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ABSTRACT: A 2-step method to encapsulate an oil core amthimpermeable shell has been developed. A
thin metallic shellis deposited on the surface of emulsion droplets stabilisemidigl nanoparticles. This
thin shell is shown to prevent diffusion of the oil frevithin the core of the metal-shell microcapsules when
placed in a continuous phase that fully dissolves thdld stabilising nanoparticles are sterically-stabilised
by poly(vinyl pyrrolidone) chains and are here used asays#inucleation site at the oil-water interface to
grow a secondary metal shell on the emulsion dropletavialectroless deposition process. This method
provides the simplest scalable route yet to synthesiserimeable microcapsules with the added benefit that
the final structure allows for drastically improving the @alevolume of encapsulated core to, in this case,
>99% of the total volume. This method also allows for \@wgd control over the microcapsule properties
and here we demonstrate our ability to tailor the fin@iratapsule density, capsule diameter and secondary
metal film thicknessimportantly, we also demonstrate that such impermeable mgsa& metal shells can
be remotely fractured using ultrasound-based devices tbatomnmensurate with technologies currently
used in medical applications, which demonstrate the possiailgapt these microcapsules for the delivery

of cytotoxic drugs.

INTRODUCTION: Microencapsulation of functional materials and cheityicar biologically active
ingredients is an area of current interest for uselarge range of formulated products. This is due to its

wide range of applications in a number of industries suhpl@armaceutic ,cosmeti(ﬂ food and

beverageﬁagrochemicaﬁtextileﬂfragranceand oil recoveﬂamongst others.

The main roles of encapsulation are to isolate thiweachaterial from its surroundings, act as a form of
protection from exterior environments and provide a mechafos controlled release€Encapsulation can
increase the stability and life of the product. For exangalgye ingredients in the food and pharmaceutical
industries can be protected from oxidation or moisture. fisudation can facilitate the manipulation of the
product during processing. Liquid active components can be kedveto a dry solid system and handling
properties of sticky materials can be improved. Incoibfgatomponents can be separated, which can be
beneficial to the food and beverage industries as lossgoédients during processing can be reduced or

avoided and reactive compounds can be sepaﬁtﬁdatile compounds can be encapsulated to retard the
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release, such as fragrance oils which tend to evaporatd esticide formulations can be encapsulated

to make it safer for applicators to mix and apply highly toxi¢errria|s|?_7|

When successful active protection and retention withindesigned capsule is obtained, the active release
can be sustained over a period of time or triggered lxiannal stimuli such as change in pH, temperature,

light, ultrasound, pressure, chemical or biological envirartmaectric or magnetic field, depending on the
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final usg-q| For example, pharmaceutical ingredients can be protdéwe harsh acidic environments in

the stomach, and their release delayed until a mildera@magnt has been reac?EFTargeted release of
drugs is particularly beneficial as it can avoid damage teeaithy tissue and therefore reduce unwanted
side effect Targeted drug delivery also offers a higher therapeutic imshek specificity compared to
conventional drugs’| Very importantly, pharmaceutical active ingredients @ten low molecular weight
molecules (typically < 500 Da), which offer a significant lghvege in simultaneously achieving effective
retention within the microcapsule core and triggered selelndeed, current microcapsule designs, which
typically also contain small payloads, tend to leach ootesof their contents when in a fully formulated
product, or when diluted. These drawbacks often lead to a Ibaerdptimal dosage being delivered to the
target site. Alternatives such as liposome/polymersomedbagstems have shown good promise in
retention but their encapsulation efficiency tendsetqoboThis drawbackand potential stability issues
have severely limited the uptake of these drug delivery atteesainto industry The relative ease of
microcapsule manufacturing and the possibility of loadimgatttive ingredient directly into their core (thus
preventing significant loss) is a key requirement for ingustioption However, 100% EE in microcapsules
is still rarely achieved and methods used to improve acgtention sometimes involve the use of
unfavourable solvents such as dichloromeﬁoespecialised polymeﬁthat may be difficult to integrate
within tightly regulated product compositions. Henaenicrocapsule system that achieves a) full retention
of small actives without leaching over relevant timales, b) high stability over a wide range of conditions
(e.g. full product formulation, dilution, storage, finappdication conditions such as a biological

environment) and c) remote triggering of the payload relisdsghly desirable.



