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This work investigates the design of stimuli-responsive Pickering emulsions (PEs) for transdermal
DOI:00.0000/000000000x drug delivery applications, by exploring the impact of stabilising microgels size and interactions on
their rheological and release properties. Temperature-responsive poly(N-isopropylacrylamide) micro-
gels modified with 1-benzyl-3-vinylimidazolium bromide (pNIPAM-co-BVI) are synthesized in varying
sizes and used to stabilise jojoba oil-in-water concentrated emulsions. The results reveals two distinct
behaviours: for small microgels (~ 300 nm), the PEs exhibit a smooth, uniform structure charac-
terised by a mild yield stress, characteristic of soft glassy systems. Conversely, larger microgels (~ 800
nm) induce droplet clustering, resulting in increased elasticity and a more complex yielding process.
Interestingly, transdermal delivery tests demonstrate that microstructure, rather than bulk rheology,
governs sustained drug release. The release process can be modelled as diffusion-controlled transport
through a porous medium with random traps. At room temperature, the trap size corresponds to the
droplet size, and the release time scales with the total dispersed phases volume fraction. However,
at physiological temperature (37 °C), above the volume-phase transition temperature of the micro-
gels, the release time increases significantly. The trap size approaches the microgel size, suggesting
that microgel porosity becomes the dominant factor controlling drug release. Overall, the results
highlight the critical role of microstructure design in optimising stimuli-responsive PEs for controlled
transdermal drug delivery.

1 Introduction tended and controlled duration of therapeutic action, thereby re-

In recent decades, the development of targeted drug delivery
systems has received significant scientific and industrial interest.
Traditional methods often require high dosages and frequent ad-
ministrations, which can lead to poor patient compliance and se-
vere side effects.! Significant efforts have been devoted towards
designing and fabricating delivery systems that achieve greater
specificity, improved stability of the drugs, and controlled sus-
tained release.*® Among various delivery technologies, topical
drug delivery through the skin (transdermal drug delivery) holds
significant appeal due to several key benefits: (i) it offers an ex-
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ducing dosing frequency; (ii) it bypasses the gastrointestinal tract,
minimising the impact on metabolism; and (iii) it can be non-
invasive.Z2

In this context, optimal formulations should be semisolid,
spreadable materials, ideally dosed with nanostructured micro-
carriers to allow localised drug transport to the diseased sites
through the skin layers. 781011 pickering emulsions (PEs) are a
promising strategy that combines these desired characteristics.
PEs are surfactant-free dispersions of two phases, stabilised by
nanoparticles absorbed at the interface. This approach offers the
potential to create formulations with both the appropriate texture
for topical application and the ability to deliver drugs.812113 gy
carefully engineering the stabilising nanoparticles, PEs offer de-
sign flexibility, where novel formulations with improved stability,
specific rheological properties, increased shelf life and stimuli-
responsive release functions can be tailored for a variety of differ-
ent therapeutic applications, from transdermal delivery of drugs
for the treatment of heart failure,4 to injectable formulations for
the release of hydrophobic drugs or biologics (i.e., proteins, anti-
bodies and enzymes).1% In all these applications, ensuring the
mechanical resistance of the microdroplets to applied stresses,
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and at the same time, optimal bulk functionality, is fundamen-
tal to preserve the drug stability and its sustained release.

To this aim, soft-crosslinked nanoparticles of hydrophilic poly-
mers, known as microgels (MGs), emerge as promising interface
stabilisers. Thanks to the rapid development of polymer parti-
cle synthesis techniques, MGs with desired properties and com-
plex stimuli-responsive attributes can be designed for very tar-
geted applications® as well as to address bio-compatibility and
toxicity issues often related to the use of common molecular sur-
factants.1Z18 Although several studies explored the use of novel
microgel (MG)-stabilised Pickering emulsions in different bioap-
plications, 1220 they primarily focused on the final performance
and stability of specific oil and MG chemistry combinations. A
gap remains in understanding the key physical attributes that in-
fluence the final properties of these formulations.

Microgels exhibit more intricate behaviour at interfaces com-
pared to standard solid particles due to their unique dual par-
ticle/polymer nature. Similar to solid particles, MGs can irre-
versibly bind at interfaces. However, their polymeric structure al-
lows them to stretch significantly along the interface plane 21523
The significant structural deformation, combined with the inter-
penetration of their polymer chains, controls MGs assembly at
the interface, ultimately impacting the microstructure, stability
and rheology of MG-stabilised PEs.22722 The ability of microgels
to stretch and deform is, in turn, influenced by specific attributes,
such as size, crosslinking degree and charge.20728 These proper-
ties can therefore be used as tuning parameters to design formu-
lations with desired functionalities. For instance, larger MGs typi-
cally have a more uneven internal structure, which leads to a less
uniform interfacial layer.“” This less dense layer promotes bridg-
ing between neighbouring droplets, resulting in Pickering emul-
sions that are more prone to flocculation.2Z Conversely, smaller
MGs stabilise more uniform and well-dispersed PEs due to their
ability to create a denser and more uniform interfacial layer. 2327
The degree of droplet aggregation significantly affects the rhe-
ology of the final emulsions.22%32/ This, in turn, is further in-
fluenced by other design parameters, such as the total volume
fraction of oil droplets and the total amount of stabilising mi-
crogels added.®2"37 These factors complicate the design of PEs,
especially for transdermal applications where smooth texture and
good spreadability are essential. The microstructure formed by
the assembly of all dispersed phases in the formulation also im-
pacts its responsive behaviour. For instance, faster drug release is
frequently observed when an external stimulus is applied to pro-
mote PEs destabilisation. This is usually attributed to the break-
down of the uniform external layer formed by the stabilising par-
ticles.2832 However, some studies have reported opposing trends
for microgels-stabilised PEs, 4% highlighting the intricate interplay
between microgel properties, the resulting microstructure, and
the release kinetics of the encapsulated drug.

Hence, this study aims to elucidate the connection between the
specific characteristics of responsive microgel particles and the
overall performance of the resulting emulsions. In particular, we
investigate how microgel size influences the microstructure and
rheology of the resulting Pickering emulsions and explore how
both aspects ultimately affect the final responsive drug release
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properties. To this end, we fabricated model Pickering emulsions
stabilised with pNIPAM-based microgels of two distinct sizes. PNI-
PAM (poly(N-isopropylacrylamide)) microgels were chosen due
to their well-established thermal responsiveness.234l This re-
sponsiveness allows control over their swelling behaviour using
temperature as external stimulus. Notably, pNIPAM undergoes
a structural collapse at temperatures exceeding 32 °C.4243! This
characteristic makes it an ideal candidate to investigate the per-
formance of PEs stabilised by such microgels at physiological tem-
perature (i.e., 37 °C).

The general aspect and microstructural properties of the re-
sulting PEs were analysed through bright-field and confocal mi-
croscopy, while strain amplitude oscillatory sweep measurements
and time-resolved rheological analysis were performed to obtain
a detailed characterisation of the PEs rheological properties and
gain insights into the microstructure of the different formulations.
Finally, the sustained release properties of the formulations were
evaluated with the Franz-cell method##42l at both room and phys-
iological temperatures, using levosimendan as a model lipophilic
drug.2® Through this multi-scale investigation, we wish to guide
the design of PEs with tailored properties to achieve desired func-
tionalities. By studying the material behaviour across a wide
range of strain amplitudes, we aim to identify various microstruc-
tural rearrangements and gain insights into the underlying inter-
actions. This approach provides valuable insights for designing
these formulations from a physical perspective. This knowledge
will be instrumental in optimising these systems for controlled
drug delivery and other fields where controlled release is essen-
tial.

