonation of amino
groups of 2T present on the ND surface. The zeta potential of 2T
at pH 4 is +22.2 mV, which explains the switch from negative to
positive charge after the ND was modified. A further increase in
pH results in the recharging of the particles, and at pH 5.0, the
{-potential has a negative value (—15 mV), owing to the
presence of carboxylic groups on the ND surface, which were
not substituted with 2T.*® The isoelectric point (pHygp) is thus
observed in the pH range between 4.0 and 5.0. At neutral pH,
electropositive amino groups are present on the ND surface,
despite the overall net negative charge. It is likely that some 2T
molecules undergo the coupling reaction at both ends, but the
increase in charge provides evidence for single-end bonding on
the carboxy.

Soft Matter, 2023,19, 5513-5526 | 5515
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Fig. 2 Characterization of original ND and 2T-functionalised ND nanoparticles in water. TEM images of (a) ND and (b) ND-2T nanoparticles deposited
from water (pH = 7). The scale bar in the inset is 20 nm. (c) FT-IR spectra of 2T, ND and ND-2T samples. (d) TGA thermograms of ND, 2T and ND-2T
samples. (e) {-potential and (f) z-average particle size as a function of the pH value of ND and ND-2T particles. (Concentration in dispersions is
0.1 mg mL™Y). The upper and lower lines connecting the data points show the standard deviation.

The changes with the hydrodynamic diameter of ND and
ND-2T particles, measured using dynamic light scattering,
as a function of pH are shown in Fig. 2f. In agreement with
the TEM analysis, the size of ND-2T particles is consistently
higher than the original ND. At pH = 4.0, the unmodified ND
exhibit a z-average particle size of 75 & 1 nm; however, a further
increase in pH > 5.0 results in a substantial reduction of their
diameter to 37 + 1 nm. This is likely related to the deprotona-
tion of carboxylic groups upon the increase in pH. At a more

5516 | Soft Matter, 2023, 19, 5513-5526

acidic pH of 4.0, the majority of carboxylic groups present on
ND surface are protonated (pK, approximately 4-5) and form
interparticle hydrogen bonds causing their aggregation. When
pH > 5.0 the carboxylic groups are dissociated and cannot
form hydrogen bonds, resulting in the de-aggregation of parti-
cles. The size of ND-2T is substantially larger than the diameter
of unmodified ND at all pHs studied, even though the fully
extended length of the 2T molecule is only 4 nm. This could be
related to the possibility that some 2T molecules could have

This journal is © The Royal Society of Chemistry 2023
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(a) Time dependence of the destabilization of ND—-2T stabilised Pickering emulsions (measured by the thickness of free oil layer) at different

particle concentrations. (b) Optical microscopy image of 1 mg mL~* ND-2T-stabilised Pickering emulsion at 0.5 h after their formation. The scale bar
represents 100 um. (c) Comparison of the destabilization of four emulsions with either no emulsifier or with three different Pickering stabilisers: 1 mg mL~* ND,
1 mg mL™t 2T, and 1 mg mL™* ND-2T. (d) Digital photographs of the four different emulsions after being stored in the dark for three months.

reacted from both ends and linked several particles together
covalently, as was also suggested by the TEM analysis. The
largest particle size for ND-2T is observed at pH 4.0
(>1000 nm), indicating strong aggregation. This result could
be related to the proximity of this pH to the pHyp where
number of positively charged groups equals the number of
negatively charged groups. This sort of aggregation behaviour is
well documented in some synthetic and natural polyam-
pholytes, which tend to aggregate and precipitate at pH =
pHep."”*® When the pH > 5.0 the particles gain negative
charge and attain a stable diameter of 110 & 2 nm.

Chemical modification of ND with organic molecules to
strengthen their fluorescent properties has attracted great
attention in recent years owing to their potential applications in
theranostics.*>*® In the present work, we have studied the
fluorescence of the ND-2T particles as a means to characterise
the chemical modification of the ND (ESIT Fig. S1). At the
excitation wavelength of 460 nm, a fluorescent peak at 521 nm
is observed for ND. For the ND-2T particles, a new peak at
580 nm is observed, which might be arising from the non-
diamond carbon (amorphous and not chemically pure) on the
ND particle surface.”