In addressing the first challenge, permeation of théveaghgredients through microcapsule shells, is
typically a significant obstacle when encapsulating low md# weight actives. When considering a

microcapsule shell, acting as a barrier for diffusiotsiole the microcapsule, permeation is dependent upon

the active partition into the shell and its diffusiomotigh %< It is also a function of the chemical

potential imbalance in the system as a result of corat@mn differences of the active between the core and
the continuous phase, the total exposed surface area antetsakf the shell (more details about relating

the properties of the microcapsule shells to the relebaracteristics can be found elsew . The latter

two parameters can be manipulated easily for a set mjgsaée system and provide some degree of
permeation control. However, one of the prominent chgdlerof encapsulating small compounds (less than
250 g.mot), such as those commonly used in drugs, vitamins, fragamtéavour oils is the low ratio of
active ingredient size as compared to the microcapselé gore size, particularly when using polymeric
shells. The resulting rapid permeation of such spebrgigh polymer membranes leads to a difficulty in
controlling leaching of the encapsulated active ingrediems increasing wastage and possibly undesired
side effects. In this case, manipulating the shell tiégsk or the microcapsule surface area is not sufficie

and materials with different partition coefficientmre sizes must be used to form the microcapsule shell.

As far as the authors are aware, few posstligions to these problems have been demonstrated tﬁ far.
Firstly, microcapsule shells have been designed to fdreegoartition coefficient of an active ingredient
largely in favour of the core to prevent Ieacvahe most recent example of such microcapsules
possess fluorinated polymer shells created in a micdadlenvironment from double emulsion templates,
where the middle oil phase consisting of a fluorinatedvanaer is polymerised via Lf\L_?IThe resulting
capsules were shown to prevent leaching of very small span@uding electrolytes and dyes over weeks
as a result of their very low partitioning into the Ishielow leaching was further induced by using solvents
that partially swell the shell as the continuous phaseor®ly, some inorganic materials can be used to
provide shells with lower porosityn particular, we have recently demonstrated theipitissof depositing
metallic shells oto polymeric microcapsules using electroless depositiora asethod for preventing

diffusion of small molecular weight oil cores into @xtinuous phase in which they dissolve with release of

the oil cores made possible via mechanical fracture efstel|§°| These metal coating procedures,
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however, still require washing steps to remove the excesatalfytic nanoparticles used in the electroless
deposition process and still rely on preparing polymer-shellaoapsules as a first step. In addition, release
of the core has only been demonstratedmechanical fracture contact made with the microcapstiias,
limiting their application. However, it is worth noting thaible metal surfaces, in particular gold, have been
previously used as suitable materials for systemic drug dglagplications as they tend to be biologically

inert and can be modified with biocompatible species meuﬂ

Here, we describe a method where the metallic film is degobdirectly onto an emulsion droplet, hence
allowing complete retention of the emulsion core (pidéyn corresponding to 100% of the active material
depending on applications) in the capsule and eliminating walsens As far as the authors are aware, this
is the first time that a continuous thin metal film igedtly coated onto emulsion droplets via an electroless
deposition process. In this process, catalytic platinanoparticles are used both as a stabiliser for the oil-
in-water emulsion and as the catalyst for the elecsotieposition of a complete thin gold mn(Error!

Reference source not found.).

Emulsification \0®900 Electroless Shell fracture

00000 °.. deposition
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stabilised metal emulsion emulsion from capsule
NP droplet droplet

Figure 1: Synthetic route to create a continuous metal film onto an oil droplet via stabilisasinrobin-
water emulsion with catalytic nanoparticles followed by an electroless deposition deaaisg to the
permanent encapsulation of the oil core. Encapsulated active can be releasswtedracture of the

metallic shell using ultrasound.



This work expands our previous stu and develops for the first time a simple two-step oetto

synthesise microcapsules by coating a thin metal shielltbe surface of emulsion droplets via electroless
deposition to encapsulate the entire volume of theupsec emulsion droplstand indefinitely retain the

core in an environment that can otherwise rapidly dissihigedroplets. We also subsequently demonstrate
that these metal-shell microcapsules can be remattyured to release their content using ultrasound at

frequencies and intensities suitable for medical appéins.

Experimental

Materials

The following chemicals were used as received: poly(vinyl pivileoe) (PVP, 40kDa, Fluka Analytical),
sodium borohydride (NaBH Sigma Aldrich,=98.0%), chloroplatinic acid hydrate {PtCk*H20, Sigma
Aldrich, =99.9% trace metals basis), gold (lll) chloride hydrate (HA3EL,O, Sigma Aldrich, 99.999%
trace metals basis), hexadecane {(CH)14CHs, Sigma Aldrich, 99%), hydrochloric acid (fuming HCI,

Merck, 37% HCI), hydrogen peroxide (30.5wt%@d). Water used in the experiments was purified

Millipore Milli- Q water (18.2 MQ.cm resistivity at 25°C).