2 Materials and Methods

2.1 Chemicals

N-Isopropylacrylamide (NIPAM), N,N’-Methylenebis(acrylamide)
(Bis), 2,2-Azobis(2-methyl-propionamidine) dihydrochloride
(AIBA), Benzyl bromide (BBr), 1-Vinylimidazole (VImi), Rho-
damine B isothiocyanate (RhodB), 2-aminoethyl methacrylate
hydrochloride (AEMA-HC) and Nile Red were sourced from
Sigma-Aldrich. Diethyl ether was from ACROS ORGANICS,
Cetyltrimethylammonium Bromide (CTAB) was purchased from
MP Biomedicals, LLC and Jojoba oil was supplied by SANTA
CRUZ BIOTECHNOLOGY, INC.

2.2 Microgels synthesis and characterisation

Monodisperse p(NIPAM-co-BVI) microgels (pNIPAM-co-BVI
MGs), composed of monomer NIPAM and BVI, were synthesised
in two different sizes through batch emulsion polymerization,4®
following the same procedure reported in a previous work.22 In
brief, BVI was first synthesised as described by Liu et al.4Z Next,
microgels with a swollen size ~ 800 nm (M800) were fabricated
by dissolving NIPAM (54.65 mmol), Bis (1.40 mmol) and BVI
(0.86 mmol) in 298 mL DI water. The mixture was then purged
with nitrogen for 20 minutes and 2 mL of AIBA (0.12 M) solution
were injected into the flask to start the radical polymerization.
The reaction was carried out at 70 °C and stirring speed of 700
rpm for 8 hours. To obtain microgels with smaller sizes, ~ 300



nm (M300), 0.42 mmol CTAB were added to the initial mixture
before purging. After polymerization, the microgels were purified
with DI water by dialysis for one week, with DI water changed
daily, and then concentrated with a rotavapor to obtain stock
solutions at MG mass fractions higher than 8 %wt. To obtain
fluorescently-tagged microgels for confocal imaging, 40 uL of
0.002 mM RhodB and AEMA-HC mixture (molar ratio 1:1) were
added to the reaction mixture before heating. The characteristic
sizes (d,) and surface charge of the microgels synthesised as
above were then determined using dynamic light scattering
(DLS) and electrophoretic tests (Anton Paar Litesizer 100). For
this purpose, 4 mL of 0.02 %wt solutions of M800 and M300
were prepared from the respective stock solutions and placed
in a quartz cuvette. A temperature ramp (20 °C to 40 °C) was
applied, and the temperature-dependent sizes and zeta-values
(§) were measured at increments of 2.5 °C.

2.3 Emulsion Preparation and Characterisation

Pickering emulsions (PEs) were prepared with a fixed oil-to-water
volume ratio of 1:1 through high shear homogenisation. Jojoba
oil and microgel aqueous dispersions were emulsified using a
high-shear mixer (Silverson, L5 series) at 10000 rpm for 90 sec-
onds. To investigate both the effect of microgel size and loading,
for each of the two microgel sizes, three different microgel con-
centrations were tested, 6 %wt (C1), 4 %wt (C2), and 2 %wt
(C3), for a total of six configurations.

2.3.1 Microscopy techniques

Bright-field microscopy and fluorescence microscopy (Zeiss Axio
Observer 5 - Inverted microscope) were employed to characterise
the droplet size distribution and emulsion type. Nile red, a flu-
orescent dye with an excitation wavelength of 565 nm, was in-
corporated into the oil phase to enhance visualisation. Diluted
emulsion samples were deposited onto a gap created between two
glass slides separated by cover slides to obtain clear microscopic
images. In all cases, the emulsification process resulted in the for-
mation of oil-in-water emulsions. The droplet size distribution for
each sample was subsequently analysed using a custom MATLAB
routine. The average droplet diameter (D,) was determined by
analysing at least 2000 droplets per sample, and calculated using
the following equation:
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where N; is the total number of droplets with diameter D;. Us-
ing the average droplet size, estimates of the theoretical interfa-
cial coverage (C) of the emulsion droplets were obtained using a
methodology applied in previous works.2248 Briefly, the total sur-
face area of the water-oil interface is first calculated as S =6V /Dy,
where V is the volume of jojoba oil used to fabricate the emul-
sion. Next, the equivalent area theoretically covered by micro-
gel particles is determined using the equation S,, = n,V7(d)/2)>.
Here, d,, is the hydrodynamic diameter of the microgels in their
swollen state, and n, represents the microgel number concentra-
tion, which is calculated using the rheological method described

in Section 3.2. Finally, the interfacial coverage can be obtained
as C = S.,/S. The detailed results of this analysis are presented in
Table S.1 of the ESI.

To further observe the distribution of the microgels at the
droplet interface, the PEs were also observed through con-
focal fluorescence microscopy (LSM 710 equipped with Plan-
Apochromat 63x-40x/1.4 Oil DIC M27, Zeiss). Details of the sam-
ple preparation can be found in a previous publication.2>

2.3.2 Rheology measurements

Rheological characterisation of all samples at room temperature
(21 °C) was performed using an Anton Paar MCR302 rheometer
equipped with a temperature-controlled Peltier plate and a paral-
lel plate geometry (diameter: 40 mm) featuring sandblasted sur-
faces (roughness: 2 um) to minimise slippage. A constant 1 mm
gap size was maintained throughout the experiments. Prior to
each test, samples underwent pre-shearing at a constant rate of 1
s~! for 60 seconds followed by a 10 minute rest period. Note that
rheological characterisation at physiological temperature (i.e., 37
°C) is not feasible due to the heterogeneous phase separation of
the PEs at this temperature, preventing meaningful bulk rheolog-
ical measurements.

To investigate the influence of microgel size and loading on the
microstructure of the material, strain amplitude oscillatory sweep
tests were conducted. These measurements analyse the viscoelas-
tic response of a material under small to large sinusoidal deforma-
tions, providing valuable insights into the physical mechanisms
governing material yielding and, consequently, its microstructure.
The tests were performed at a constant angular frequency () of
10 rad/s and a variable strain amplitude (}) ranging from 10~ to
10%. The choice of an angular frequency of 10 rad/s was primar-
ily driven by technical considerations. Preliminary measurements
revealed that lower frequencies (e.g., 1 rad/s) introduced signif-
icant noise into the raw waveforms, especially for low-strain am-
plitudes and low viscoelasticity formulations (M300-C2/C3). To
ensure data quality and enable reliable analysis, we opted for the
higher frequency. While a different oscillating frequency could
potentially explore distinct microstructural processes, we believe
that the chosen frequency adequately samples the microstructure
of our samples. The frequency-dependent viscoelastic moduli,
obtained through small amplitude oscillatory sweeps for refer-
ence samples M300-C1/C3 and M80-C1/C3, are reported in the
ESI (S8). At each amplitude, the oscillations were maintained
until a stable periodic signal was achieved. Subsequently, time-
resolved data were collected over several oscillation periods. The
acquired strain, shear rate, and stress waveforms were then anal-
ysed using the sequence of physical processes (SPP) approach.
This technique, developed by Rogers,4? offers a unique method
for interpreting raw strain amplitude oscillatory sweep data, re-
vealing the underlying physical processes responsible for yield-
ing behaviour.2%">2 All data processing was performed using the
MATLAB-based SPPplus v2 software®3 (kindly provided by Prof.
Rogers). The software first employs Fourier-domain filtering to
reconstruct the data, utilising all detectable odd harmonics, then
applies the SPP framework, which will be further discussed in the
following section.
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2.3.3 Fourier-Transform decomposition and SPP analysis

