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Abstract

This study aimed to design whey protein nanogel particles (VéRjlized Pickering
emulsion as a delivery vehicle for curcumin (CUR). Firstlye effectiveness of WPN to
stabilize medium chain triglyceride (MCT) oil was assésssing droplet sizing, microscopy
across scales, surface coverage calculations andarigdviscosity measurements. Then, the
ability of this delivery vehicle to encapsulate CUR and tlfece$ of pH and ionic strengths on
the retention of CUR were investigated in an in vitro sdeanodel at 37°C. Results
demonstrate that@ wt% WPN was sufficient to create a monolayer of pagiakethe droplet
surface resulting in ultra-stable droplets that wereteggiso coalescence over a year. Addition
of 500 pg/ mL of CUR did not result in any change in the dtsote of the Pickering emulsion
droplets. The CUR was fully retained within the Pickering emn$s which might be
attributed to the nanometric size of the gap3(q nm) at the interface that did not allow CUR
to diffuse out into the release media. The partitioningCOR to the dispersed phase was
influenced by pH of the media. Increased binding affinibesveen CUR and WPN at the
interface (binding affinity constant,&1 x 1¢ M™) existed at pH 3.0 as compared to that at
pH 7.0 (k=6.67 x 16 M!) owing to the electrostatic interactions between CUR @tedfacial
WPN in the former. Such binding affinities between CUR iatetfacial WPN at pH 7.0 was

further influenced by presence of ions.

Keywords

Curcumin Pickering emulsiopnanogelretention whey protein electrostatic interaction

Abbreviations:
WPN: whey protein nanogel particles; CUR: curcuminpiE Pickering emulsions stabilized

by WPN CUREwrn: curcumin-loaded Pickering emulsions stabilized by WPN
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1. Introduction
Over more than a century ago, in 19®4lter Ramsden first mentioned that “solid matter has
the power of forming persistent emulsibn®kamsden, 1904). After three years, Pickering
published an extensive experimental study on particle-stathikmulsions for plant spray
applications, from which the term "Pickering emulsions” w@ised (Pickering, 1907). In an
oil-in-water Pickering emulsion, particles are irreversiblyoadolsd at the oiln-water interface
due to their high energy of adsorption (thousands of kT/paxtitireversible adsorption of
micro- or nano particles to the oil-water interface polesiultra-stability against coalescence
and Ostwald ripening (Dickinson, 2012)

In recent years, there has been an upsurge of reseffocts in designing Pickering
emulsions to overcome stability issues in conventional €omd (Araiza-Calahorra et al.,
2018; Gupta & Rousseau, 2012; McClements., 20@yeover, in the research domain of
delivery of bioactive lipophilic molecules, such as curcyrRickering emulsion stabilized by
food-grade laboratory-synthesized particles have beeentlg recognized as promising
templates (Araiza-Calahorra et al., 2Q18)

Curcumin (CUR), the main curcuminoid present in the Guona longa plant, has been
used in traditional medicine for many centuries in Asianntries (Goel, Kunnumakkara, &
Aggarwal, 2008). More recently, its potent free-radical snging activity has been reported
to play an important role on its multiple health-promgtproperties such as anti-inflammatory,
anticarcinogenic, antidiabetic, anti-aging and antioXidetivities (Wilken, Veena, Wang, &
Srivatsan, 2011)The free-radical quenching properties@fR is attributed to its chemical
structure. The structure consists of two aromatic ringsected by seven carbons that hold
two o, f-unsaturated carbonyl groups (Payton, Sandusky, & Alworth, 2B@Wever, the main

drawbacks for the industrial applications of CUR as aacetstical or pharmaceutical
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ingredient are its low water-solubility, alkaline degradatiod ehemical instability, which
reduces its bioavailability when orally administrated (2aaCalahorra et al., 2018)

Recently, Pickering emulsions have been used to encap8des the formation of a
mechanical barrier by the particles can protect the entzdpd CUR against pro-oxidants and
thus potentially enhance the physical and chemical stabfiithese bioactive compounds
(Wang et al., 2015). For example, Pickering stabilizers tha¢ teen used in literature
specifically for encapsulating CUR include silica (TikekBgn, & Nitin, 2013), chitosan-
tripolyphosphate nanoparticles (CS/TPP NPs) (Shah, @(l6a,b), zein-tannic acid complex
colloidal particles (Zou, Guo, Yin, Wang, & Yang, 2015), staremngles (Marefati, Bertrand,
Sjoo, Dejmek, & Rayner, 2017), karifin (Xiao, Li, & Huang, 2015&) gliadin particles (Zhou
et al., 2018)Particularly, CUR-loaded Pickering emulsions stabilized bydsmguatible sub-
micron sized CS/TPP NPs, ranging from 322 to 814 nm size lemrerbcently demonstrated
to be stable for 30 days (28) with a CUR half-life degradation (50 wt%) of 120 hours (22
°C, in the dark) (Shah et al., 2016l another example of Pickering stabilizers used for
encapsulating CUR, hydrophobically modified starch granabilsded Pickering emulsions
were developd to assess the stability and loss of encapsul@tdld (Marefati et al., 2017)
When samples were not subjectedtweat treatment, release of encapsul@E& was higher
during storage as compared to that of heat-treated emulgiotieors suggested that the large
particles size of starch granul@hs of granules ~ 1.8 pallowed rather fast release of the
CUR through the gaps at the oil-water interface betweese thieron-sized starch granules.
On the contrary, heat-treated emulsions presented a fasleel barrier of partially gelatinized
starch granules at the interface, most likely closimasé interfacial gapsvhich retained the
encapsulated CUR more efficiently. An alternative apprt@obduce the size of the interfacial

gaps might be to reduce the size of the Pickering stabilizensailmometric sizeJp until now,
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use of Pickering emulsions for delivering CUR is a rel&ivew field, and literature on the
influence of interfacial properties on CUR retentismalatively scarce till date.