Having synthesised ND-2T particles and determined their
fundamental properties, we developed their use in Pickering
emulsions. A range of concentrations of ND-2T in deionised
water dispersions (0.01 mg mL ", 0.05 mg mL ™", 0.1 mg mL ",

This journal is © The Royal Society of Chemistry 2023

0.25 mg mL ™", 0.5 mg mL~ " and 1 mg mL ") was prepared for
the emulsification of sunflower oil with a water:oil volume
ratio of 7: 3. The emulsion stability was determined by measur-
ing the volume fraction of de-emulsified oil over time. As is
shown in Fig. 3a, when the ND-2T particles concentration was
increased, the stability was improved at the same time. When
the ND-2T concentration was increased to 1 mg mL™", barely
any oil layer was observed over 72 h of ageing, indicating the
formation of stable ND-2T Pickering emulsions. Fig. 3b shows
a microscopy image of the 1 mg mL~' ND-2T stabilised
emulsions at 0.5 h after their formation, which gives a mean
size of 16 pm and a coefficient variation of 18%.

Emulsions prepared with three different stabilisers (1 mg mL ™"
ND, 1 mg mL " 2T, and 1 mg mL~' ND-2T) with the same
formulation (with a water: oil volume ratio of 7:3) are com-
pared in Fig. 3c. There is an obvious improvement in the
stability of emulsions prepared in the presence of ND-2T
compared to ND and 2T over 240 h of their storage. Even after
three months of storage (Fig. 3d), almost no phase separated oil
was observed, although the size of oil droplets was doubled
(Fig. S2 in ESIt) which can be attributed to some coalescence.
With 2T used as an emulsifier and without any added emulsi-
fier, the emulsions started to destabilise over the first few hours
and were nearly fully destabilised after 240 h. Distinct oil layers
were found in these formulations after three months of their
storage. In the emulsions stabilised with ND, about one half of

Soft Matter, 2023, 19, 5513-5526 | 5517
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Fig. 4 (a) AFM images of a dried ND emulsion film on a glass substrate. (b) AFM images of dried ND-2T emulsion film on glass. In (a) and (b), the oil phase

was removed via immersion in toluene. Schematic diagrams show an interpretation of inter-particle interactions for (c) an ND-stabilised oil drop and
(d) an ND-2T -stabilised oil drop. The top drawings show a cross-sectional view of the Pickering emulsion oil drops. The bottom drawings show the result
after depositing onto a solid substrate and removing the water phase. (e) The possible H-bonding between the oligoglycine segments on adjacent
2T-ND particles. (f) Viscosity for the Pickering emulsions stabilised with ND and ND-2T as a function of shear rate.

the volume remained after three months, and sedimentation of
ND was observed, which is attributed to the de-emulsification
resulting in the formation of precipitates at the bottom of the
container. The stability improvement of emulsions stabilised
with ND-2T, compared to ND, is in good agreement with
previous reports that a lower absolute value of {-potential of
particles tends to impart a Pickering emulsion with higher
stability,”*>* while less charged particles have lower polarity
and therefore greater affinity for the oil/water interface. Note
in Fig. 2e that ND-2T particles have a ~10 mV lower negative
{-potential compared to ND dispersions at pH 7.

5518 | Soft Matter, 2023, 19, 5513-5526

Additional experiments to explore the stabilization mecha-
nism of ND-2T emulsions were performed. Emulsions stabi-
lised with either ND or ND-2T were diluted and dried on a glass
substrate. The stabilised emulsion drops were then immersed
in toluene to remove the oil phase to allow imaging of the
stabilising shells via atomic force microscopy (AFM). Fig. 4a
shows the AFM images of an ND-stabilised emulsion film, in
which there is an ND coating with many open holes (high-
lighted by the green dashed circles), which otherwise would be
the position of the oil droplets before being removed. At the
edge of the open holes, the ND density is higher than in other