When performing a strain amplitude oscillatory test, the stress
response of a sample is tested under a sinusoidal strain of the
type ¥(t) = ysin(wr). Here, y(¢) is the instantaneous strain, ¥ is
the strain amplitude of the sinusoidal signal, and ® is the angu-
lar frequency. Within the linear viscoelastic regime (LVER), the
stress response to an applied sinusoidal strain can be described
by a single odd harmonic (I} = o}) from which the conventional
storage (G') and loss (G”) moduli can be retrieved.>55¢ Above
the LVER regime, the onset of nonlinearities causes a distortion of
the simple sinusoidal response, and the stress can be decomposed
as:

N
ot)= Z Oy sin (nwt + &,) 2)
n=1 odd
In Eq. n is the number of harmonics of a Fourier series, o,
is the stress associated to the harmonic number n, equivalent to
the intensity of the »”* harmonic (i.e., ), and §, is the phase
angle. Due to the odd symmetry in the shear stress response rela-
tive to the shear direction, %57 only the odd harmonics are used
to decompose the stress signal. Among the higher harmonics, the
third harmonic (/3 = 03) consistently exhibits the greatest magni-
tude. Therefore, the ratio /3/1; is frequently employed to quantify
the level of nonlinearities within the sample.2227 Stjll, the higher
odd harmonics can be used to reconstruct the total stress signal,
which can be further analysed through the SPP method to ob-
tain insights into the intracycle transformations experienced by
the material.

G"t(t)

—

G',(t)

Fig. 1 Example of a Cole—Cole plot. A schematic of the type of transition
experienced by the material, depending on the direction of the trajectory,
is reported at the top corner of the panel. For instance, taking the yellow
point and following the blue trajectory anti-clock wise, the instantaneous
storage modulus is decreasing, while the instantaneous loss modulus is
increasing. This indicates a simultaneous softening and thickening of the
material.
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The SPP framework offers a unique method for interpreting
stress signals for any type of material. For complex materials that
exhibit neither purely elastic nor purely viscous behaviour, the
stress response o (¢) to a periodic deformation depends on both
the applied strain y(¢) and the induced shear rate y(¢). This trans-
lates into a three-dimensional visualisation of the stress response
within a single deformation period, where the axes of this space
are given by the instantaneous deformation, the normalised in-
stantaneous shear rate and the stress, [y(), 7(t)/ 0, o(t)]. Projec-
tions of this 3D curve onto the [y(¢), o(r)] and [¥(r)/w, o(t)]
planes provide the classic Lissajous—-Bowditch curves.227 The
specific physical processes governing the material’s response dur-
ing each sinusoidal deformation cycle influence the dynamic evo-
lution of the 3D stress trajectory. Using infinitesimal steps, the
instantaneous tridimensional stress can be decomposed into two
components: one in phase with the strain (representing the in-
stantaneous elastic contribution, G;) and one in phase with the
shear rate (representing the instantaneous viscous contribution,
G/). These instantaneous moduli are defined as partial deriva-
tives of the stress with respect to the strain and the shear rate, al-
lowing for a clear separation of elastic and viscous contributions.
For the complete mathematical derivation please refer to Rogers’
original work.>L' All rheological transitions within a deformation
cycle can be described by the changes in these two instantaneous
moduli. For easier visualisation, these changes are typically re-
ported in a Cole-Cole plot (Fig. [I). This graphical representation
allows for straightforward interpretation of the evolving rheologi-
cal behaviour during each strain cycle. Horizontal movements on
the plot indicate elastic changes, with an increase in G, signifying
stiffening and vice versa. Similarly, vertical movements represent
viscous transitions, with an increase in G} indicating thickening
and vice versa.”1">4 For infinitesimal strain amplitudes, the tra-
jectories would converge to a single point representing the bulk
storage G’ and loss G” moduli, signifying the absence of any mi-
crostructural rearrangements within the material, as expected in
the LVER.

2.4 Drug release tests

The transdermal delivery performance of the PEs was evaluated
using permeation studies of levosimendan in a Franz cell. The
Franz cell, equipped with a hydrophobic polysulfone membrane
(0.45 pum porosity, Omicron Research Ltd), mimics the perme-
ation process through the skin (a schematic of the cell can be
found in the ESI, Fig. S.1A). A stock solution of levosimendan
(0.1 mg/mL) was prepared in jojoba oil and then emulsified with
aqueous microgel solutions as described in Section 2.3. For each
formulation, 1 mL of the emulsion was placed in the donor cham-
ber, resulting in a consistent total drug mass of 0.05 mg (as half
the volume of each formulation is oil). Standard PBS buffer solu-
tion (5 mL) served as the receiver phase. Samples (2 mL) were
periodically withdrawn from the receiver compartment and re-
placed with fresh buffer solution to maintain a constant volume
throughout the 190-hour experiment. The concentration of re-
leased levosimendan at each time point was measured using a
double-beam Cary-60 UV-Vis spectrometer (Agilent UK) at 400



nm. The instrument was initially calibrated using a series of
10 levosimendan solutions at known concentration in PBS buffer
(Fig. S.1B in ESI). The cumulative percentage of drug released
(CR%) was then calculated as CR% = cg/co - 100, where cp is
the concentration of levosimendan accumulated in the receptor
chamber at a specific time, and ¢ is the initial drug concentra-
tion. To assess the permeability of the drug to the polysulfone
membrane, a reference experiment was conducted using a simple
jojoba oil solution containing levosimendan (0.05 mg/mL) (Fig.
S.1C in ESI). All experiments were performed at both room tem-
perature (7 = 21°C) and physiological temperature (7 = 37°C)
to investigate the thermoresponsive behaviour of the PEs on sus-
tained release.

3 Results and Discussion

3.1 Microgels sizes and surface charge

The DLS results, reporting the average sizes of the pNIPAM-co-BVI
microgels used to stabilise the Pickering emulsions are reported
in Fig. as a function of temperature. An average swollen
diameter of 348+4 nm and 796+44 nm is found for samples
M300 and M800, respectively at 20 °C. The microgels show the
same qualitative behaviour of conventional pNIPAM microgels.
At low temperatures, the crosslinked cores swell to their maxi-
mum dimension thanks to the higher hydrophilicity of the NIPAM
chains. As the temperature increases, the polymer becomes more
hydrophobic, causing a collapse of the network and a reduction of
the microgels diameters. The temperature transition is consistent
for both microgels, showing a lower critical solution temperature
(LCST) around 32.5 °C, which corresponds to the typical value
reported for pNIPAM in the literature.22146228l However, a differ-
ence is observed in the shape of the volume transition, when the
average diameters are normalised with the values obtained at T
= 20 °C (dy20°c))- In both cases, the microgels shrink linearly
with temperature, until reaching the LCST, where the diameters
suddenly collapse to half the original size (inset in Fig. [2A). Big-
ger microgels present a more pronounced gradient, showing a
final collapse of more than half the original swollen size. In ad-
dition, a higher variability is observed for the measured sizes of
microgels M800 in the swollen configuration, as highlighted by
the larger error bars in Fig. 2A. Both aspects can be related to the
core-shell morphology of pNIPAM-MGs, characterised by a denser
crosslinked core and external dangling ends.>%>? These external
chains are typically longer for bigger microgels and therefore can
assume a wider range of relaxed conformations, which will affect
the hydrodynamic diameter of the microgel particles and their
temperature-dependent transition. 2860

In terms of surface charge (Fig. [2B), the zeta-potential mea-
surements show a positive charge of approximately +18 mV,
which is related to the presence of BVI at the external periphery of
the microgels.2>! We note that, as already found in the literature
for pNIPAM microgels, as the particle shrinks at increasing tem-
peratures, the surface charge increases because of a higher charge
density in the external boundary of the microgels.®l Overall, the
two microgels do not show any differences in surface charge, in-
dicating a similar binding efficiency of the external BVI molecules.
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Fig. 2 Temperature dependent measurement for pNIPAM-co-BVI micro-
gels of different sizes. (A) Hydrodynamic diameter obtained from DLS
measurements; (B) Zeta-potential. The error bars represent the standard
error between an average of 5 different measurements. The inset in panel
(A) shows the hydrodynamic diameters normalised by d,,0sc)-