M ethods

Platinum Nanoparticle (Pt-NPs) synthesis

Pt nanoparticles were synthesised by the reduction oftal sedt in the presence of a reducing agent at
room temperature. #tCk-6H>O (0.23 g, 5.61 mM) was dissolved in a 0.0067 wt% PVP solution (100 ml)
in a 250 ml conical flask. Under vigorous stirring at 750 rpm uaingagnetic bar, NaBH2 ml, 1.1 mM)
was rapidly added into the mixture, producing a dark brownisalimdicating the formation of platinum
nanoparticles Error! Reference source not found.l). After stirring for 20 minutes the nanoparticle

suspension was filtered using a Qi syringe filter and subsequently stored & prior to use.

NaBH, + H,PtClg + 3H,0 - Pt+ H3;BO; + 5HCl+ NaCl + 2H, Equation 1



Emulsification of hexadecane with the Pt NPs aqueous suspension

Hexadecane (0.75 ml) was added to the Pt-NPs dispersion (1@neh)homogenised using a sonic

dismembrator ultrasonic processor (Fisher Scientifishéfbrand - FB505) for 1 min (40% amplitude) in an
ice bath to avoid dramatic increase of the sample temperathe resulting emulsion was agitated on a
carousel for 30 min to allow for limited coalescenceh& emulsion droplets to occur. Subsequently the

emulsion was washed with Milli-Q water 3 times, once g fuleamed emulsion was obtained.

The larger emulsion droplets used in the experiments dérating ultrasound-driven metal shell fracture
were synthesised as follows; 4mL of tReNPs dispersion was homogenised with 2 mL of hexadecane
using an IKA T25 Digital Ultra Turrax at 24,000 rpm fonin. The prepared emulsion was then agitated on
acaousel for 30 min. The emulsion was then washed 3 times,teaetthe bulk phase below the creamed

layer was removed and the samples topped up with 10mlLllof@water.

Gold film deposition via electroless plating

The created emulsion of hexadecane stabilised R#NPs (0.75 mL) was added to a plating solution
consisting of PVR5 mL, 0.2 wt% - present here to facilitate stabilisation ef¢apsules resulting from the
reduction reaction), Milli-Q water (10 mLHAuCl; (2 mL, 180 mM), and kD- (1 mL, 1.€ M) to initiate

the electroless deposition process. The metal salt tiedueaction (equation 2) occurred very rapidly upon
addition of the emulsion sample as a result of tlesgmce of Pt-NPs at the oil-water interface. Within 30s,

all characteristic yellow colour from the gold salt hashdpeared.

2HAUCL, + 3H, 0, > 2Au + 30, + 8HC Equation 2

The metal-shell capsules were then agitated on theisglréor 30 mins to allow for the PVP adsorption
process to occur thus ensuring colloidal stability of theltisgumicrocapsules. The microcapsules were

subsequently washed by removing the supernatant and replacingil@ water.

For the experiments where the gold salt concentrationvamrsd the following plating solution was used:

Water (10 mL),PVP (10 mL, 0.05 wt%, 67 kDa), HAuLC(2 mL) and HOz (1 mL). The concentration of



HAuCls added was varied from 180 mM to 12.5 mM. The ratio of goldasal reducing agent remained

constant for each sample (4.5 x molar excess to endureduction of the metal salt in the process).

The larger metal coated emulsion droplets used in therimgrgs demonstrating ultrasound-driven metal
shell fracture were synthesised as follows: 0.5 mL ofetinalsion (described in the emulsification section
above) was added to a plating solution containing; water (20 BRMP (2 mL, 0.2 wt%, 40 kDa), HAuLI

(0.25 mL, 100mM) and HO- (1 mL) and was gently stirred for 2 minutes.

Characterisation

Transmission Electron Microscopy (TEM)

Samples were analysed using a FEI Tecnai TF20 field emigsamsmission gun electron microscope
(FEGTEM) fitted with a HAADF detector and Gatan Orius SC600ADQ@mera. An Oxford Instruments
INCA 350 EDX system/80mm X-Max SDD detector was used for elememdpping. Prior to analysis,
samples were dispersed on a TEM grid (holey carbon 4i0f,Cu Mesh from Agar Scientific) and allowed

to dry. Patrticle sizes were then determined using ImageJ seftwa

Imaging Flow Cytometry

Droplet size distribution was measured using the BencGitip Series FlowCAM imaging flow cytometry
instrument, which measures patrticle size and shape usaggaralysis. The FlowCAM analyses samples
in suspensiom real time, therefore allowing informatia@m parameters sudsparticle size distribution and
shape parameters to be calculated simultaneously. The sandpéavn into the flow chambday a syringe
pump and then deposited irto outflow collection. A flash LED light illuminates ttedhamber, whicls then

imaged with the objective onto the high-resolution digitahera.