This journal is © The Royal Society of Chemistry 2023
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areas. In contrast, for the dried ND-2T-stabilised emulsion film
(with oil removed), no such holes are found (Fig. 4b). Instead,
there are hemispherical structures which are interpreted as the
remains of the ND-2T shells that previously encapsulated the
oil droplets. In the microscope images in Fig. S3 (ESIt), more
evidence for hemispherical “oil drops” is found in the dried
ND-2T emulsion. Based on these observations, we present a
schematic diagram to illustrate the proposed stabilization
mechanisms (Fig. 4c and d). For the ND-stabilised oil droplets,
because of the weak particle interactions between the ND
particles at the oil surface, the ND particles migrate to the edge
of the oil droplet under gravity during the drying of the
emulsion. However, for the ND-2T stabilised oil droplets,
adhesion between ND-2T nanoparticles results from the hydro-
gen bonding between the tetrapeptide segments (N-H- - -O) on
adjacent nanoparticle surfaces (Fig. 4e). Gravitational forces on
the particles cannot overcome these H-bonding attractions, and
therefore a hollow capsule is formed upon the oil removal. This
type of capsule will increase the ND-2T emulsion stability.

This interpretation is supported by the rheological analysis
shown in Fig. 4f. The ND-2T stabilised emulsions show a typical
shear-thinning behaviour, wherein the viscosity decreases as the
shear rate increases, until it reaches the same level as the viscosity
of the ND-stabilised emulsions. The shear-thinning behaviour can
be explained by decreasing interactions between ND-2T particles
on contacting oil drop surfaces, when hydrogen bonds are dis-
rupted by the shearing force.>® In contrast, for the ND-stabilised
emulsions, without hydrogen bonding between emulsion dro-
plets, the viscosity remains at a constant value during shearing,
which agrees with previous rheological studies by Farias et al.>®
using hydroxylated ND as a Pickering emulsion stabiliser.

2.2. Evaluation for ocular drug delivery applications

Any formulation designed for topical administration to the eye
should meet a range of requirements. One of these is absence
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of adverse effects on the ocular surface. For example, the pH of
the formulation should be close to the normal pH of tear fluid
(in the pH range between 7.14 and 7.82) to reduce discomfort
and to minimise lacrimation.’” In the present work, we pre-
pared the ND-2T stabilised emulsion using DI-water, and the
pH was measured to be 7. The osmotic pressure of tears is
equivalent to a 0.9% to 1.0 wt% solution of sodium chloride.
Hypotonic and hypertonic solutions are problematic. To explore
the feasibility of the Pickering emulsions for ocular delivery,
sodium chloride was added to the aqueous phase of an ND-2T
emulsion to make a 1 wt% solution. The emulsion remained
stable after the salt addition, and the size of the oil drops did not
change during one day of observation. Additionally, the surface
tension value of normal tear fluid from healthy human eyes®® falls
in the range of 43.6 &+ 2.7 mN m . Solutions with a surface
tension lower than that of tears may disrupt the lipid layer of the
tear film, causing it to form lipid droplets. The integrity of this oily
film, created by the lacrimal fluid, is crucial for maintaining a
healthy tear film by keeping the eye hydrated and preventing dry
eye.”>®® In this work, the surface tensions of three emulsions
(Tween-20, ND and ND-2T stabilised) were measured via pendant
drop tensiometry (Fig. S4 in ESIf). The values for all three
emulsions fell within the range of the surface tension of tear
fluid. The ND-2T-stabilised emulsion has an acceptable surface
tension of ca. 46 mN m ™, which can be attributed to the presence
of excess ND-2T particles or emulsion oil droplets adsorbing at
the air-water interface.

The bovine corneal permeability and opacity (BCOP) assay
has been commonly used to evaluate the biocompatibility of
ocular formulations, specifically for the identification of corro-
sive and severe ocular irritants.*"> BCOP typically consists of
two separate tests, involving (a) the effect of chemicals on the
opacification of the bovine cornea, and (b) their effect on the
integrity and barrier function of the corneal epithelium. The
barrier function of the corneal epithelium is assessed via

Q
O

Relative intensity change

After

Before

Fig. 5 (a) Changes in bovine corneal opacity following their exposure to 1% w/v BAC, 0.1 M NaOH, 1 mg mL™ ND-stabilised emulsion, 1 mg mL™*
ND-2T-stabilised emulsions, PBS buffer (pH 7.4), and 1 mg mL~* Tween 20-stabilised emulsions. The values are presented as the difference in the mean
intensity + standard deviation (n = 3) relative to the blank tissue, then normalised by the highest intensity difference (obtained for BAC 1%). Statistically
significant differences are represented as: **** p < 0.0001; *** p < 0.001; ns (no significant difference) p > 0.05. (b) Digital photographs showing a
bovine eye before and after it was treated with 1% w/v BAC. The orange silicone ring encircles the cornea where the BAC was added.
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the permeation of sodium fluorescein following the tissue
exposure to a test chemical.