3.2 Calculation of microgels effective volume fraction

To estimate the degree of coverage of the MG-stabilised drops and
obtain a proper comparison between different MG sizes, the effec-
tive particle volume fraction (¢) and in turn the number concen-
tration (n,) need to be calculated. The effective ¢ can be found
using a rheological approach. For suspensions of repulsive parti-
cles, it is in fact predicted that the relative zero-shear viscosity is
a function of the particle volume fraction, usually showing diver-
gence as the critical jamming concentration is approached./263
If a linear relation is assumed between the mass concentration ¢
and the resulting volume fraction ¢, expressed as ¢ = kyc, the
constant ky; can be determined by fitting the measured relative
zero-shear viscosity of the MG suspensions, 1,(c). In Fig. [3] we
report the results for microgels M300 and M800. Both sets of data
can be fitted together with the equation derived by Mooney®# for
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concentrated suspensions of spherical particles:

2.5kyc ) 3)

M- = exp ( 1 — Akyc
where, A is a fitting parameter related to the maximum packing
factor that the system can achieve and it can vary as follows, 1.2 <
A < 1.9. The equation derived by Mooney has been developed
for hard spheres by adding a crowding parameter to the Einstein
equation for infinitely diluted systems. Although developed for
hard spheres, it has been successfully applied to soft systems such
as emulsions®* and microgels.®3 The fitting yields ky = 8.42 and
A =1.244. If we consider that ¢ and n, are related as follows:

d 3
¢:npgﬂ(7p> 4

we can then retrieve the number concentration of microgels, used
to calculate the theoretical surface coverage (C).

15.0
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Fig. 3 Relative viscosity as a function of microgel mass fraction for both
sets of microgels. The red line is the fitting of Eq. to the experimental
points.

Note that in previous works, n, was obtained assuming an ef-
fective density of the microgels, which takes into account their
porosity. 2463160 This method does not consider possible changes
in the swollen conformation of the microgels and can overesti-
mate the effective volume fraction of the microgels.

3.3 Pickering Emulsions - Appearance and droplet size dis-
tribution
The general appearance and droplet size distribution (DSD) of
Pickering emulsions stabilised with microgels M300 and M800
were investigated at various microgel loadings. The appearance
of the PEs is significantly influenced by the size of the microgel
particles. Regardless of the microgel concentration, samples sta-
bilised with smaller particles appear smooth and fluid, whereas
those stabilised with larger microgels have a paste-like consis-
tency with a granular texture (Fig. S.2 in ESI). As the microgel
content decreases, samples stabilised with M300 microgels be-
come more prone to creaming, evidenced by the residual layer of
aqueous microgel dispersions at the bottom of the test vials. In
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contrast, PEs stabilised with larger M800 microgels do not show
any creaming, with only a small amount of water visible at the
bottom of the test vial at the lowest microgel concentration (sam-
ple M800-C3 in Fig. S.2). As opposed to M300-stabilised samples,
in this case, the water layer appears transparent, indicating that
most microgels remain in the emulsion phase. This suggests dif-
ferences in the stabilising mechanism of the two microgel sizes.
To further investigate these differences at the microscale, we anal-
ysed the characteristic DSD of all the samples using bright-field,
fluorescent, and confocal microscopy. An example of the images
obtained from bright-field microscopy, along with the correspond-
ing droplet size distributions, is shown in Fig.

Both microgel size and concentration have a direct effect on
the size distributions of the droplets obtained. For smaller micro-
gels, i.e. sample M300, small droplets with average sizes around
~ 5 um and a fairly narrow size distribution are observed for
both samples C1 and C2. However, at the lowest concentration,
there is a significant shift towards larger droplet sizes, reaching
an average size of approximately ~ 25um, with a broad size dis-
tribution. A more progressive shift of the size distributions is
instead observed for PEs stabilised with microgels M800. Simi-
larly to sample M300, the highest microgel concentration, sam-
ple M800-C1, shows an average size of ~ 5 um, but the average
droplet diameter increases with a decrease in microgels loading,
yet maintaining fairly narrow size distributions. A plot summaris-
ing the average droplet sizes (Eq. 1)) for all samples is reported in
Fig. [BA. In the graph, the average sizes are reported against the
number of microgels available in the aqueous phase, normalised
by the theoretical number required to obtain a coverage of 0.78
(i.e., limit of maximum random packing of spherical objects in
2D%7) for a fixed average droplet size equivalent to the process-
controlled dimension (i.e., ~ 5 um) . Typically, above the limited
coalescence threshold, i.e. when particles are in excess, the av-
erage droplet size of Pickering emulsions is primarily determined
by the details of the emulsification process.278 For a given set
of fluids, the key factors influencing droplet size are the geometry
of the homogeniser, the rotational speed, and the homogenisa-
tion time. Once these parameters are fixed, the initial drop size
created by the homogeniser remains constant because there are
enough particles to cover the interface of the drops. With a de-
crease in particle concentration, a diminishing proportion of the
interface remains shielded by particles. This facilitates droplet
coalescence until a stable size is achieved.2”

In the present system, the average attainable droplet size is
around 5 um, as demonstrated by the average sizes observed
at the highest microgel loadings. However, while the onset of
the limited coalescence regime occurs at a normalised particle
number of 1 for small microgels, as expected, the threshold is
shifted to lower values for larger microgels. This shift indicates
that fewer large microgels are needed to stabilise the average
size of the droplets at the process-controlled size, highlighting
a fundamental difference in the microstructure of emulsions sta-
bilised with different microgel sizes. Thanks to their more homo-
geneous crosslinking distribution, smaller microgels are expected
to form a more uniform and densely packed shield around the
droplets, resulting in emulsions with droplets that are less prone
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scale bar corresponds 100 um. Normalised droplet size distribution of PEs stabilised with (G) M300 and (H) M800 microgels. The distributions are

obtained by measuring the size of > 2000 droplets for each sample.

to aggregation. Conversely, large microgels result in Pickering
emulsions with a more heterogeneous coverage, which are more
prone to droplet adhesion. In particular, the increased adhesion
has been attributed to a bridging effect, due to the presence of
shared microgels simultaneously adsorbed at the interface of two
droplets.27 This phenomenon is favoured in the presence of larger
microgels because, once adsorbed at the interface, they present a
lower mobility, resulting in a more disordered coverage.@] This
leaves free interface for other microgels, allowing bridging be-
tween two droplets. Fluorescence micrographs confirm this sce-
nario: stable 3D clusters of droplets are clearly identifiable in
samples prepared with M800 microgels (Fig. [5[C), while more

dispersed and solitary droplets are observed in samples prepared
with M300 microgels (Fig. [5B). Confocal microscopy reveals ad-
ditional details regarding the assembly of microgels. Samples
stabilised with M300 exhibit a uniform microgel coating, as ev-
idenced by the consistent ring surrounding the droplets (Fig. [5D-
F) and the packed assembly of the microgels at the droplet inter-
face (inset in Fig. ) . In contrast, M800-stabilised samples dis-
play a less dense microgel distribution. Here, we observe droplets
with exposed areas (Fig. [SE) alongside bridged droplets where
microgels appear shared at the interface (Fig. [G). Given the
charged nature of the microgels, beyond the direct effect of dif-
ferent microgel morphologies, electrostatic interactions can also
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full droplet coverage. The red line is a guide for the eye to show the homogenisation-limited droplet size, while the coloured panel highlights the region
where the size is controlled by the homogenisation procedure. The error bars represent the standard deviation of the size distribution. Fluorescence
images showing details of droplets aggregations for PEs stabilised with microgels (B) M300-C3 and (C) M800-C2. The red scale bar represents 25 um.
Confocal microscopy images of diluted samples (D-F) M300-C1 and (E-G) M800-C1 showing the assembly of the microgels at the droplets interface.
In panel (F), the inset reports a detail of the droplet interface, showing a packed microgel organisation. The green scale bar represents 20 um, while
the yellow scale is equivalent to 10 um. The arrows in panel (G) highlight the points of bridging between droplets.

contribute to the discrepancy observed. While the presence of
charges contributes to a more ordered interfacial structure for
small sizes, this has no effect on large microgels, where the in-
teractions, and thus the interfacial organisation, are prevalently
dominated by volume effects2®.