Besides polysaccharide-based particles, protein-based gmudilPickering stabilizers
have attracted significant research attention as a fmitéormulation approach to develop
functional food materialgDickinson, 2012, 2017; Saglam, Venema, van der Linden, & de
Vries, 2014; Sarkar, Zhang, Holmes, & Ettelaie, 2019). Paatiilin case of protein, two
classes of particles have been used by previous researchers, namely ‘nanoparticles’ and ‘gel
particles’. The protein-based nanoparticles are prepared by delicately balancingtihetiae
and repulsive forces of proteins. During such nanoparticledbon, change in pH, ions or
solvent addition cause unfolding of dilute solutions of pnond exposure of functional
groups (Liu, Ou, & Tang, 2017; Peinado, Lesmes, Andrés, & McClem20l10; Xiao et al.,
2015b). Subsequent thermal or chemical crosslinking leattget@rmation of cross-linked
nanoparticles. The most common preparation methods foteip nanoparticles are
coacervation, solvent extraction, electrospray eain(Bingh, Arya, Kundu, & Kapoor, 2018;
Verma, Gulati, Kaul, Mukherjee, & Nagaich, 2018)

On the other hand, protein-based gel particles are new &iwahe food-based patrticle
library, these can be either microgels (micron-sized)nanogels or (nanometric-sized)
(Matsumiya & Murray, 2016; Sarkar et al., 2018a; Sarkar 2@L6). These protein microgels
or nanogels are soft colloidal particles that are pradidigeusing a top-down technique of
forming a physically cross-linked heat-set hydrogel preparedskmg thighly concentrated
protein solutions, followed by breaking them down to gel dagiander high shear forces. A
combination of steric and electrostatic repulsions cogferd colloidal stability to these
particles in aqueous dispersions (Dickinson, 2017). Although praob&rogels has been
previously reported in the literature as Pickering stab#izeontrolled shearing to create

protein nanogels and making Pickering emulsions with the laéie been rare until recently
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(Sarkar et al., 2018a). In particular, to our knowledge, ishike first study that reports the
encapsulation and stability of bioactive compounds in eonasstabilized by whey protein
nanogel particles.

Therefore, in the present work, we aimed to desigmeiater Pickering emulsions
stabilized by nanometric-sized gel protein particle aseameapsulation system for CUR. We
have created protein-based nanogel particles, hereafteednam whey protein nanogel
particles (WPN) with a mean hydrodynamic diameter of < 10Gizm It was hypothesized
that due to the formation of a closely packed mechabmaler and reduced interstitial gap
size, WPN-stabilized Pickering emulsion can serve agfantive template for allowing better
retention of CUR within the emulsion systeirhe ability of the Pickering emulsions on
preserving CUR was evaluated at different pH and ionic sheff@ our knowledge, this is the
first study that has employed WPN-stabilized Pickering sionlto encapsulate CUR and
investigated the mechanisms behind pH/ ion-induced changes in&élRion and advances
the current statef-the art on Pickering emulsion delivery vehicles for C@Rhough CUR
is used in this study as a model lipophilic compound, the knowldgethis fundamental
study can be used for rational designing of nanogel-stabdited-water Pickering emulsions

for encapsulation of any lipophilic bioactive compound.

2. Materialsand methods
2.1. Materials
Whey protein isolate (WPI) with > 90% protein content was gifted from Fonterra Co-operative
Group Limited (Auckland, New ZealandJurcumin, CUR ¥ 65% purity), methanol, sodium
chloride, sodium hydroxide, sodium phosphate monobasiohyainate, sodium phosphate
dibasic anhydrous and hydrogen chloride were purchased from d@Hesgher Scientific,

Loughborough, UK Heptane, acetic acid, sodium acetate, and calcium délonere
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purchased from Sigma-AldrictDorset, UK. The lipid phase consisted of medium-chain
triglyceride (MCT-oil) Miglyol® 812 with a density of 945 kg*at 20°C (Cremer Oleo GmbH

& Co, Germany)Dialysis membranes of molecular weight cut off 3,500 Da werehpised
from Thermo ScientificPaisley, UK All reagents were of analytical grade and used without
further purification unless otherwise reportédl solutions were prepared with Milli-Q water
with aresistivity of 18.2 MQ cm at 25 °C (Milli-Q apparatus, Millipore, Bedford, UK). Sodium

azide (0.02 wt %) was added as a preservative.

2.2. Preparation of whey protein nanogel particles

The nanogel particles were created based on modificafianprevious top-down technique
(Sarkar et al., 2018a; Sarkar et al., 20I8e WPI powder was dissolved in 10 mM phosphate
buffer at pH 7.0 for 2 hours to prepare whey protein solti®nvt%). The WPI solution was
heated in a temperature-controlled water bath at®@@r 30 min to forma heat-set gel
(quiescent), followed by cooling down for 15 min and storagk®@tovernight to form heat-
set hydrogels. Obtained WPI gels were pre-homogenized witkrbi@fwt%) using a hand
blender (HB724, Kenwood) for 1 minut&he resulting 5 wt% whey protein gel was passed
two times through a high-pressure two-chamber homogergzéiodnogenizer (University of
Leeds, UK at 300 bars. The resulting whey protein nanogel particl&N)WWere diluted with
buffer and used as the continuous phase for the empissparation. Emulsions were prepared

in triplicate.

2.3. Preparation of whey protein nanogel-stabilized emul¢Bns), CUR-loaded
emulsions (CURErn) and whey protein isolate-stabilized emulsi@Bgei)

Pickering emulsiong§Ewpn) were prepared using fixed MCT oil concentration (20 wt%) and
WPN of varying concentrations (0-13.0 wt %). The emulsifier concentration was changed

by diluting the aqueous dispersion of WPN (5 wt% protein) whitssphate buffer (pH 7.0) to
7
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get the desired protein content in the final emulsBrrefly, coarséNVPN-stabilized emulsions
(20:80 w/w) were prepared using Ultra Turrax T25 homogenizer (IKAk&/&mbH & Co.,
Staufen Germany) at 1300 rpm for 1 min. Following this, the coarse emulsions were
homogenized using the Leeds Jet homogenizer at 300 bars usipgdses to prepare fine
Ewpn droplets. In case of CUR-loaded emulsions (CUR), CUR was added to the MCT-
oil phase at 500 pg/ mL and stirred at 200 rpm for 30 min & &@ ensure maximum solubility
before the coarse emulsion formation stBpe choice of MCT-oil as the lipidic phase was to
ensure maximum CUR solubility in the dispersed phase (Supplerdfig. S1).