In this research, BCOP was used for the preliminary screening
of emulsions stabilised using ND, ND-2T and Tween 20. Their
results are compared to those of benzalkonium chloride (BAC),
which is commonly present at a concentration of 0.02% w/v in
approximately 70% of commercial ophthalmic formulations as a
preservative and penetration enhancer. However, at higher con-
centrations (e.g. 1% w/v), it causes severe ocular irritation.*®
A 0.1 M NaOH solution was used as a positive control because
this base is known to be corrosive to corneal tissue at high
concentrations.®* PBS buffer (pH 7.4) and a conventional emul-
sion made using Tween 20 (1 mg mL™') were both negative
controls. Tween 20 is a surfactant that has been commonly used
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in ocular formulations.”®> Pickering emulsions stabilised by 2T
alone are poorly stable at neutral pH.** Hence, they are considered
unsuitable candidates for ocular drug delivery and were not
studied here.

Results of the corneal opacity experiments are presented
in Fig. 5a. The data show that 1% w/v BAC significantly
changed the opacity of the bovine cornea (p < 0.05), con-
firming its strongly irritant nature at this concentration.
Effects can even be observed visually (Fig. 5b). The exposure
of the bovine cornea to PBS caused no significant changes
in the corneal opacity (p > 0.05). Similar results were found
for 0.1 M NaOH and the three emulsions. There were no
statistically significant differences in the opacity changes
observed for the exposure of bovine cornea to the emulsions

Tween 20

1.4 1

1.2 1

1.0 ,
0.8
0.6
0.4

0.2

Relative intensitychange

0.0 4

Fig. 6

(a) Fluorescent images of bovine eyes treated with sodium fluorescein following their exposure to 1% w/v BAC, 0.1 M NaOH, PBS buffer (pH 7.4),

and o/w emulsions stabilised with 1 mg mL™* ND, 1 mg mL~* ND-2T, and 1 mg mL~* Tween 20. The scale bar represents a length of 4 mm. (b) Change in
fluorescent intensity values after the application of test substance (normalised by the intensity change for BAC 1%). Intensity values were calculated from
raw images using ImageJ software. The values are presented as mean =+ standard deviation (n = 3). Statistically significant differences were represented

as: **** p < 0.0001; * p < 0.05; ns (no significant difference) p > 0.05.
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stabilised with ND, ND-2T, and Tween 20 compared to the
PBS buffer.

The cornea protects the eyes from the penetration of hazar-
dous substances®®®” and its barrier function can be evaluated
using sodium fluorescein.®' Damage to the cornea by exposure
to irritant compounds results in epithelial disruption, making
it more permeable to the fluorescent molecule. Fig. 6a shows
exemplar fluorescent images of bovine corneas pre-treated
with 1% w/v BAC, 0.1 M NaOH, the three emulsions, and
PBS, and subsequently exposed to sodium fluorescein solution.
The normalized relative fluorescent intensity values, in Fig. 6b,
provide a comparison of the effects of these compounds and
formulations on the corneal permeability to sodium fluores-
cein. Relatively high fluorescent intensity values recorded for
the exposure of bovine corneas to 1% w/v BAC and 0.1 M NaOH
indicate that these compounds cause disruption in the barrier
function of the epithelia. The PBS buffer-treated cornea shows
the lowest fluorescent intensity which implies no corneal
damage. There are no significant differences in the fluorescent

10 min

5 min

15 min
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intensity between the PBS-treated corneas and the corneas
treated with ND, ND-2T-, and Tween 20-stabilised emulsions,
which means there is no corneal damage from these formula-
tions. Overall, the results of BCOP assay indicate that emulsions
stabilised with ND and ND-2T should cause no ocular irritation if
eventually used in drug delivery.

Conventional eye drops are often characterised by relatively
poor retention on the ocular surfaces because of continuous
tear production, blinking, and nasolacrimal drainage. These
factors - combined with the low permeability of the cornea -
contribute to there being insufficiently low drug bioavailability
when using eye drops.®®®® The development of eye drops with
greater retention on ocular surfaces will facilitate drug delivery.
Therefore, experiments to study ocular retention were conducted.