Overall, the microscopic analysis confirms what already re-
ported in the literature,2769 showing significant differences in
the microstructure of the Pickering emulsions obtained with the
two different microgel sizes. These differences in microgels ar-
rangement and interfacial coverage can have a profound impact
on the rheological behaviour of the formulations. For instance,
a more dispersed droplet distribution with minimal inter-droplet
connections would likely exhibit more fluid-like behavior. This
translates to lower viscosities, which in turn, would lead to faster
release kinetics due to the increased diffusion coefficients. Con-
versely, the presence of droplet clusters, could introduce more
pronounced elastic properties, which can influence the mobility
of the emulsion, thus inducing slower release properties. There-
fore, investigating the nonlinear rheological properties is funda-
mental to provide further insights into the connection between
microstructure and performance.

3.4 Rheological characterisation

3.4.1 Nonlinear viscoelastic properties - Intercycle transi-
tions

Strain amplitude oscillatory sweep measurements were per-
formed to probe the changes in the mechanical properties
of the PEs induced by stabilisation with different microgel
This characterisation is particularly valuable for re-
vealing the microstructure of emulsions and colloidal suspen-
sions=3B455I63I7071] through their yielding behaviour.

Figure [6]A illustrates the dependence of the storage (G') and

sizes.
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loss (G”) moduli on the strain amplitude for all the investigated
samples, measured at an oscillation frequency o = 10 rad/s. All
the PEs exhibit a type III strain response,”? characterised by
an elasticity-dominated linear viscoelastic regime (LVER) at low
strains, and a G” overshoot. At low strain amplitudes, G’ main-
tains a constant plateau, exceeding G”. As the strain increases, a
crossover is observed where G” surpasses G’, while going through
an overshoot. The crossover point indicates the final thresh-
old of the strain-induced solid-to-liquid transition, and it is fol-
lowed by a decrease of both moduli at higher strain amplitudes
(strain-thinning). This type of response is commonly observed
in soft glassy and jammed materials,>3%63/73 and reflects the mi-
crostructural rearrangements that the material undergoes during
the yielding process. At low strains, the viscoelastic response is
dominated by the elastic restoring force of the jammed dispersed
phase, 74770l in this case represented by the Pickering droplets.
As the strain amplitude increases, the stress applied overcomes
the elastic response, and the droplets escape their positions at
rest, sliding against each other, thus enabling the material to
flow (crossover point). The transition between the elasticity-
dominated and the liquid-like responses, i.e. the yielding tran-
sition, is progressive and encompasses various microstructural re-
arrangements, which culminate in the peak of the viscous com-
ponent, associated to the release of energy dissipated during the
reorganisation of the material, 2303176

Despite the similarities in the general trends, PEs stabilised
with different microgel sizes exhibit some key distinctions. PEs
stabilised with small microgels display lower elasticity, as shown
by the lower LVE plateaus of G’ in Fig. @A, and a shorter exten-
sion of the IVER. The impact of microgel loading on the overall
viscoelastic behaviour appears small for PEs stabilised with the
same microgel size. While a slight reduction of the elastic plateau
(G{)) is observed for both types of PEs as microgel concentration
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decreases (Fig. S.3 in the ESI), there is a significant jump between
M300 and M800-stabilised PEs, even though the oil fraction re-
mains constant across all formulations. To accurately account for
these observed differences, G, should be reported as a function of
the effective dispersed phase volume fraction (¢grr). This met-
ric considers the increased volume fraction due to the microgel
monolayer at the droplet interface.3' Additionally, changes in mi-
crogel loading also affect droplet size in both PE sets, which is
known to influence the elastic modulus plateau.2%33 Therefore,
to account for both factors, we normalise Gj, by the Laplace pres-
sure of a single droplet, o,,,/R;, and report it as a function of
¢ppp (for details on the calculation of ¢grr, please refer to Sec-
tion S5 of the ESI). Here, o, is the interfacial tension between
the oil phase and the aqueous microgel dispersion (see Table S.3
in the ESI), and R; = D, /2 is the average droplet radius.

Figure [6B presents these results alongside the predictions of
Mason et al. ¥ The scaling suggests that the elastic moduli of the
samples tested follow the prediction only at high effective vol-
ume fractions higher than ¢, =~ 0.635. Although measures at mul-
tiple volume fractions are required to confirm the generality of
the trend for the system at hand, this hints towards a shift in the
dominant factors governing elasticity. At high ¢rrr, when the dis-
persed phase is effectively jammed, the elasticity of the material is
primarily determined by the elasticity of the individual droplets.
In contrast, at lower ¢grr, the long-range structuring of the PEs
becomes more important for elasticity. For M300-stabilised PEs,
the higher elasticity observed at lower ¢gpr (i.e., sample M300-
C3) can be attributed to the presence of excess microgels in the
continuous phase (see Tables S.1 and S.2 in the ESI), which can
likely influence droplet interactions near the jamming threshold.
In fact, for sample M300-C3, ¢grr = 0.53 and the total volume
fraction of the dispersed phases (i.e., ¢ror = ¢err + ¢, Where

¢m is the volume fraction of excess microgels) reaches a value
of ¢ror ~ 0.59. Conversely, for M800-stabilised PEs, the sus-
tained elasticity at lower ¢gpp is likely due to the presence of
droplet clusters, which contribute to a more robust structure even
at lower effective volume fractions. Notably, deviations from the
LVE behaviour occur at strains yy ~ 10~2 and yy ~ 10~! for PEs sta-
bilised with microgels M300 and M800, respectively. The shorter
LVER for M300-stabilised PEs indicates a lower tolerance for de-
formation, and therefore stress, before yielding.”27Z This trans-
lates in a significant difference in the yield stress (o,) observed
for the PEs stabilised by the two different microgel sizes (see Fig.
S.3B), which differ of two orders of magnitude. These results
suggest smaller microstructural units within the material, and
they align with the microscopy data, which show no tendency
for clustering in PEs stabilised by small microgels. In this case,
the "cage" formed by surrounding droplets can be considered as
the microstructural unit. Conversely, the presence of droplet clus-
ters in PEs stabilised by M800 microgels implies a more intricate
yielding process. Here, droplets rearrange within the cluster be-
fore complete yielding occurs. This is further supported by the
higher normalised peaks of the loss moduli observed for M800-
stabilised samples compared to M300 (see Fig. S4, ESI S7), which
highlight the higher dissipation associated to multiple rearrange-
ments, 78172

Following the G” overshoot and the crossover point where G”
surpasses G/, both types of PEs exhibit a similar strain-thinning
behaviour, with both G’ and G” following a power-law decay of
the type G’ ~ y* and G’ ~ y~V, with a ratio u/v ~ [2.2—3.1].
This aligns with observations for soft glassy materials. 0372180 1.
terestingly, for both PE systems, a second shoulder appears in the
strain dependence of the loss modulus as the microgel loading
is reduced. This is more evident in the normalised moduli pre-
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observed for M800-PEs. Dissipation ratio versus the nominal strain amplitude for different microgel loadings for (C) M300- and (D) M800-stabilised
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sented in Figures S.4 A-B, where a smaller peak can be observed
around ¥ = 1 — 10. The presence of this secondary peak in G”
is often associated with a more complex microstructure. In such
cases, the flow transition involves a sequence of microstructural
rearrangements at different scales: smaller-scale rearrangements
within clusters (e.g., droplet rearrangement) and larger-scale re-

arrangements involving cluster breakage.Z1Z8/72

These observations suggest the occurrence of complex yielding
phenomena within the PEs. The presence of a multi-step flow
transition and the dependence on microgel loading point towards
a strong interplay between the microstructure and the mechanical
response of the Pickering emulsions, motivating further investiga-
tion into the intracycle nonlinear stress response using quantita-
tive methods.