Emulsions stabilized by whey protein isolate soluti&ar) were prepared as controls to
compare the difference in the microstructure betweesm Bnd Evp emulsions. The i (20
wt% MCT oil, 1 wt% WPI) were prepared following the same protas described above for

Ewen. All emulsions samples were prepared in triplicates

2.4 Transmission electron microscopy

Transmission electron microscopy (TEM) was employed ldsense the microstructure of
WPN, Evpi and Even Samples using previously reported method (Sarkar, Li, Cray, & Boxall,
2018b; Sarkar, Zhang, Murray, Russell, & Boxal, 20Briefly, 10 uL of samples were fixed
with 2.5% (v/v) glutaraldehyde and post-fixed in 0.1% (w/v) osmiatroxide. The samples
were then carefully exposed to serial dehydration in ett{26e100%) before being embedded

in araldite. Ultra-thin sections (80100 nm) were deposited on 3.05 mm grids and stained with
8% (v/v) uranyl acetate and lead citrate. The sections were cut on an ‘‘Ultra-cut’” microtome.

Images were recorded using a CM10 TEM microscope (Philips,\suWkg.

2.5Cryogenic- Scanning Electron Microscopy



197 Cryogenic scanning electron microscopy (cryo-SEM) of th&NWEwvei, Ewen and CUREvpn
198 were conducted. Particularly, for cryo-SEM of emulsisamples i.e. &, BEwen and
199 CUREwrn, heptane was used as the dispersed rather than MCT oil, itbiateyference by
200 crystallization of oil during the freezing step as used pmexvious study involving Pickering
201 emulsions stabilized by microgels (Destribats et al., 2@ath the systems (heptane or MCT-
202 oil emulsions) presented the same overall microstruchahavior and therefore, the cryo-
203 SEM images observed using heptane emulsions can bedateabto MCT-oil emulsions.
204 The WPN, kpri, Ewpn or CUREVPn Were mounted on rivets attached to the sample stub. The
205 samples were plunge-frazin liquid nitrogen “slush” at =180 °C, then transferred to the cryo-
206 preparation chamber on the SEM. The frozen protein namageémulsion droplets were
207 cleaved and then etched-@5 °C for 4 minutes. Next, the samples were coated with 6fnm
208 platinum (Pt). Finally, the Rieated samples were transferred to the SEM for imaging at —135
209 °C. The heptane emulsion sample was imaged in a FEI 280F ESEM with a Quorum

210 Polar Prep 2000 cryo system.

211 2.6. Confocal scanning laser microscopy (CLSM)

212 The microstructuresf the emulsions (20 wt% MCT oil) i.ewk, Ewen and CURRpn Were
213 characterized using a Zeiss LSM 880 inverted confocal miopasCarl Zeiss Microlmaging
214 GmbH, Jena, Germany). Also, tl@JREwpn was characterized after the CUR retention
215 experiments. A stock solution of Nile Red (1 mg/ mL in dimetuffoxide, Sigma-Aldrich)
216 was used to stain MCT-oil to a final concentration of M@2mL~! and a stock solution of
217 Fast Green (1 mg mL in Milli-Q water) was used to stain the protein to a finalaantration
218 0of 0.1 mgm™'. The fluorescently labelled emulsion samples wereeglan a concave confocal
219 microscope slide, secured with a glass coverslip and finalgeah using an oil immersion
220 63x lens and the pinhole diameter maintained at 1 Airy tdrfitter out the majority of light

221 scatter. Nile Red was excited at a wavelength of 488 nm astdGfaen at 633 nm. The
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emission filters were set at 555 - 620 nm for Nile Red and @@ nm for Fast Green (Ong,
Dagastine, Kentish, & Gras, 2011)

In general, CUR is known to bind to certain hydrophobic domapratkins. Hence,
CUR binding to WPN was imaged by placing the CUR&mulsions directly in the slide and
covered them with a glass coverslip using CUR auto-flueresc For imaging of CUR, the
auto-fluorescence of CUR was recorded using the filtersosd\lile Red dye, since CUR

exhibits an excitation of 455 nm and an emission at 540 nme@viiet al., 2011)

2.7. Determination of adsorption efficiency by WPN

To determine the amount of WPN at the interface of thélssam droplets, wensamples were
centrifuged for 15 min at 1,770 g at 25 (Eppendorf 5702Hamburg, Germany)Subnatants
were carefully removed using a syringe and filtered through 0.45il{ens (Perkin Elmer
Waltham, MA, USA).The processvasrepeatedwice, and theabsorbance of the filtrates was
detected using a DC protein assay kit (Bio-Rad Laboratonegford UK) and a UV-Vis
Spectrophotometehe protein concentration of the filtrates was determimitid the Lowry
method using BSA as the standard. The adsorption efficiwasycalculated as the difference
between the total amount of protein used for initial emulpi@paration and the amount of

protein in the continuous phase as a percentage of totalhpcoteentration.

2.8 Interfacial shear viscosity

The interfacial shear viscosity was measured using a tmerdiional Couette-type viscometer
in presence or WPI or WPN. Details have been previoudgribed (Murray & Dickinson,
1996; Sarkar et al.,, 2017). Briefly, a stainless steel bicouiisal (radius 14.5 mm) was
suspended from a thin torsion wire with its edge in theepterihe oil-water interface of the

solution contained within a cylindrical glass dish (radiu® 78m). The deflection of the disk

10
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was measured by reflection of a laser off a mirror ensgiindle of the disc onto a scale at a
fixed distance from the axis of the spindle. The iatadl viscometer was operated in a
constant shear-rate mode, as describedr@tent study (Zembyla, Murray, & Sarkar, 2018)
For the measurements, a layer of pure n-tetradecan&ayesd over an aqueous solution of
whey protein isolate (WPI) or whey protein nanogel parti®BN). A concentration of 0.5
wt% was used as the aqueous phase at pH 7.0. The constantashegparent interfacial
viscosity, ni , IS given by the following equation:

ni ="LK(0 — 6) (1)
where, K is the torsion constant of the wifids the equilibrium deflection of the disc in the
presence of the filmf, is the equilibrium deflection in the absence of the,file. due to the
drag force of the sub-phase on the dists the geometric factor, ardis the angular velocity

of the dish. A fixed value ab =1.27 x 10-3 rad s ! was used.