Experiments were recorded Autolmage mode using a 20x objective, FC50 flow cell in arsevélow
configuration. Post capture, the droplet images were medewith VisualSpreadsheet software using
several parameters such as edge gradient, circularity ecld Gt to ensure that the droplets used to

determine the overall size distribution were in full factibe size distribution was determined from the



ABD diameter, which corresponds to the total area of alllpiteemed to form part of the particle on the

microscopy images.

Gas Chromatograpy (GC)

Release of hexadecane was measured using gas chromatog@rapghgf the gold coated capsule solution
was added to 8nL absolute ethanol. The capsules were re-dispersed andill.Sample (x2) was
centrifuged at 7000 rpm for 1 min to remove the capsules.r&imaining supernatant was added to a GC
sample vial for GC analysis. The remaining sample wagg@laca water bath at 40 °C. A Ini. sample

was taken at 7 days and the previous sampling method repeated

Samples were run on a Perkin Elmer Clarus 580GC using ltbeviftg method and column:

GC column: Elite-1 capillary column, length 30 m, intéiiameter 0.25nm. The column temperature was

programmed to ramp from 50 °C to 300 °C at 20 °C/min aiva ifate of 2mL/min.

Nanoparticle density at droplet interface
The density of nanoparticles at the o/w interface wdsulzded by measuring light transmittance the
agueous phase after the emulsion has creamed and usingatioalito calculate the concentration of NPs

remaining in the aqueous phase and thus how many are atetiade.

The particle concentration in the aqueous phase wasaresitising a LUMiSizer Dispersion Analyser by
measuring the light transmission acrosssaeple under centrifugation (to ensure that only the Pt-NPs in
the continuous phase was accounted for to determine their ntat@®). The intensity of the light
transmittedthrough the samplevas recorded at 25°C and at 300rpm using 2mm PC 110-131XX cells at
865nm. First, a calibration curve was obtained for Pt NP sanopler a large range of concentrations and all
measured transmitted light intensities for each unknsaymple was compared against the calibration curve

to determine the Pt NP concentration.

Thermo-Gravimetric Analysis (TGA) measurement of metal shell to oil core massratio
A dry sample of microcapsules with a known mass wasglat an aluminium crucible with a perforated

lid to allow for release of any pressure build up during measunterffibe crucible was sealed using a press



machine and placed in the TGA tray to conduct the experimibet microcapsule sample was heated from
35°C to 105C (rate 16C/min) and held for 10 min &at05°C to remove the remaining water present in the
sample. The sample temperature was subsequently ramped up to 500°C (rate 10C/min) to remove the
hexadecane core. The remaining mass was thus takeme asass of metal in the sample. The size
distribution of the microcapsules was then used to cat&waaotal microcapsule surface area, which was
then used as a basis for determining metal shell thickoesse capsules based on the measured oil

core/metal mass ratio.

Atomic Force Microscopy (AFM) measurement of microcapsule shell thickness

Atomic force microscopy (AFM) (Veeco BioScope 2) was usecharacterise metal film thickness and
morphology. Thin shell capsules were observed to c@lapsn drying in air. Thus for AFM measurements
the thin metal-shell microcapsules were dried on glassssiide ethanol was subsequently micro-pipetted
onto the slide to displace (and then remove) the remagrganic core phase. The sample was then imaged
and single wall films were sought out to conduct height proféasurements. Thicker shelled capsules,
which dd not readily collapse when dry, were first broken using t]asdund probe head (20seconds at

30% power) and then washed by centrifuge in ethanol, depaositglass slides and height profiled.

Ultrasound-based remote fracture of microcapsule shell

A 1.1 MHz high intensity focused ultrasound (HIFU) transduedrO@, Sonic Concepts, USA) driven by a
power amplifier (A300, E&I, USA) and function generator (332504ilént Keysight, USA) was used. The
free field acoustic pressure output of the transducer wasured using a National Physical Laboratory
(NPL) calibrated membrane hydrophone. An acoustic pulseaMiiMPa peak positive and 4.5 MPa peak
negative pressure was used to fracture the microcapsule Shee total exposure time (s), peak acoustic
pressure (MPa) and burst cycles were controlled usingtaraudatlab (Mathworks Ind, USA) program.
For this study, the number of acoustic cycles in eachUHburst applied onto the flowing capsule
suspension was varied between 0-30 cycles, using a 0.5 Hzgpdté@ion frequency, for a total exposure
duration of 80 s. In order to record the proportion oftfreed microcapsules for each cycle of applied

ultrasound energy; stills were extracted from a contisuadeo of the process immediately after each pulse.
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Images were then manually analysed to count the percentagpxfles with fractured metal films within a
constant area (see supplementary data (figure S5) foefuettplanation of how the stills were manually

analysed).