To evaluate the effectiveness as a vehicle for ocular drug
delivery, the retention of the Pickering emulsions on the corneal
surfaces was assessed using a fluorescence-based flow-through
assay.”””" The oil phase was labelled with Nile Red dye to allow its
easy visualization. Fig. 7(a—c) shows the fluorescence images of

20 min 25 min 30 min

o

1.4
1.2 Tween 20 emulsions
“Tr ND emulsions
—~1.0 [ ]' ND-2T emulsions
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Fig. 7 Representative fluorescent images of bovine corneas with applied (a) Tween 20 emulsions, (b) ND-stabilised emulsions, and (c) ND-2T-stabilised
emulsions during rinsing with SFT for 30 min. The oil phase contains Nile Red. The brightness and contrast of the images shown here were auto-adjusted
for clarity. The scale bar represents 5 mm in all images. (d) Normalized relative fluorescent intensity values calculated from the raw images. The values are
presented as mean =+ standard deviation (n = 3). Statistically significant differences were represented as: *** p < 0.001; ** p < 0.01; * p < 0.05; ns
(no significant difference) p > 0.05.
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the Tween 20, ND, and ND-2T emulsions on the bovine corneas
after rinsing with simulated tear fluid (STF) continuously over
time. The normalized relative fluorescence intensity values were
calculated from these images and are presented in Fig. 7d. The
data show that Tween 20 emulsions nearly fully rinse off from
the cornea in less than 10 min, and only a small amount (1.3 +
0.7%) of oil remains after 30 min. Only 4.0 £+ 3.1% of the oil in
the ND-stabilised emulsion remains on the cornea after 30 min
of rinsing with STF. However, the ND-2T stabilised emulsion
demonstrates superior retention on the bovine cornea (Fig. 7)
with 11.0 £+ 1.7% of the oil formulation remaining on the
mucosal surface of the cornea after 30 min of STF rinsing. This
greater retention of the ND-2T stabilised Pickering emulsion
is likely arising from mucoadhesion between the negatively-
charged glycocalyx of the cornea® and the positively-charged
amino groups of 2T on the ND at the oil droplet surfaces. The
oil stabilised by negatively-charged ND is not retained as well
without this mechanism of mucoadhesion.

3. Conclusions

Nanodiamond particles were modified with a two-tailed oligo-
glycine for stabilization of Pickering oil-in-water emulsions as a
model system for potential applications in ocular drug delivery.
These ND-2T Pickering emulsions remained highly stable for
up to three months. These emulsions offer distinct advantages
over conventional surfactant emulsions for ocular drug delivery.
When applied to bovine eyes, there is no evidence that the ND-
2T emulsions damage the cornea from BCOP and fluorescein
penetration tests. The functionalised ND does not pose any
toxicity according to these tests. A distinct advantage of the
ND-2T Pickering emulsions is their mucoadhesion in compar-
ison to conventional Tween 20 emulsions and ND-stabilised
emulsions. Whereas the oil in the ND-2T emulsions is retained
on the corneal surface with up to 30 min of rinsing, Tween 20
emulsions show very little oil retention after only 5 min. The
retention by the Pickering emulsion is attributed to the charged
terminal amino groups of the 2T corona on the ND particles,
which provide electrostatic attraction to the mucins on the
corneal tissue. The formulated ND-2T Pickering emulsions meet
the requirements of eyedrops: a neutral pH, stable with 1 wt%
NaCl in the aqueous phase, and a surface tension of 46 mN m ™.
Their low toxicity and irritation to tissue in combination with
their higher retention give the ND-2T Pickering emulsions
distinct advantages in ocular drug delivery.

In future work, the concepts of this model Pickering emulsion
could be applied in the formulation of drug delivery systems for
the cornea and other mucosal tissues. A range of other types of
modified nanoparticles could be used as Pickering stabilisers as a
replacement for surfactants. A key insight is that functionalisation
of the nanoparticles with electropositive molecules increases
retention through mucoadhesion, even when the particle carries
a net negative charge. Future research should investigate the pene-
tration of the ND-2T nanoparticles and drugs into the cornea and
the clearance of any non-adhering nanoparticles.
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4. Materials and methods