2.9.Droplet and particle size distribution

Droplet size distributions of the emulsion samp(&svr, BEwpn and CUREpn) were
determined using static light scattering at°€5using a Malvern MasterSizer 3000 (Malvern
Instruments Ltd, Malvern, Worcestershire, UK). Thdragtive index of the MCT-oll
(Miglyol® 812 oil) and the dispersion medium were set at 1.4#b1a33, respectively. The
absorbance value of the emulsion droplets was 0.001. Thedraalat size distribution of the
emulsions was reported as volume mean diametgfDe Brouckere mean diameter) and
surface meansd (Sauter mean diameter). Thekfers to the mean diameter of a sphere with
the same volume, whereas theid the diameter of a sphere that has the same volurfa/s
area ratio as the sphere of interest. Both are génasgld to characterize an emulsion droplet.
Particle size of the WPN was determined using dynamic ligitesing (DLS) at 25C using

a Zetasizer Nano-ZS (Malvern Instruments, Malvern WKa PMMA standard disposable

11
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cuvette. Particle size was measured after diluting thelsanm phosphate buffer (pH 7.0).

Each sample was analyzed three times and the averagewead reported in the result section.

2.10.¢-potential

The (-potential of the WPN Ewen, and CURRpn Was determined using a particle
electrophoresis instrument (Zetasizer, Nano ZS sevialjern Instruments, Worcestershire,
UK). Samples were diluted in Milli-Q water (0.1 wt% partiabe 0.002 wt% droplet
concentration) and added to a folded capillary cell (Model RUB, Malvern Instruments
Ltd., Worcestershire, UK). Mean and standard deviatioheaf-potential value of each sample

was calculated from three individual measurementsiplicate samples.

2.11.Measurement of CUR retention in Pickering emulsions

To recover the encapsulated CUR from Pickering emulsiengithulsions samples (200 pL),
were disrupted with methanol (1 mL). Sample-solvent mistwere centrifuged at 1, 770 g at
ambient temperature for 10 min to precipitate the WPMNré¥ati et al., 2017)Noteworthy,
during extraction with methanol, a distinct orange-reldrcavas observed at neutral pH (pH
7.0) (Supplementary Fig. S2a), which can be attributed to pH-addobanges in the CUR
structure. As a diarylheptanoid, CUR contawve aromatic rings joined by a seven carbons
chain (heptane) with &,/f-unsaturateg>diketone structure (Araiza-Calahorra et al., 2018)
Depending on the solvent characteristics, electron dedlatian and deprotonation when in
neutral-alkaline environment alters {heliketone structure undergoing keémol tautomerism
(Khopde, Indira Priyadarsini, Palit, & Mukherjee, 2000; Naetial., 2008). Alteration of the
tautomerism of the structure causes the optical propesfieSUR to change, causing a
deviation of the spectral band position in the absormticemission spectrum of the molecule

to a longer wavelength (bathochromic shift). ckanging CUR color from yellow to red

12
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(Tennesen & Karlsen, 1989Yisual appearance of CUR dilution (1:1 (v/v) methanol/ buffer,
25°C) as a function of different pH (2-07.0) can be observed in Supplementary Fig. S2b.
Hence, the supernatant of the centrifuged CWREsamples at the two biologically
relevant pH conditions (pH 3.0 and pH 7.0) were first diluted to @piate concentrations for
guantification of encapsulated CUR (Supplementary Fig. B®).wavelength used was 425
nm and its was chosen based on a scan performed on olatbataining CUR ranging from
300 to 500 nm. Diluted samples were placed in a cuvette to mehsuabsorbance in a UV-
VIS spectrophotometer (6715 UV/VIS Spectrophotometer, Jenway, Ustarlard curve of
known concentrations of CUR in methanol was prepared tovecbrthe absorbance

measurements to CUR concentration.

2.12.CUR retention in Pickering emulsions

The capacity of the Pickering emulsions to retain CUR dutiogtgerm storage was measured
based on the CUR concentration recovered from theseonslafter they were subjected to pH
3.0 or pH 7.0 in absence and presence of ions (50 mM Na@D mM CadGl). In brief,
CUREwrpnWas mixed with the appropriate buffer in a 1:0.5 w/w ratio and pHagpssted to
the desired value (pH 3.0 and 7.0) in absence or presefbam¥ NaCl or 10 mM CaGland
the mixture was placed in pre-soaked dialysis membrane (100nkReular weight cut-off
membrane, Spectrum Laboratories, USA). Subsequently, the m@me@sbwas suspendau
buffers at corresponding pH and ionic strengths 8€3¥ith agitation (90 rpm) for 30 minutes
The aqueous buffers used were sodium acetate buffer forOpEN8 phosphate buffer for pH
7.0. Since CUR is known to be hydrophobic with limited solubilityvater, ethanol was added
into the aqueous buffer solutions at a final conceotmadif 15 % (v/v) based on a previous

study (Shah et al., 2016b). After 30 minutes, CWREsamples within the dialysis membranes

13



321 were taken out and CUR concentration in the emulsiomplsaand CUR released to the
322 aqueous buffers was measured using the method described earlier.
323

324 2.13 Fluorescence measurements

325 Previously, ability of CUR to form complexes with numergusteins, such as soy protein
326 isolate or B-lactoglobulin has been reported (Chen, Li, & Tang, 20X&h&rani, Karakkat,
327 Singh, & Rao, 2010). Thus, binding studies of CUR with WPN eeaslucted at pH 3.0 and
328 pH 7.0 in presence or absence of ions and such interastéresmeasured using an adapted
329 fluorescence emission spectroscopy method described hy 8aboju, and Bora (2008).
330 Steady-state fluorescence measurements were carriedn oait GLARIOstar microplate
331 spectrofluorimeter reader (BMG Labtech). The fluoraseeof CUR was measured by keeping
332 its concentration constant (10 uM) and by varying the WPN concentration-(®0 uM) in either
333 sodium acetate buffer (pH 3.0), and phosphate buffer (pHir¥ &)sence or presence of 50
334 mM NacCl or 10 mM CaGl The emission spectra were recorded from 450 to 650 nm with an
335 excitation wavelength of 420 nm. Solutions without WPN weredugss controls for the
336 fluorescence measurements. The binding constant wasniletdrby the following equation

337 (Sahu et al., 2008):

338

11 1
339 = AFLpgy T KaqAFLmax[WPN] 2
340

341 where AFI is the change in the CUR fluorescence intensity inptiesence and absence of
342 WPN, AFlmax is the maximal change in the CUR fluorescence intgnkd is the binding
343 constant, and [WPN] is the concentration of WPN. Trensity data were then used to plot

344  the doublereciprocal plot 1/[CM] versus 1/AFI. The intercept of the double-reciprocal plot on
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the 1/AF1 axis is 1/AFImax, Which was used to calculate the binding constant fromahe of

the slope in the plot.