Results and Discussion

Synthesis of PVP-stabilised platinum nanoparticles (Pt-NPs)
Metal nanoparticles have been widely reported for tinggr as catalysts. They offer the advantage of a high

surfaceto-volume ratio due to their small size and can also be nksgigp have good dispersion stabijlity

which enhances their effectiveness as compared to langgtalg>4>3 Interestingly for this work, it has been

shown that metal NPs are able to preferentially direet ghowth of a secondary metal (both when
suspended in a continuous phase and when adsorbed on a udadtdate) through reduction of the
corresponding saltFor example, Horiuchi et [atf demonstrated the growth of a gold film on a surface
covered with platinum nanoparticles (Pt-NRB)their work, the Pt-NPs were synthesised in the presehc
poly(vinyl pyrrolidone) (PVP), which provides steric stabilisatio the nanoparticles and which was not
seen to influence the catalytic activity of the substratee procedure developed here for synthesiBing

NPs sterically stabilised by PVP was therefore adapted fronptéisous work.

In most previous studies where a polymer stabiliser is usdtkisyinthesis of metal nanopatrticles, a large
excess of polymer chains is typically used to enable rapit efficient polymer coverage on the particle
surface, thus enabling long-term stabmfl-(owever, when the nanoparticles are subsequently adsorbed
onto a solid substrate, often as a way of immobilising aysttdhe excess polymer in the bulk can compete
for surface adsorption sites and can significantijuoce the efficiency of the adsorption process and the final
catalyst density on the surfacgThus, in this work, the PVP stabiliser concentratiorth nanoparticle
synthesis was purposefully minimised to enhance the subsegammparticle surface densities upon the
subsequent interfacial adsorption process, while retaining-wrn stability (at least 30 days atG.
Figure 2a shows a representative transmission electrongraph of the synthesised Pt-NPs, demonstrating

good control over particle size and polydispersity acluiavith the developed synthesis procedure.
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Figure 2: a) Transmission Electron MicrographR¥P-stabilised Pt nanoparticles (Pt-NPs) as prepared
using an optimised concentration of PVP in the synthesis to minimise excess polymer in;thadbk
Transmission Electron Micrograph of a representative nanoparticle film after dfyhmyaorresponding

emulsion droplet following adsorption of the Pt-NPs at the oil/water interface during tisfieation step.

Emulsification of hexadecanein the Pt-NPs aqueous suspension

Hexadecane was used as a model oil in the emulsifigataoess, where the Pt-NPs aqueous dispersion was
mixed with different oil volume fractions and subsequeethulsified using an ultrasonic probe. The Pt-
NPs efficiently adsorbed to the interface, leading to stabielsions suggesting a suitable three-phase
contact angle for the particles to warrant strong adsor@ti this oil-water interface. Adsorption of metal

nanoparticles at oil-water interfaces have been sluakdore and our data here seem to agree well with the

propensity for such nanoparticles to be present at suatiaceg>{*9°[| It is also worth noting that upon

drying the emulsions on a solid substrate, the nanofeaftim did not break and a resulting nanoparticle
‘membrane’ could be observed using electron microscopy in the positi@re the emulsion droplets settled
(Figure ). This observation suggests that the polymer stabilisereosutface of the Pt-NPs may entangle

at the oil-water interface between adjacent nanapestithus creating an elastic film around the droplets as

often observed in other studies when polymer stabilis&rcrarss-linkeft®*®| This phenomenon has also

been noticed before in other systems containing PVPsm)ﬂisand we hypothesize that it contributes

to enhancing the emulsion stability.
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Several different parameters are involved in controllimgemulsification process and the resulting size and
stability of the emulsion droplets, including the oil/watetume fraction, the nanoparticle concentration,
the presence of excess free PVP in th kd the energy input for the emulsificatibmvestigating these
parameters in detail is beyond the scope of this workveder, we briefly exemplify here our ability to
control the emulsion properties through the change ofpamgcular parameter during the emulsification
process, namely the ratio of oil to water. This ratio wased to control the amount of interface created
during the emulsification process while energy input andpanicle concentration were kept constant.
This is particularly important for the process of creptindense metal film on the emulsion droplets via
electroless deposition, as varying the amount of oilfwetterface can help control the level of excess
nanoparticles in the bulk of the produced emulskeor this particular emulsion system stabilised solely by
the Pt-NPs, increasing the ratio of oil to water reduitean increase in the size and polydispersity of the

droplets as shown in Figure 3

Figure 3: Optical micrographs of emulsions prepared with different oil volume fractions;0@&) (@) 0.05,
(c) 0.07, (d) 0.09, (e) 0.13, (f) 0.17, (g) 0.23, (h) 0.29v0|%, reispdc Hexadecane and RPs
dispersions (10 mL) were homogenised a®g@mplitude for 1 min on an ultrasonic processor. Scale bar =
100 um. Note that the sample with highest oil volume fraction (0.29vol%) coalesced eapldiyusvas