4.1. Materials

Oligoglycine Gly,~NH-C,;,H,,-NH-Gly, (2T, purity > 95%) was
purchased from PlasmaChem GmbH (Berlin, Germany) and
used as received. Monodispersed, single-digit, carboxylated
detonation ND (nominally 5 nm diameter, with a concentration
of 10 mg mL™" in water), N-(3-dimethylaminopropyl)-N"-ethyl
carbodiimide hydrochloride (EDC, 99%), N-hydroxysuccinimide
(NHS, 98%), benzalkonium chloride (BAC), and Nile Red (for
microscopy in retention tests) were used as received from Sigma-
Aldrich (Merck Life Science UK Limited; Gillingham, UK). Pure
sunflower oil (Flora©), Princes Ltd, UK) was used as the oil phase
(without any purification) to prepare o/w emulsions. Polyethylene
glycol sorbitan monolaurate (Tween 20, product number P1379,
Sigma-Aldrich) was used in comparative emulsions as a surfac-
tant. Sodium chloride, sodium bicarbonate, calcium chloride
dihydrate, and phosphate-buffered saline (PBS) tablets were pur-
chased from Fisher Scientific UK Ltd (Loughborough, United
Kingdom). Aqueous solutions of HCl and NaOH (0.1 M, purchased
from Sigma-Aldrich) and deionised (DI) water (18.2 MQ2 cm, Elga DI
water system) were used in experiments.

4.2. Synthesis of ND-2T composites

The synthesis partly followed the method reported in the
literature” to modify ND to graft it to hydroxylated surfaces
through a silane coupling. Firstly, 2.5 mL of ND dispersions
were added into a 20 mL vial and were diluted to 2.5 mg mL ™"
by adding 7.5 mL DI water. Then 250 mg EDC was added with
continuous stirring for 20 min while the pH was adjusted to
ca. 5 with the addition of 0.1 M HCI. Afterwards, 300 mg of NHS
(with the molar ratio of EDC: NHS calculated to be 1:2) was
added into the dispersion and stirred for 2 h to allow the
activation of the ND. Then, 25 mg 2T was added to the mixture,
and the pH was adjusted to ca. 7 by adding 0.1 M NaOH. After
30 h of stirring, the product was transferred to a centrifuge tube
for purification. DI water, pH 4 HCI solutions, and pH 10 NaOH
solutions were used to purify the product by sonication and
centrifuged for 10 min at 4000 rpm separately. This purification
was repeated three times for each solution. The final purified
product was redispersed in DI water (2 mg mL ™).

4.3. Preparation of ND-2T stabilised Pickering emulsions

Emulsification was achieved by probe sonication using a probe
sonifier (Branson Sonifier 150). 700 pL ND-2T dispersions (or
Tween 20 solutions or ND dispersions), and 300 LL of sunflower
oil were added to a 2 mL Eppendorf tube. Then probe sonica-
tion with a power of 6 W and a sonication time of 15 s was used
to prepare the Pickering emulsions.

4.4. Emulsion characterisation

4.4.1. Fourier transform-infrared spectroscopy. Fourier
transform-infrared (FT-IR) spectra were recorded on a Perkin-
Elmer Spectrum Two spectrometer equipped with an attenuated
total reflectance (ATR) accessory by scanning in the 4000-500 cm ™
range with a resolution of 4 cm ™. For the sample preparation,
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the ND-2T dispersion and ND dispersion were dried at 100 °C
on clean glass substrates on a hotplate to obtain solid powders.
The dried powders were spread at the central part of the ATR
accessory.

4.4.2. Thermogravimetric analysis (TGA). The thermal
stability of ND, 2T and ND-2T composites was evaluated by
employing thermogravimetric analysis (Discovery TGA 550, TA
Instruments; New Castle, USA) in the temperature range from
26 °C to 700 °C in air with a heating rate of 10 °C min "

4.4.3. Size and {-potential of ND dispersions. Dynamic
light scattering (DLS) and (-potential measurements of the
ND dispersions and ND-2T composite dispersions (from pH 4
to pH 10) were performed using a Malvern Zetasizer (Malvern
Panalytical; Malvern, UK) at an optimal temperature (25 °C).
The instrument was fitted with a 4 mW 632.8 nm He-Ne red
laser and a detector (avalanche photodiode) positioned at 173°
to measure the scattered light. All the dispersions were diluted
(to about 0.1 mg mL™") until a single peak and well-fitted
results were obtained. Reported values of particle size are
z-averages from three independent measurements, and each
measurement consisted of 12 runs.