2.14. Statistical analysis

The statistical software Minitab 16 (Minitab Inc. Stagdl€ye Pennsylvania) was used. The
analysis was carried out with the three individual measentés on three individual emulsion
samples (i.e. 9 measurements) and analyzed with two-vedysanof variance (ANOVA) and

Student’s t-test; significance was accepted at p < 0.05

2.6 Resultsand discussion
3.1 Characteristics of aqueous dispersions of WPN
The hydrodynamic diameter of WPN dispersion was deternfip€2l. S and morphology was
probed using cryo-SEM and TEM across scéleg. 1). The particle size distribution was
monomodal with a polydispersity index of 0.24, and a mearokytiamic radius of 83.05 nm
(Fig. 1a). As can be observed from the cryo-SEM im&gg (Lb), the size of WPN was in
close agreement with DLS and WPN showed a tendency to aggmedhe observation grid
(Fig. 1b). It is difficult to comment with certainty olnet sphericity of the particles because of
the possible effects of preparation for cryo-SEM on iglartmorphology, as have been
observed previously (Sarkar, Kanti, Gulotta, Murray, & Zh&®d,7) Looking at lower length
scale, the TEM image (Fig. 1c) showed that WPN formedrargieical structure of aggregates
of protein of different characteristic sizes as postdldby Schmitt et al. (2010) using small
angle X-ray scattering experiments

Previous researchers have shown the formation of getparticles of spherical shape
of about 200- 500 nm ( Destribats, Rouvet, Gehin-Delval, Schmitt, & Bira,4; Sarkar et

al., 2016). Differences in size and aggregate morphology BNWsed in this study as
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compared to the previous reports can be attributed to traigarin the processing route, such
as using the high-pressure homogeniser (Leeds Jet Homogémsestsity of Leeds, UK)
which uses turbulent flow and extremely high localized pressase&ompared to conventional
homogenizersas well as the initial protein concentration used to fdvenhtydrogel (Nicolali,
Britten, & Schmitt, 2011; Sarkar, Kanti, et al., 2017; SchrBittyay, Vuilliomenet, Rouvet, &
Bovetto, 2011; Torres, Murray, & Sarkar, 2017). The WPN exdd@n averagé-potential
value of -30.46 mV, which suggests that the electrostatidsiepubetween the particles was
high enough to ensure dispersion stability at pHFig. 1a). The negative charge was expected
as WPN was above the isoelectric popi) @nd the value was within the range found in the

literature (Destribats et al., 2014; Sarkar et al., 2016)

3.2 Characteristics of Pickering emulsions#g

Firstly, we conducted interfacial shear rheology expentsi@nd microstructural evaluation
across scales to investigate whether the WPN wererfgrRickering emulsions as compared
to a conventional emulsion stabilized by WPI. Applying shieaology deformation to the
interfacial layers in twpi or Exven Will give us information on the formation and structuririg o
absorbed protein or particle layers, respectively. Thishodkis particularly sensitive to
differentiating proteins versus particles based on theerfacial flow behavior, and
consequently can give quantitative insight into differebbeeveen WPN and WPI (Murray,
Durga, Yusoff, & Stoyanov, 2011; Sarkar, Zhang, et al., 2017)a&ughear viscosity;i]
values for WPN were compared to those of WPI solution, disghersed in phosphate buffer
at pH 7.0. We present the measurementg @ilues at ‘short’ (2 and 3 h) and ‘long’ (24 h)
adsorption time scales in Table 1. As expected, the value of n; for WPI decreased from ~ 453
mN s mt at 2 h to its quarter after 24 h, which in agreement withiguie works with protein

monolayers (Chen & Dickinson, 1995; Dickinson, Rolfe, &8dbsish, 1990)
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However, the value ofi for WPN at the oil-water interface was twice as tha¥fl
in 2 h time scale. Of more interest is that gheecame almost an order of magnitude higher
than that of WPI in 24 h time scale (Table 1). The aglnes obtained for WPN is indicative
of strengthening of the interfacial films by the presenéeadsorbed particles. These
guantitative results perfectly corroborate with the qatie observation of nanogel particles
at the interface of the WPN-stabilized emulsions inGh&M, cryo-SEM and TEM images
(Fig. 2).

Table 1 Interfacial shear viscositiegi(/ mN s m') O/W interface in presence of whey protein isolate (V#Rd whey
protein nanogel particles (WPN) at pH 7.0. Values represent mean £SD of at least three independent experiments (n > 3).

Adsorption time / h 0.5 wt% WPN 0.5 wt% WPI
2 916.13 £100.83 453.22 +112.46
3 969.62 + 75.78 334.19 + 55.87
24 1006.13 + 278.36 127.50 £ 27.75

In particular, the sizing of the droplets (Fig. 2) highligdt Evei droplets (ds = 0.89 + 0.08
um) were much smaller in size as compared to that@hEroplets (ds = 10.29 + 2.31um),
which is expected owing to the larger size of WPN partiet®® nm, Fig. 1a) stabilizing the
droplets in the latter as compared to protein molecule cquarten the former (~ 2 nm). Also
looking at the cryo-SEM and TEM images at differengméfcation (Fig. 2), the interface of
the Evpi droplets did not present any visible protein moleculesishaxpected owing to the
size of the protein molecules being smaller as comparetetanicroscopic resolution in
agreement with previous studies (Sarkar, Zhang, et al., 20@%ever, the particles are clearly
evident at the interface ofwen droplets that confirms the Pickering stabilization by ¢hes
particles providing ultra-stability to these droplets agagusilescence over a year storage
period (data not shown).