not included in the following studies.
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Droplet diameter distribution for each sample was meagsaver the range of prepared emulsions and the
corresponding data are plotted in Figure 4. The droplet deardestributions were also used to calculate the
total interfacial area stabilised by the nanoparticles dach oil volume fractianThe nanoparticle
concentration remaining in the bulk after emulsificat{@e. not adsorbed at the oil/water interface) was
characterised using light transmittance measuremastslgscribed in the experimental section) after full
creaming of the emulsion droplets. On that basis, it thhes possible to predict an average nanoparticle
density on the emulsion droplet surface for each optbpared emulsion samples by assuming that a) all oil
was successfully emulsified and b) the nanoparticles areamged in a close packed hexagonal array at the
interface These data are shown in the supplementary informatidrdamonstrate that, as expected, at low
oil volume fraction (starting ab=0.05) the interface is covered by a dense layer ofctestiwhich likely
corresponds to the maximum achievable Pt-NP packing densititifosystem. As the volume fraction of
oil is increased, the total oil-water interfacial aieathe system is initially seen to plateau owingato
sufficient number ofPtNPs present in the continuous phase to sustain a rapid aoenefparticle
adsorption at the interface. When the oil volumetioacis increased above 0.13% however, Btd&NPs
density at the interface is seen to decrease. At thestangevolume fraction considered hex®= 0.23), the
total interfacial area increases drastically and theityeofthe Pt-NPs at the interface decreases sharply. In
addition, this emulsion asseen to be unstable with the presence of coalescetitbé #op of the samples

within a few hours, which shows the limit of our initial asgtion (i.e. all oil is emulsified in the sample).
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Figure 4: Mean droplet diameter of hexadecdanewater emulsions stabilised by Pt NPs for increasing oil

volume fractions¢). Hexadecane and RIPs dispersions (10 mL) were homogenised at 40 % amplitude for

1 min using an ultrasonic processor. The error bars represent the standarondefithe mean dropie

size as measured with a flow cytometry instrument.

As illustrated ill\

Figure|, the mean diameter increases with increasingloime fraction ¢). At ¢ = 0.01 droplet aggregation

can be observed, likely as a result of the preseneelafge excess of Pt-NPs in the system leading to

depletion flocculation phenome.AdditionaIIy, it is worth noting that a significant amaunf

coalescence was observed in the emulsions after ergdoni¢p > 0.23 (thus these data are not included in

these graphs), which suggests that the lower Pt-NPs densite atiltwater interface for high volume

fractions results, as expectéulJess stable emulsions.

We believe the evolution of the different parameteegatterised in Figures 3, 4 and S3 (emulsion droplet

size and polydispersity, nanoparticle interfacial cage) is likely a result of a limited coalescence process,

which is a common phenomenon observed for Pickering @amgfs*®

In this case, the nanoparticles

rapidly cover the newly created interface with the lteésy droplets subsequently coalescing until a full

coverage of particles is achieved, which imparts colloitiikty to the droplets. This process leads to a
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final droplet size distribution when full coverage ihi@wved. As more oil is added to the system, a larger
interface is initially created and the droplets havertavgo a larger size to achieve full interfacial coverage.
This is verified in our work by the fact that almost rmdinoparticles are adsorbed to the oil-water interface
(except at the smallest oil volume) and that the tri@plet interfacial area, once the system is equikighat
remains constant (except for the largest oil volumed)carresponds closely to the theoretical calculation of
the total interfacial area the nanoparticles can caMethe lowest oil volume fractions, the nanopartices

in excess and some remain in the continuous phase whiteeahighest oil volume fractions, the
nanoparticle concentration is not sufficient to achiéwé coverage thus leading to significant droplet
instability.

This small initial study of emulsion characteristissaafunction of oil fraction allows for tuning the diaere

of the droplets produced during emulsification and as a résulubsequent good control of the final
microcapsule size in the approximate range of 2 fo23-or the following sections, which investigate the
deposition of the secondary metal film, an oil volumaetion of¢p = 0.07 was choseaslittle excess Pt-NPs

was present in the bulk in this system and the emutsiained very good stability.

Electroless deposition of gold films onto Pt-NPs-stabilised emulsion droplets

The PtNPs stabilised emulsions were subsequently used as a teffigpldtie growth of a thin impermeable
metallic film. Previous studies have demonstrated impermeable metaldcogteocapsules but the
synthesis has typically involved many stagem this part of the workwe demonstrate that impermeable

metal films of the same quality can be obtained using a siagbler metal-shell synthesis process.