4.4.4. Fluorescent characterisation of ND-2T composites.
A microplate reader (BMG LABTECH, Germany) was used to
monitor the fluorescence intensity of the ND before and after
surface modification with 2T. The ND dispersions and ND-2T
dispersions were diluted to ca. 0.8 mg mL ™" and sonicated
before the measurement. The excitation wavelength was set
to 460 nm, and the excitation wavelength between 480 nm to
600 nm was recorded.

4.4.5. Long-term emulsion stability. All emulsions produced
by probe sonication membrane emulsification were stored at
room temperature after they were produced. The fraction of oil
resolved over time”® was used to compare the stability (Fig. S5
in ESTY).

4.4.6. Morphological observations. The microstructures of
the ND-2T Pickering emulsions were observed with an optical
microscope (Olympus BX53M), equipped with 10x, 20x, and
50x objective lenses. The samples were prepared by placing
several drops of emulsion on clean glass slides. Three images
were analysed and 30 oil drops were randomly chosen from
each of the images with Image] software (version 1.52n, 2019)
to find the distribution of droplet sizes and the coefficient of
variation.”* Diameters of the oil droplets were determined from
the areas of each droplet image, and mean values are reported
hereafter to represent the droplet size.

The Thermo Scientific™ Talos F200i (S) TEM was used to
measure the morphological structure of ND and ND-2T in
water samples. All samples were diluted to 0.1 mg mL " and
sonicated before casting them on a copper grid with carbon
films cleaned with glow discharge. Digital images were ana-
lysed using the Analyse Particle function with Image J software
to find ND particle mean size and standard deviation. 30
particles were randomly selected and analyzed.

AFM (Dimension Edge™, Bruker) was used to characterise
the morphology of ND and ND-2T coatings from their dried
emulsions. To prepare these samples, the same volume of ND
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emulsions and ND-2T emulsions were diluted 50 times and
then dropped on a glass slide separately and dried at room
temperature for two days to remove the water. The deposited
coatings were then immersed in toluene for 10 min to remove
the oil phase. After the toluene was evaporated, the coatings
were imaged via AFM.

4.4.7. Rheological studies. The rheological properties of
Pickering emulsions stabilised by ND and ND-2T nanoparticles
were determined from 0.8 mL of each emulsion at ambient
temperature (25 + 0.01 °C) using an HR 2 Discovery rheometer
(TA Instruments, New Castle, DE, USA). A stainless steel parallel
plate geometry (40 mm diameter) with a sand-blasted stainless
steel base plate set at a gap height of 1 mm was used. The
apparent viscosity of the emulsions was measured over a range

of shear rates from 1 to 100 s~ .

4.5. Invitro tests of the emulsions on bovine eyes

4.5.1. Bovine corneal permeability and opacity test. The
toxicity assessments of the emulsions were performed using the
bovine corneal opacity and permeability (BCOP) test according
to Abdelkader et al.®' and Schrage et al.’s protocol,®” with minor
modification. Tests were performed on six different samples:
PBS buffer (pH 7.4), NaOH (0.1 M), BAC (1% w/v), and o/w
emulsions stabilised with either 1 mg mL ™' ND, 1 mg mL "
ND-2T, or 1 mg mL~" Tween 20.