The droplet size distribution, mean droplet size and chafrtfee Pickering emulsions

(0.1- 3 wt% WPN are shown in Figs3a and b, respectivelyn Fig. 3a, it can be observed

17



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

that the droplet size distribution ofven wasmostly bimodal with two populations of droplets
clearly identified except for emulsions stabilized by-0.0.5 wt% WPN The signature peak
in the area of 0.2 1 um most likely corresponds to the unabsorbed WPN, whicldes
reported previously (Sarkar et al., 2018a; Sarkar et al., 2016), thhil@more prominent peak
in the area of 5 to 50 um represents the Pickering emudsapiets. In case of 0-10.5 wt%
WPN, a third peak was observed in 5600 um range highlighting either coalesced or
flocculated droplets in these emulsions. When theexanations of WPN wasabove 0.5 wt%,
the third peak almost disappeared with increase of sec@kdspggesting more adsorption of
particles to the droplet surface until 1.0 wt% (Fig. 3ajwever, above 1.0 wt% WPN, the
percentage of the relative area of the first peak iseckat the expense of the second peak
suggestinga gradual increase of unadsorbed WPN. No significant changieeiimean oll
droplet diameter occurred when varying the concentratiodiRifl, except for 0.1 0.25 wt%
samples (p < 0.01) (Figby

The absolute magnitude &potential of all emulsions ashigher as compared to that
of the WPN present in the aqueous phase (Fig. 3b) (p < 0l@iS)increase in negative surface
charge might be attributed to the concentration of WPikeatiroplet surface as compared to
being in the aqueous phase. Such magnitud$&0 mV is generally indicative of strong
electrostatic stabilization of droplets (McClements, 20Bd)addition to the mechanical
stabilization provided by the particles.

The maximum adsorption efficiency for these systems afsilated to be 100% (0.1
wt%) (Fig. 3c) The absorption efficiencyn emulsions prepared with higher concentrations of
WPN gradually decreased to 58.34% for 3 wt% (Fig. 3c) further supgdhte unabsorbed
particles seen in light scattering data (Fig. 3b). Besidsserption efficiency, surface coverage
(C9 was calculated to provide a useful indication of the dep$itiye particles anchored at the

oil-in-water interface for emulsions undergoing limited coalesedGautier et al., 2007). In
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principle, the percentage of interfacial area coverethbyparticles can be calculated using
equation 3, as reported previously by Binks and Olusanya (2014 sifiplest version of this
equation assumes all the particles are adsorbed atdpketdsurface and the non-adsorbed

particles are neglected. Under these assumptions, equasiciefthed as:

1 mp

3)

where, g is the mass of the particleg the volume of the oil phasgg the density of
the particle, dthe particle radius andgis the mean droplet diameter. Assuming all particles
were monodisperse and were adsorbed at the oil-wateflaggan a hexagonal close packing
arrangement, the surface coverage should be equal to 0.907.

Below the critical concentration of the 1.0 wt%, thefate coverage obtainedaw
significantly below 0.907 (Table 2)n this concentration range, it can be suggested that the
droplet size was dictated by the particle concentraBamké, Philip, & Rodrigues, 20057 his
behavior is typical of Pickering emulsions undergoing lichitsmalescence and has been
reported for particles & similar size rangesuch as colored organic pigment particles, silica,
and poly(glycerol monomethacrylat@ply(2-hydroxypropyl methacrylate) (PGMA
PHPMA) diblock copolymer parties (Binks & Olusanya, 2017; Gautier et al., 2007,

Thompson et al., 2014).

Table 2. Surface coverage of emulsion droplets by vadonmeentrations of WPN.

WPN Cs
(Wt%)
0.1 0.14
0.25 0.32
0.35 0.46
0.5 0.68
1 1.35
15 1.95
2 2.59
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3 3.45

In the case of higher WPN concentrations-(3 wt%), surface coverage was greater
than 0.907, suggesting either formation of a multilayexggregates of WPN at the interfdce
Binks & Olusanya, 2017) or an excess of particles thaewmt adsorbed. In order to
characterise the morphology of particles at the droplet suréago-SEM imaging of heptane
droplets covered by 1 wt% nanogel particles at pH 7sbasvn in Fig. 3b1l. As can be clearly
observed, the interface was covered by a network of partdiere WPN adopted configurations
of either individual particles or a network of particle aggteg. These observations correspond to
the high surface coverage as calculated and reportetleZ’e&5uch visual clarity of nanometric-
sized aggregates versus nanometric sized-single pattitthe a@roplet surface has been also
previously observed in cryo-SEM images of Pickering droplefsrevious authors (Destribats,
Rouvet, Gehin-Delval, Schmitt, & Binks, 2014)

In summary, emulsions 0.5 wt% experieced limited coalescence in the particle-poor
regime, whereasl wt% it transitiomd towardsa particle-rich regime. It is clear that within
the explored concentration range, the addition of 1 wiftotkstrated to create stable droplets
with complete coverage (~1.14 monolayers theoreticalignce, this concentration was
selected hereafter to create Pickering emulsion forpsatation of CUR (CURen), and in

vitro retention of CUR.

3.3Characteristics of CUR-loaded Pickering emulsions

The CUR content in the CUREN was 474 + 29.4 pg/mL, which was close to the amount of
500 pg/mL added to the oil. This suggests that CUR was not degradiest during the
emulsification process. The size distributionGidREwnen was identical to the distribution of

samples without the addition of CURwE) (Fig. 4a) with diameters in the former ranging
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486 between 5 and 50 um (p > 0.0%his suggests that the addition of CUR did not negatively
487 affect the droplet size of tf@UREwrN (Araiza-Calahorra et al., 2018).