Here, thePt-NPs stabilising the emulsion are also used as a catailgi&is for the electroless deposition of
a gold film encapsulating the entire emulsion dropldtme manufactured initially. Importantly, tiRENPs
limit the reduction of the gold salt to the surface of éhaulsion droplets, with only traces of gold growth
observed in the bulk as long as all the particles arerbeld at the oil/water interface during the
emulsification process. It is also worth noting thalighs excess of hydrogen peroxide (i.e. a weak reducing
agent) is used in this case to ensure all of the goldisattacted, thusninimising waste of the most

expensive component of the system
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In this part of the work, we prepared different metal-shetirovapsule samples from the same Pt-NPs
stabilised emulsion template with increasing gold-film thesses. Optical micrographs of the resulting
metal-shell microcapsules are presented in Figure 5 for batismitted light and reflected light
observations for three samples as an example (Refatgeroptical micrographs obtained for all samples
are presented in Figure S2 in the supplementary informat@me characteristic of the microcapsules is the
change in light reflection of the samples of différenetal-shell thickness and roughness, with the thicker
films (e.g. Fig. 5a) leading to rougher and less reflectivéases while thin metal films (e.g. Fig. 5c) led to
smoother, more reflective microcapsule surfaces. Scantaegran micrographs of all three samples are
also presented, where the differences in metal shellndsgskare obvious from effective mechanical strength
shown by each sample within the vacuum chamber oihgteument. The thinnest shell microcapsules are
seen to collapse completely under these conditionsewhé thickest shell microcapsules are able to

maintain their shape after drying.

Figure 5: Representative micrographs of gold coated microcapsules prepared with differemttictians

of gold salt in the electroless deposition process; (a) 180 mM, (b) 25 mM, eéhd5apM, respectively.
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Micrographs are obtained from an optical microscope in (i) transmitted lighefl@rted light and from a

scanning electron microscope (iii).

Additionally, very good control over the thickness of theposited gold film was demonstrated by simply
varying the concentration of gold salt used in the emulstminuous phase (Figure. 6] his is particularly
useful as it allows for control of the overall methéB microcapsule density, optical properties (such as
optical resonan and also mechanical stability. The size distributionhefémulsion template used in
this case is known, which allows us to calculate the totAlvatir interfacial area in the sample and
therefore, assuming that all gold salt is reduced and dedasitto the emulsion droplets, to also calculate
the metal film thickness and corresponding metal-shekliaoapsule density for all six samples. These data
are presented in Figure 6 and agree well with the obsenadaapsule density difference with the aqueous
continuous phase (thicker metal film microcapsules sedinvhiie the thinner metal film microcapsules
cream with an intermediate behaviour observed for ijecéose to that of water as a result of the
polydispersity of the initial emulsion template). Or thasis of these assumptions, the calculated thiclsesse
for the 6 different samples range from 4 to 122 nm, demdaimgfréhat very thin metal films can be
efficiently deposited on the Pt-NPs stabilised emulsiomptates. Rapidly creaming/sedimenting
microcapsules may only be used within a stabilising (gel or\hgglosity dispersion) matrix for topical drug
delivery (e.g. in resection cavities after an operﬁdnr example but smaller metal-shell capsules (100nm
and below) will be much less influenced by density difiess and would be appropriate for use in systemic

drug delivery.
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Figure 6: a) Theoretical microcapsule densities as a function of gold salt concentration atlteglating
solution. The red line represents the density of water. The value at peesamts the bulk density of the oil
core. The annotated numbers indicate the theoretical shell thickness of the microcgisuleted
assuming all gold salt is reduced at the droplet surface and using the totatiatexfea derived from the

measured particle size distribution. The error bars represent the standardrdefitite mean for all
experimental data points. b) Inset - Digital image of the metal-shell microcapsplension samples

analysed in a), where the synthesis involved increasing concentrations of golasaléftfito right) for the

electroless deposition process on the surface of the emulsion template. The restdiisietle

microcapsules are seen to cream for the lowest gold salt concentrations (anditiast thétal shells) and

to sediment for the highest gold salt concentrations (thickest metal shells). Témpooding Au salt

concentrations used in the reaction are indicated in red and correspond to the X-axis in a)

As mentioned above, the metal-shell thickessand corresponding overall microcapsule density data
Figure 6 are calculated byssuming that all of the gold saié reduced onto the growing metal film
However, previous studies have suggested that for electddpssition of gold onto a surface coated with

PtNPs, the film growth occurs in two separate stages witkrdift growth rates: a rapid initial growth until
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all the available Pt surface is covered, and a subseglosver growth phase on the already deposited gold