Intact bovine eyeballs, provided by P.C. Turner Abattoirs
(Farnborough, UK) after animal slaughter, were packed and
transported in insulated bags with ice packs. All eyes were used
within 12 h after slaughter. The freshly dissected eyeballs with
the corneas facing upwards were wrapped with cling film and
placed in plastic cups. Before each experiment, the microscope
image of the blank tissue (i.e. original, as-received eyeball
without test substance) was taken to measure the pixel intensity
of the blank tissue to take any intrinsic fluorescence into
account. For each eye, several drops of PBS solution were
applied every 5 min to keep the eyes wet. The plastic cups were
incubated in a water bath at 34 £+ 1 °C for 10 min. A silicone
O-ring (8 mm diameter) was placed on top of the cornea, as
shown in Fig. S6a (ESI{). The eye was photographed with the
silicone ring still in place using a digital camera (Logitech HD
Pro Webcam €920). 0.1 mL of various test compounds (0.01 M
NaOH, PBS, 1% w/v BAC, Tween 20 emulsions, ND emulsions,
ND-2T emulsions) were then applied within the silicone ring
separately. After 60 s of treatment, 10 mL of PBS solution was
poured over to rinse off the test substances. Afterwards, the cup
was left in a water bath for another 10 min at 34 &+ 1 °C. In the
next step, it was removed from the bath, the eye was photo-
graphed with the silicone ring using the camera again. And
then 0.1 mL of 20 mg mL ™" sodium fluorescein solution was
added to the ring and left for 60 s. The sodium fluorescein was
rinsed off with 10 mL of PBS solution after ring removal. Then
1 mL PBS buffer was added drop by drop under the microscope
to confirm that the excessive sodium fluorescein was removed.
Following that, the fluorescence images of eyeballs were acquired
using a Leica MZ10F stereomicroscope (Leica Microsystems,
Wetzlar, Germany) with a GFP filter fitted with a Leica DFC3000G
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digital camera at 1.25x magnification, 320 ms exposure time
(gain 2x) at the intensity of 4. The emission wavelength was set as
512 nm.

The general procedures of the experiment are shown in
Fig. S6b (ESIt). All fluorescence images were analysed using
Image] software. To account for any background fluorescence, a
fluorescence image of blank ocular tissue was obtained and
subtracted from the test image when calculating the mean
fluorescence intensity. The BCOP tests were conducted in three
replicates for each formulation.

4.5.2. Mucoadhesive retention testing via a flow-through
assay. The retention properties were assessed by a muco-
adhesion test following our previous protocol with minor
modifications.”>’® Tests were conducted on three samples:
ND stabilised emulsions, ND-2T emulsions, and Tween 20
emulsions. To allow measurement of the oil phase adhering
to the cornea, it was labelled with Nile Red. This dye was mixed
into the oil (0.5 mg mL™") prior to emulsification via probe
sonication.

Simulated tear fluid (STF) was prepared according to the
protocol described by Srividya et al”” 0.670 g of sodium
chloride, 0.200 g of sodium bicarbonate, and 0.008 g of calcium
chloride dihydrate were dissolved in 100 mL of deionised water
at room temperature. The pH of the simulated tear fluid
solution was adjusted to 7.4 by adding 0.1 M NaOH because
the pH of natural tear fluid is close to neutral. The simulated
tear fluid was kept at 34.5 °C in a water bath during the
mucoadhesion tests.

The corneas were carefully excised with a scalpel within 3 h
of delivery to the laboratory. Then these dissected corneas were
rinsed with 1 mL of freshly prepared STF and mounted on glass
slides with the outer epithelial layer facing upward. Before the
mucoadhesion tests, the incubator was set at 34.5 °C. Then
20 uL of emulsions with Nile Red dye were applied to the center
of the corneal surface as shown in Fig. S7a (ESIt). After 2 min,
the cornea was irrigated with STF using a 60 mL syringe on a
pump (Harvard Apparatus model 981074, Holliston, USA) at a
flow rate of 100 pL min~" for a duration of 30 min. This flow
rate was selected to represent the normal tear production in
human eyes, which is 1-2 pL. min~ "%’ The distance between the
corneal surface and the syringe needle was fixed at about 1 cm.
The inclination angle of the glass slide was 20°. A schematic
diagram showing the experimental apparatus is given in
Fig. S7b (ESIY).

Fluorescence images of cornea were acquired using a Leica
MZ10F stereomicroscope (Leica Microsystems, Wetzlar, Germany)
with a GFP filter fitted to a Leica DFC3000G digital camera at
1.25x magnification with a 907 ms exposure time (gain 2x) at an
intensity of 4. The emission wavelength was set at 628 nm. The
acquired microscopy images were then analysed using Image]
software (version 1.52n, 2019) with the mean fluorescence values
measured (after each irrigation with 0.5 mL of STF) with the
subsequent calculation of the fluorescence intensity (%) for each
time point where the initial point was set at 100%. Before each
wash-off experiment, the image of the tissue (cornea without
test substances) was taken to measure the blank tissue’s pixel
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intensity for data normalisation. A histogram of the distribution
of these fluorescence intensity values at different wash time points
(0 to 30 min with increments of 5 min) was obtained as a function
of time. All mucoadhesion tests were conducted in triplicate for
each formulation.
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