10| Journal Name, [year], [vol.], 1

3.4.2 Nonlinear viscoelastic properties - Intracycle transi-
tions

The average G’ and G” obtained from strain amplitude oscillatory
rheological tests represent the true elastic and viscous contribu-
tions of a material only within the IVER. Beyond the LVE thresh-
old, the elastic and viscous components become nonlinearly en-
tangled.“#?>7 Hence, to gain further insight into the microstruc-
ture of the PEs under these conditions, we investigate the time-
dependent stress response during a full cycle of the sinusoidal
deformation using Fourier-Transform (FT) decomposition of the
signal and the sequence of physical processes (SPP) analysis. Fig-
ure[7]presents the results for two key parameters that quantify the
nonlinear behaviour of the PEs during oscillatory shear. The first
is the ratio of the third to the first harmonic (/3/I;), which pro-
vides an estimate of the degree of nonlinearity in the material’s
response. Higher values of /3/I; indicate a more pronounced de-
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viation from linear viscoelastic behaviour.22222770 The second
parameter is the dissipation ratio (DR), which serves as an indi-
cator of the energy dissipation mechanisms during yielding. This
quantity can be obtained as a ratio between the total energy dis-
sipated per unit volume in a single cycle of deformations, calcu-
lated as E; = § ody = )y} G”, and the energy dissipated by a per-
fect plastic material at the same deformation value, obtained as
Eqp = 4Y0Omax, Where Gy is the maximum stress reached by the
material during a full cycle.>>81 Following this definition, the dis-
sipation mechanism can be classified in three extreme behaviours:
(i) DR=E,/E,, = 1 purely plastic deformation, (ii) DR = 0 purely
elastic deformation, (iii) DR = 0.785 Newtonian fluid deforma-
tion. 81

While no significant dependence on microgel loading is ob-
served for either microgel sizes (M300 or M800), the results re-
veal clear differences in the nonlinear behaviour between the two
PEs types. For M300-stabilised PEs, above the instrumentation
limits (i.e. semi-transparent symbols in Fig. [7A-B), the coeffi-
cient I3/1; follows a power-law trend with an exponent of approx-
imately 2 within the MAOS region, where yielding occurs. This
aligns with observations in the literature, which report a similar
coefficient for soft glassy systems.>>82 Beyond the MAOS region,
I3/1; plateaus at a constant value of approximately 0.25. In con-
trast, M800-stabilised PEs exhibit a sharper rise in the I3/I; ratio,

starting just before the end of the LVER, and increasing with a
power-law exponent slightly higher than 2 during yielding. This
sharper rise, corresponding to a narrower yielding window, is
then followed by a first plateau at 0.36, a second small rise around
1 = 3, and finally another plateau at a higher value of 0.65. The
higher plateau values, together with the occurrence of multiple
flow steps, suggest stronger nonlinearities associated to multiple
restructuring events within the emulsions. Here, smaller-scale re-
arrangements within clusters might occur first, followed by clus-
ter breakage at higher deformations. Notably, the presence of
these plateaus indicates that the emulsions maintain some struc-
ture even at high deformations and for effective volume fractions
below 0.64 (as observed for sample M800-C3).

Similar conclusions can be drawn from the analysis of the dissi-
pation ratio, Fig. [7C-D. In the initial IVER, for both PE types, the
low DR values indicate a predominantly elastic response. Specif-
ically, for M800-stabilised PEs, the initial DR plateaus at around
0.065 for all microgel loadings. Conversely, M300-stabilised PEs
exhibit some variability, with progressively higher IVE plateaus
ranging from 0.14 to 0.2, indicating overall a bigger deviation
from the pure elastic regime compared to M800 samples. A sharp
increase in DR is observed as the IVER is surpassed. Notably,
for samples M800, DR increases with a power-law of 2 during
yielding, independent of microgel loading. In contrast, M300-
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stabilised PEs display a smoother increase with a power-law of ap-
proximately 0.5 (see Fig. S.5 in the ESI for log-scale plots). After
the yielding transition, the DR for M800 samples plateaus at high
values ~ 0.9, indicating a tendency towards plastic dissipation.>>
Conversely, M300-stabilised PEs exhibit a peak in plasticity, just
after yielding, followed by a return to a Newtonian-like behaviour.
This further corroborates the structural differences between the
two PE types, with M800-stabilised PEs exhibiting greater inter-
connectivity and more microstructural rearrangements. To gain
further insights into the transient rheological behaviour that these
two types of PEs undergo during larger strain amplitudes, we re-
port the evolution of the Cole-Cole trajectories of the transient
storage (G)) and loss (G/) moduli for two indicative samples, i.e.
M300-C1 and M800-C1 (Fig. [SA-B).

The Cole-Cole plots for both samples exhibit the character-
istic deltoid shape, reflecting the dominance of the third har-
monic.225%83] However, the orientation and enclosed area of
the cycles progressively change with increasing strain amplitude.
These two features offer valuable insights into the sequence of mi-
crostructural rearrangements the material undergoes during each
oscillation cycle. The orientation of the trajectory reflects the na-
ture of the material’s deformation transition, while the enclosed
areas relate to the extent of intra-cycle rheological transitions. A
larger enclosed area indicates a broader spectrum of microstruc-
tural rearrangements within the material.>2%3 Notably, in the
LVER the size of the deltoids in both cases is significantly small,
with the values of G; and G/ converging to the values of G, and

i respectively. Increasing strain amplitude leads to a departure
from linearity, as evidenced by the evolving orientation and size
of the deltoid curves in the Cole-Cole plots (Fig. -B). Inter-
estingly, key distinctions in the evolution are observed between
the two PEs types. For M300-stabilised PEs, the deltoid trajecto-
ries maintain a similar orientation after departing from the LVER
(e.g., magenta curve in Fig. [§A) and the areas progressively grow
until the final yielding point (see Fig. S.6 in the ESI, reporting the
evolution of the areas of the deltoids, Ap, normalised by the area
in the LVER, Apg). Beyond this point, the size of the deltoids de-
creases again, until reaching very small areas at % > 1. These
results imply that PEs stabilised with small microgels undergo
their widest range of microstructural rearrangements around the
yield point, where the solid-to-liquid transition is accompanied
by some degree of structural recovery.242283 However, at even
higher strains, the structure breaks down more severely, hinder-
ing recovery and leading to a complete collapse of the microstruc-
ture. In contrast, the area changes for M800-stabilised PEs exhibit
a less gradual increase, with a rapid rise observed around the G’
overshoot. After the yield point, the areas decrease progressively
but remain at relatively high values (see Fig. S.6 in the ESI). This
trend reinforces the presence of a more interconnected network
within PEs stabilised by larger microgels. Here, the droplet clus-
ters are capable of yielding and recovering within each deforma-
tion cycle, demonstrating resilience against complete breakdown
at the tested amplitudes. The difference in microstructure be-
tween the two types of PEs is further evident in the details of the
trajectories around the yielding point.