488 Furthermore, the typical dimensions of empty spacek&bat al. 2016) between the

489 WPN arranged on the triangular Iatti@@_ Ddwen /2 was calculated to be 30 nm for

490 the current study witla diameter (den) of the nanogel particle at 80 nm. Overall, Pickering
491 emulsion stabilized by nanometric-sized WPN allowed loadigh concentrations of CUR
492 without any effect on the size distribution of the esraris or CUR diffusing out of the empty
493 spaces at the interfaces. The cryo-SEM analysis allotweobserve the morphology of
494 CUREWPN droplets (Fig. 4b2) which was in agreement wighstimples withou€UR (Fig.
495 3b) in terms of droplet sizédowever, it appears that the surface was not showing the same
496 degree of WPN aggregates at the interface as observedsartiples without CUR (Fig. 4b1)
497  This suggests that there might have been some interadiEtween CUR in the dispersed
498 phase and WPN in the adsorbed phase, which is discussed ila ohethe next sections.
499 However, one must be cautious with interpreting this crigdiSdata as there might be
500 interaction between CUR and heptane in the dispersee ptagsing some microstructural
501 changes in these images that might be specific to thegesn

502

503 3.4 CURretention in the CURn

504 After characterizing the stability and surface coveragbeoPickering emulsions, the next aim
505 was to assess the retention of CUR within the ClREroplets. The retention ability was
506 assessed as a function of pH (pH 3.0 and 7.0) and ions i.e. SRa@¥ and 10 mM Cagl
507 The choice of pH and ions were based on physiologicataetei.e. pH and ions that are
508 commonly encountered in the gastric and duodenal regimesnarhphysiologyTl he retention
509 of CUR in the Pickering emulsions was measured using sséiapproach as described in the

510 materials and methods section, based on the protocol pregviaesl by Shah et al. (2016b)
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Ethanol was added to the aqueous buffer media in order to sduthié CUR and create a
‘force-release’ environment to the aqueous buffer media because CUR is poorly soluble in
agueous phase.

The CLSM imaging was performed to characterize the ntiercisiral changes (if any)
in the Pickering emulsion droplets before and afteratention experiments (Fi§ala3. As
can be observed, the presence of a bright ring aroendréplets indicates an adsorbed layer
of nano-meter sized WPN at the interface at both aidistric environment) and basic pH
(duodenal environment). This indicates that the emulsioms st@able with no pH-induced
hydrolysis of the WPN at the interface. Noteworthy, a bnigty around the emulsion droplets
were evident in the non-stained samples i.e. the samybiere only auto-fluorescence of CUR
could be observed (Fig. 5b1-b3). It is well documented in liteeathat CUR binds to the
hydrophobic domain of numerous proteins such as bovine casegiles, bovine serum
albumin (BSA) human serum albumin (HAS$oy protein isolate and beta-lactoglobulpa (
lg) through hydrophobic interactions (Chen et al., 2015; SaBbosh, & Dasgupta, 2009;
Sahu et al., 2008; Sneharani et al., 2010; Zsila, Bikadi, &&ymn 2003) However, the
observed intensities obviously need interpreting with @ausince it is well documented in
literature that CUR phosphorescence intensity strongly dispem the energy of the exciting
photons applied (Chignell et al., 199Mpnetheless, this observation of a bright auto-fluorescing
ring at the particle-laden interface surrounding the CliREEMulsion droplets with increased
intensity and the intensity within the oil droplets htiguggest thaCUR was mainly retained
within the emulsion. This CUR might be retained in two wagither being bound to the
interfacial WPN, or were dispersed within the oil droplémgleed, CUR release into the
agueous buffer media was verified (less than 1% of CUR keas$s), which confirmed that
in all cases CUR remained entrapped within the emulsioamagsteither bound or solubilised

within the oil phase. As WPN at the droplet surface mfighm a complex with CUR, the
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partitioning of CUR in the dispersed phase versus irterfaight be affected. Hence, CUR
retentionin CUREwpn and further characterization of the interaction betwediRk @nd WPN
were performed using spectroscopic techniques, which is disanstbedfollowing sections.
In the absence of ions, about 60.53% of CUR was found tjperded in the oil phase
at acidic conditions (pH 3.0), which means that 39.47% of @dR bound to the WPN. Fig.
6a shows both, the amount of CUR retained witin the Ammteemulsion, and the amount of
CUR bound to the WPN as a function of.pBh the contrary, CUR retention within the oil
droplets was statistically higher (p < 0.05) in neutral pH &%)8 The CUR retention in
CUREwpn When subjected to different salt concentration are@tstted in Fig. 6aAt pH 3.0,
changes in retention parameters were not statistiagghyfisant (p > 0.05) on addition of ions.
However, at pH 7.0, the CUR retention values were staiistisignificant (p < 0.05) in
absence or presence of the divalent catidhgse results points out the relevance of pH in
CUR retention and binding, which was not obvious in the Cliakbes (Fig. 5).
To understand this better, we measured changes in fluoresotewsty to quantify binding
constantsKs) (Fig. 6b) between CUR and WPN (corresponding fluorescgmeetra reported

in Supplementary Fig. S4).

3.5 Binding of CUR and WPN

Fig. b shows the double-reciprocal pIlbf WPN] versus 1/AFI that has been used to calculate
the binding constant from the value of the slope inplmt. The binding constants were
estimated to be in the range of 6.67 * 10.33 x10 M (Fig. 6b). Binding constants in the
order of 18 show that there existed a strong affinity between WPN and & pH 3.0. The
Ka results obtained are in agreement with previous studiefidive reported similar values for
B-lg and CUR (10 M1), and other dietary polyphenolsuch as resveratrol (30 M?),

epigallocatechin-3-gallate (4aL®> M), and catechin and epicatechin {M?) (Kanakis et
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561 al., 2011; Liang, Tajmir-Riahi, & Subirade, 2008; Shpigelman,elsr& Livney, 2010;
562 Sneharani et al., 2010). Nevertheless, this is the fudy$hat provides binding constant values
563 between CUR and WPN. Interestingly, thed neutral pH was found to be 6.67 % 1a?,
564  which is three orders of magnitude lower than that aicapid 3.0 (1.00 x 1OM™). Findings
565 of our study are in close agreement with previous studitive reported that at neutral pH,
566 the Kifor CUR with denature@-lg was 7.0 = 0.2 x 0M* (Sneharani et al., 2010), which
567 might explain the increased partitioning of Ct4éRhe oil phase as shown in Fig. 6a.

568 The influence of ions on theaKs also shown in Fig. 6b. Interestingly, the fiér the
569 CUR/ WPN mixture at pH 3.0 was not significantly affected byitaatdof 50 mM NaCl and
570 10 mM CaC} (1.33 = 10* M™Y. These results suggest that addition of ions didaftet the
571 physical stability and solubility of CUR at pH 3©n the contrary, at pH 7.0, the presence of
572  both, monovalent and multivalent ions enhanced the bindingtafbetween CUR and WPN
573 (6.67 x 16and 8.00 x 1®M?, for 50 mM NaCl and 10 mM Cag;Irespectively), although
574 these values were still one order of magnitude lowertti@ones calculated at pH 3These
575 results can be explained in terms of pH-induced chamg€&JR conformation and/or WPN
576 charge distribution

577 At acidic pH, CUR primarily exists in the open enol tautamérm (Nardo et al.,
578 2008). In the open conformation, the valence electrbtiseocarbonyl and enolic oxygen act
579 as H-bond acceptors and the enolic proton as H-bond donbrghetges of -0.73, -0.70, and
580 0.50, respectively in water (Balasubramanian, 2006). The H-booépting and donating
581 capabilities of the molecule expands the number of plessiteraction sites that account for
582 CUR’s increased binding behaviour. A possible mechanism of the itimmadzetween CUR
583 and WPN, focusing on amino acid residuegif sheet domain ofj-lg, at pH 3.0 is
584 schematically shown in Fig. 7&he fA sheet domain of-Ilg was used since studies have

585 indicated that, upon partial denaturation, Tyr20, whichgatled close to the base of the that
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is generally considered to be the binding pocket, is highly sixdesand that Trp19 is critical
for the interaction of B-Ig and CUR (Brownlow et al., 1997; Mohammadi, Mahmudian, Mpee
& Hassani, 2016 Here, the enol tautomerform of CUR (Litwinienko & Ingold, 2004) allows
hydrophobic interactions with aromatic residues of WRidhss tyrosine (Tyr) and tryptophan
(Trp). Also, worth noting that CUR possess a weak net ivegattarge (Fig. 7a), whereas WPN
undergoes protonation at pH 3@ ¢ 5.2) and is strongly positively chargétence, at pH 3.0,
both electrostatic and hydrophobic interactions playle@in CUR-WPN binding (Fig. 7a) that
support the high binding affinities (Fig. 16).

Conformation of the3-diketone group in CUR is highly dependent on the chemical
environment that successively dictates its intermolechéarding behaviour (Heger, van
Golen, Broekgaarden, & Michel, 2014)pon changing the environment to pH 7.0 (Fig), 7
CUR adopts the diketo tautomeric conformation charactebye visible red band or shoulder
present in steady-state absorption spectra measureni€hbpde et al., 2000; Nardo,
Andreoni, Bondani, Masson, & Tgnnesen, 2009; Nardo et al., 2008).4doded by the fact
that a red shift in the absorption spectrum of CUR wasmed at neutral pH (Supplementary
information S2), it is sugge=d that changes in pkb neutral pH reduced CUR binding
behaviour limiting its migration to the interfacial layef WPN and increasing the CUR
concentration in the dispersed phase (Fig. 16& also worth noting that WPN and CUR both
possessd a net negative charge contributing to higher degreepaisiee interactions, further
contributing to limited binding affinity as observed in Fédy. Hence at pH 7.0, the binding
between CUR and WPN might be attributed only to the hydroplteiactions (Fig. @) as
well as higher solubility of CUR in the dispersed phadleof which contributing to higher
partitioning to the oil (Fig. &).

Retention of CUR in CURErn Was compared with similar measurements reported in

the literature using other particle-laden interfade<?ickering emulsions stabilized by sub-
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micron sized chitosan-tripolyphosphate nanoparticles (GSNPs) ranging in size from 322
— 814 nm, 44% and 63% of the encapsulated CUR was retained afieuiz4at pH 2.0 and
7.4, respectively (Shah et al., 2016b), which is lower tharranges observed in the current
study. Overall, these results suggests that WPN-ladenaiogedan be used to increase the
retention of CURand such retention is largely associated with the meddacrier provided
by the WPN at the droplet surface that are present eithearticle or as network of aggregated
particle reducing the gap size. In addition, the partitionihthe CUR retained within these
emulsions might be dictated by electrostatic and/or Ipftrbic interactions between CUR and
interfacial WPN as well as solubility of the CUR in théphase largely affected by the pH

and ionic conditions of the medium

4. Conclusions

In this study, whey protein nanogel particles were used tulistaoil-in-water Pickering
emulsions for encapsulation and controlled deliverywtemin We have investigated the
influence of particle concentration on the structamel stability of emulsions containing 20
wt% MCT-oil stabilized by these nanogel particles. Companmgrostructure at multiple
length scales, droplet size and interfacial rheologgnailsions stabilized by protein molecules
and protein nanogel particles, we confirmed that the eomdsiere Pickering stabilized ones
in the latter case. Pickering emulsions presented a angarodf particles at the droplet surface
at a critical concentration ofAwt% whey protein nanogel particleStructural visualization
(TEM and cryo-SEM) of emuliosn stabilized bydiwt% particle concentration revealed that
whey protein nanogels adsorbed in two different confoonatias a closely packed layer of

individual particlesand as network of aggregated particles.
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Furthermore, whey protein nanogel-stabilized emulsions weed tes encapsulate
curcumin. The droplet size and stability of the curcuroadked Pickering emulsions were
maintained after curcumin incorporatidhwas demonstrated that curcurmabention in these
Pickering emulsions were associated with the mechaniaabprovided by the whey protein
nanogels at the interface and reduced interfacial gaplattey, associated with the nanometric
size of theenanogel particles. Furthermore, the partitioning of comaun the dispersed phase
varied as a function of pH in an in vitro release modéh wiwer partitioning at pH 3.0 as
compared to that at pH 7.0. This was attributed to the e&atimand hydrophobic interactions
that allowed more binding of curcumin to whey protein nanog#cpes at the interface at pH
3.0 as compared to that at pH.7T@e binding of curcumin to whey protein nanogel particles
at the interface at pH 7.0asalso affected by the presence of mono- and divalerdrnsati
Overall, our study demonstrates the design principles fazlolewmg Pickering emulsions for
controlled delivery of curcumin, with mechanisms unravelelirid curcumin binding to the

interfacial whey protein nanogel particles as a fumctibpH and ionic strengths.
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