In Fig. [B[C-D, we report the trajectories obtained for M300- and
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M800-stabilised PEs, respectively, including a colormap of the in-
stantaneous phase angle, &;. This value directly indicates the type
of transition the material undergoes at each point within the de-
formation cycle. Typically, 6 < 0.785 suggest elastic behaviour,
while values exceeding 0.785 indicate liquid-like behaviour.>3>>
The colormap clearly reveals that sample M800-C1 experiences
more extensive structural rearrangements. This is evident from
the wider range of & values spanned within a single cycle for this
sample compared to M300-C1. In particular, M300-C1 exhibits a
more progressive yielding process (Fig. [8IC-E). Trajectory I, start-
ing from an initial instantaneous strain equal to zero (point 1),
shows a strong initial thinning with minimal softening, leading to
a minimum in both G; and G/ at point 2. During this transition,
both the strain amplitude and the total instantaneous stress are
increasing, as can be seen in the Lissajous-Bodwditch plots in Fig.
[8E, indicating the breakdown of the initial structure as strain in-
creases. As the strain reaches its maximum and reverses (point
2 to 3), the emulsion experiences a restructuring, indicated by
rising G, and G values (coupled thickening/stiffening). As the
flow reverses in the opposite direction, approaching again an in-
stantaneous strain of zero, the structure breaks down, dissipating
stored elasticity and reaching a maximum G} (point 3 to point
4). Beyond this point, the structure thins again, returning to its
initial state and repeating the cycle. This qualitative behaviour
persists at higher nominal strain amplitudes (trajectories II and
II), with a gradual reorientation of the deltoids towards a more
plastic response. The initial stress increase becomes weaker, and
the structure exhibits more liquid-like behaviour later in the cycle,
as shown by the § colormap.

Sample M800-C1 displays a different response around the
yielding point (Fig. [8D-F). Trajectory I, corresponding to the G”
overshoot, shares some similarities with M300-C1, but the & col-
ormap indicates a wider range of restructuring within the ma-
terial. As the strain amplitude increases (trajectory II), the be-
haviour transitions to a plastic-type response, as shown by the
quasi-constant stress response with an increase of the instanta-
neous strain amplitude (point 1 to 2 in Figure [§F), followed by
strain-thinning at a higher nominal strain amplitude (trajectory
III). This transition corresponds to the G'/G” crossover point.
Here, G, becomes negative and the total stress slightly reduces,
indicating a softening of the microstructure and suggesting com-
plete material flow (1 to 2). As the strain increases further and
reverses, the structure first undergoes a nearly purely viscous
thickening, followed by purely elastic stiffening until reaching the
maximum G, (2 to 3). During the subsequent strain reversal (3 to
4), the accumulated elastic energy dissipates viscously, indicating
disruption of the internal microstructure. This process continues
until a purely viscous regime is reached (negative G;). A negative
G, signifies that stress decreases with increasing strain, reflecting
a shift from elastic storage to complete viscous dissipation. 2223183
This indicates complete yielding and flow behaviour by point 4.
Finally, as the strain returns to zero, viscous dissipation reduces,
and the elastic modulus gradually recovers, closing the loop at
point 1.

Overall, the intracycle analysis reveals that M300-stabilised PEs
experience yielding through disruption and deformation of the



close-packed droplet cages. In contrast, M800-stabilised PEs ex-
hibit a more complex yielding process due to the presence of
droplet clusters. These clusters introduce greater heterogeneity
within the sample, leading to progressive deformation, stretching,
and flow of the initial microstructure as the strain amplitude in-
creases. These results reveal a clear difference in the microstruc-
ture of the two types of PEs, which is crucial for optimizing their
application in transdermal drug delivery. For instance, M800-
stabilised PEs, characterised by more complex droplet clusters,
might exhibit a slower and potentially controlled release profile.
The following section delves into the transdermal drug delivery
properties of these PEs, exploring how the observed microstruc-
tural variations translate to drug release kinetics.

3.5 Transdermal release properties

The release profiles of all the investigated PEs are evaluated at
room temperature and at physiological temperature (37 °C) using
the procedure described in Section 2.4. Figure[J]A presents repre-
sentative curves for the normalised cumulative release of samples
M300-C1/C3 and M800-C1/C3 at room temperature. This com-
parison emphasises the impact of microgel loading on the release
profiles. Figure [OB focuses on the thermoresponsive behaviour
by depicting the normalised cumulative release of samples M300-
C1 and M800-C1 at both room and physiological temperatures.
All samples exhibit a cumulative release trend characteristic of
diffusion-controlled kinetics.284 This is typically characterised by
an initial, steeper rise in concentration followed by a plateau as
time approaches infinity. The release profiles clearly demonstrate
the influence of both microgel loading and temperature. Inter-
estingly, the bulk rheological properties do not appear to directly
govern the release kinetics. This is evident from the slower re-
lease observed for sample M300-C1 compared to M800-C3 (Fig.
[O), despite M300-C1 having a lower storage modulus and yield
stress (by 1 and 2 orders of magnitude, respectively). Conversely,
a higher microgel loading appears to slow down the release kinet-
ics, suggesting that the presence of microgels within the PEs struc-
ture contributes to the controlled release mechanism. Another
intriguing observation is the significant decrease in release rate
at higher temperatures for all samples. This might seem counter
intuitive, as temperatures exceeding the microgel volume phase
transition temperature (VPTT) are typically expected to induce
phase separation in PEs due to the collapsed state of the micro-
gels, thus causing release of the species from the single droplets
acting as drug carriers.4285 However, the appearance of the PEs
in the donor chamber after the release experiment is strikingly dif-
ferent for samples stored at physiological temperature (Fig. [9[C).
While room temperature samples retain their original consistency
with some creaming, those exposed to 37 °C appear as textured
cylindrical structures. To further investigate their internal struc-
ture, we sectioned a portion of these samples for observation un-
der fluorescence microscopy. The results for reference samples
M300-C3 and M800-C3 are shown in Fig. [OC. Bright areas repre-
sent the microgels, which are fluorescently labelled. As observed,
microgels in both cases collapse, inducing significant clustering
that immobilises the emulsions within a porous medium charac-

terised by varying void sizes. M300-stabilized samples exhibit
sparse round voids, left by oil droplets (as indicated by the ar-
rows in Fig. [9]C), while the dense microgel structures within the
droplet clusters of M800-stabilised samples make it more chal-
lenging to distinguish individual voids.

To gain a deeper understanding of the relationship between
microstructure and release kinetics, and to obtain more quanti-
tative results, we employ a semi-empirical model to analyse all
the release profiles. Considering the microstructural features of
both fresh and temperature-treated samples, along with the ge-
ometry of the Franz cell, we model the drug transport as a two-
step diffusive process: (i) transport within the PEs and (ii) trans-
port across the polysulfone membrane of the Franz cell. For the
first diffusion mechanism, we utilize a model for species trans-
port within a porous medium containing randomly distributed
traps.€% This model predicts the following decay of concentration
from the donor compartment:

(1) ~ exp [7@ J1p)?/ <d+2>} (5)

Here ¢(¢) represents the remaining drug concentration at time
t. tp is the characteristic diffusion time between traps, defined
as tmp=r, 2p,, where 7, represents the characteristic size of the
traps, and D, is the diffusion coefficient. Finally, d is the spa-
tial dimension, which equals 3 for a 3D system, resulting in a
total exponent of 0.6. The characteristics of the second diffusion
mechanism are determined using a control experiment with pure
jojoba oil. The release profile follows a first-order diffusion decay
(see SI-3 in the ESI) described by the following equation:

c(t) ~exp[—(t/w)] ©)

where 1 is the characteristic diffusion time across the membrane,
equal to 17.03 hours. Hence, by combining both Eq. [5]and Eq. [6]
the concentration of drug released from the PEs can be modelled
as follows:

(1) = kexp [—(Z/TD)O'ﬁ} (1= k) exp(—1/7) %)

Here 0 < k < 1 is a partition constant, which indicates the domi-
nance of each mechanism.

Table 1 Fitting parameters of the drug release model, 7p and k, for all
PEs investigated. The table also reports the total volume fraction of the
dispersed phase, ¢ror, calculated as specified in ESI S5.

Sample dror 7p () k
M300-C1 0.817 152.9 0.808
M300-C2 0.707 127.54 0.851
T—21°C M300-C3 0.59 60.45 0.783
M800-C1 0.967 236.5 0.925
M800-C2 0.65 94.5 0.953
M800-C3 0.611 84.96 1
M300-C1 0.817 1.46E+04 0.894
M300-C2 0.707 6.88E+02 0.8
T—37°C M300-C3 0.59 470.3 0.707
M800-C1 0.967 1.9E+04 0.981
M800-C2 0.65 5.21E+03 0.917
M800-C3 0.611 3.41E+03 0.854

Table [1| summarises the fitting results for all investigated PEs.
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Fig. 9 Transdermal drug release model: Results. (A) Normalised cumulative drug release at room temperature for M300- and M800-stabilized PEs
containing different loadings of microgels. (B) Normalised cumulative drug release for samples M300-C1 and M800-C1 at both room temperature and
physiological temperature. In both panels, the lines represent the fitting of the data to Eq. (C) Left: general appearance of the PEs after the release
tests (approximately 190 hours) at room temperature (top row) and physiological temperature (bottom row). Right: details of the microstructure of
the samples treated at physiological temperature, obtained through fluorescence microscopy. The scale bars indicate 250 um. The red arrows indicates
some of the round voids left by droplets. (D) Characteristic diffusion time as a function of the total dispersed phase volume fraction (¢ror). The
grey line reports the reference value for simple jojoba oil. (E) Characteristic diffusion time as a function of the normalised characteristic dimension of
the traps obtained from fitting of Eq. [7/} The two vertical lines indicate the order of magnitude of the droplet size (yellow line) and the microgel size
(blue line). Half-filled symbols in panels (D) and (E) indicate the formulation with ¢ror < 0.6.

Because the presence of microgels in the continuous phase signifi-
cantly alters the PEs microstructure at physiological temperature,
we also report the total dispersed phase volume fraction, ¢ror.
This value is calculated as the sum of the effective volume frac-
tion, ¢grr, and the residual microgel volume fraction within the
continuous phase, ¢,,. Details regarding the calculations of these
volume fractions can be found in the ESI S5. For all Pickering
emulsions, the partition constant consistently exceeds 0.7, indi-
cating that the first diffusion mechanism within the PEs remains
the dominant factor controlling release kinetics under all tested
conditions. Notably, M800-stabilised samples exhibit significantly
higher partition constant values, with most exceeding 0.9. This
could be attributed to a higher degree of interconnection between
droplets within M800-stabilised PEs and a lower residual micro-
gel content in the continuous phase. This combination results in a
more interconnected porous structure, where the porosity is pri-
marily dictated by the distribution of droplets. Interestingly, when
plotting the characteristic diffusion times against the total volume
fraction ¢7or, we observe two distinct trends for each tempera-
ture, as shown in Fig. ED In both cases, the characteristic release
time exhibits a strong positive correlation with the total volume
fraction, showing an initial jump at a threshold value around 0.6,
which is close to random packing conditions. At physiological
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temperature, when the microgels deswell, the entire curve shifts
upwards by two orders of magnitude. This shift indicates a sig-
nificant change in the characteristic size of the porosity of the
material. To further investigate this, Fig. EE plots the characteris-
tic times against the characteristic size of the traps, normalised by
the average radius of the droplets for each formulation. This vi-
sualisation reveals a transition in the dominant trap size. At room
temperature, the characteristic size falls within the same order of
magnitude as the droplet size. However, at physiological temper-
ature, the characteristic size becomes comparable to the size of
the microgels. The shift observed might be related to an increase
in polymer density at the oil-water interface upon heating, caused
by the hydrophobic collapse of the microgel network®Z. Addition-
ally, the change in hydrophobicity can alter the interactions of the
drug with the polymeric chains of the microgels, thus slowing
down the release. Further investigations to properly characterise
the mechanism at hand are surely required, however the present
results highlight the crucial role of the local microstructure of the
PEs in regulating sustained drug release.

4  Conclusions

In this study, we investigate how microgel size and thermore-
sponsive behaviour specifically influence the microstructure and



rheology of Pickering emulsions to aid the design of transder-
mal drug delivery systems. To this end, we use model PEs sta-
bilised with pNIPAM-based microgels of two distinct sizes (M300
and M800). PNIPAM microgels were chosen due to their well-
established thermal responsiveness, allowing us to control their
swelling behaviour using temperature as an external stimulus.
The size of the resulting droplets was analysed using bright-field
microscopy, while confocal microscopy revealed the arrangement
of microgels at the droplet interface. Rheological properties were
characterised using strain amplitude oscillatory sweep measure-
ments and time-resolved analysis. Finally, the sustained release
of levosimendan, a model lipophilic drug, was evaluated via the
Franz-cell method at both room and physiological temperatures.

The microscopic analysis confirms that microgel size signifi-
cantly affects microgel arrangement and interfacial coverage, ul-
timately impacting the PEs’ rheological behaviour. Smaller M300
microgels form a more uniform and densely packed layer around
the droplets, leading to less aggregation compared to PEs sta-
bilised with larger M800 microgels. This difference in interfa-
cial organisation translates to distinct rheological behaviours of
the different formulations. More dispersed droplets with mini-
mal inter-droplet connections exhibit a more fluid-like behaviour,
while the presence of droplet clusters in the larger-microgel PEs
introduces a more complex yielding process. The analysis of the
intracycle nonlinear stress response suggests that M300-stabilised
PEs yield through disruption and deformation of the close-packed
droplet cages. In contrast, M800-stabilised PEs exhibit a more
complex process due to rearrangements within the droplet clus-
ters. These microstructural differences have a significant impact
on the sustained drug release performance. For both PE types, the
internal microstructure of the emulsions dominates the release ki-
netics. Notably, the characteristic release times directly correlate
with the total volume fraction of the dispersed phases. The re-
lease mechanism can be modelled by considering the emulsion
as a porous medium with randomly distributed traps. At room
temperature, when the emulsions maintain their original struc-
ture, the characteristic size of these traps approximates the aver-
age droplet sizes. However, at physiological temperature, when
the microgels significantly deswell, the characteristic release time
increases significantly for both sets of PEs. Additionally, the dom-
inant trap size shifts towards the microgel size. These findings
highlight that microgel porosity also plays a crucial role in the
sustained release of molecules from the PEs. It should be pointed
out that, given the complex phase-change that the PEs undergo at
physiological temperature, transient drug/MG interactions could
also affect the release kinetics. Future studies should explore this
aspect in more detail.

Overall, this study provides valuable insights into the relation-
ship between microgel properties, microstructure, and the perfor-
mance of PEs for drug delivery applications. In contrast to other
drug delivery methods, such as hydrogel-based systems, where
rheology and porosity are intrinsically linked, our study shows
that PEs offer greater flexibility in decoupling rheological de-
sign from delivery properties. This decoupling allows for a wider
range of formulation possibilities. Further investigations are re-
quired to explore the long-term stability and bio-compatibility of

these PEs for in-vivo applications, as well as the effect of shear
flow on the release kinetics, relevant to the direct use of these for-
mulation. Additionally, optimising the microgel design to achieve
a balance between microstructure and desired release kinetics is
an important area for future research.
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