44149

layer: Here, we make the assumption that the differencdseigtowth processes may lead to varying

efficiency of gold deposition on the surface and thus attémpixplore this phenomenoiio verify the
evolution of the metal shell thickness deposited witheasing gold salt concentration, we conducted
further gold shell deposition experiments to explore aadher range of metal shell thicknesses. We then
measured the obtained shell thicknesses and compared thesgitiaexpected thicknesses assuming all
gold is deposited on the droplet surfaces. Firstly, AtoRacce Microscopy (AFM) characterisatiarf
mechanically fractured microcapsule fragments was perfhrheight measurements were obtained for all
samples, as described in the experimental sectiorxttacethe thickness of the metal sh&econdly, we
also measured the metal to oil core mass ratio usingnh&ravimetric Analysis (TGA) for dried samples
of the microcapsules and calculated the correspondingl nsdtell thickness using the measured
microcapsule size distribution to infer the total micpmtde surface area. The corresponding data for the
range of metal-shell microcapsule samples prepared to rexpldbroad range of potential metal film

thicknesses are presented in Figure 7.

2501 B Extracted from TGA Data °
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emulsion size distribution
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Figure 7. Microcapsule metal shell thickness as a function of increasing ratio batwess of metal ions
in the electroless deposition process and total emulsion surface area. The theadetitatlan of the shell

thickness assumes all metal ions are reduced and deposited on the emulsion dropleksdindless
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deposition process. Both theoretical and TGA data use the measured emulsion gintiahsérs a basis

for shell thickness calculations while the AFM data give a direct measurehthatshell thickness.

From these dataye can identify two behaviours for the growth of the gold $ilonto the emulsion droplet
surfaces. An initial linear increase in shell thicknessneasured at low gold salt concentrations \aith
reduced rate of increase at higher concentrations. Bhigvibur is consistent with the previous studies, as
the deviation from the linear increase in metal shetkiiness at high gold salt concentrations likely results

from asecond, less efficient, growth phase once all theiace has been covered.
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Figure 8 Qil core release experiments conducted for metal-shell microcapsules and thBisabilised
emulsion droplet templates. The metal-shell microcapsules were synthesised fchwstte standard Pt-
NPs-stabilised emulsion described above with a shell thickness of approximatetygs0measured in
Figure 7. The release experiments were conducted in a continuous phase of Bit@nah a 4:1 ratio to

demonstrate metal-shell capsule impermeability in an environment that dissolvesrteapsale core.
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Furthermore, Figure 8 demonstrates that the microcapsidesiced by this method can indeed retain their
oil core very efficiently within a continuous phase ttle@an dissolve the core, while polymer-shell
microcapsules prepared in a previous sttéitgach out all of their core content within minutes in shene

continuous phase. The fact that ~ 95% of oil was retriénged the metal-shell capsules after mechanical
fracture further demonstrates successful retention witenmetal-shell. In the case where thinner gold
shells are deposited on the emulsion droplets, some cgsdf core oil is not avoided, likely as a result of
shell fracture during processing (up to 20% loss for the thirshedis) but the remaining encapsulated oil is

also fully retained for the same time period.

Controlled fracture of metal-shell microcapsules using ultrasound

In the previous sections, we demonstrate a route to prodpeenmable microcapsules in a very simple and
efficient process. One of the potential applications ofi systems is the delivery of highly toxic drugs, for
applications such as chemotherapy. To achieve thisiabRimethod for activating the release of the drug
on demand is required hus, we explore the use of ultrasound energy to reynbtedture the metal shell
and enable release of the microcapsule cores. Biologall are largely acoustically transparent at the
frequency this device is operated atvhich would allow for maximum tissue penetration due to low
acoustic attenuatiprfin a medical environmenfigure 9 shows the percentage of metal microcapsules

remotely fractured as a function of ultrasound pulséeayamber when passed through a flow cell.
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Figure 9: (a) Proportion of metal microcapsules fractured as a function of ultrapoilselcycle number
when passed through a flow cell, (b) ultrasonic assembly used in the process shewitrgsound
transducer head inserted within the water taiset: flow cell used to deliver the microcapsules to the
transducer. Transducer to flow cell distance ~12cm. Inverted microscope imajehov the

microcapsules after being subjected to an increasing number of ultrasound pulse cycles

Here, we clearly demonstrate the remote fracture of fhsuda shells at clinicel appropriate ultrasound
frequencies (1.1MHz), which indicates that local reledgbe capsule cores is possibldée proportion of
broken capsules was seerirtorease with pulse cycle number thereby providing an opportioniphased
release. It should be noted that all capsules wereted®rak within 0.5 s in a single ultrasound dose when

the duty cycle was increased to 100%.
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Conclusion

We have presented a simple method which allows the arlatipa of an oil core via the deposition of a
metallic film localised on the droplet interface. Theirenprocess can be carried out at room temperature
and does not require the use of harmful solvents used wiopsemethods, which provides an economical
advantage. We have shown control of emulsion droplet amk nanoparticle density at the oil-water
interface. Importantly, the gold films that are subseduet@posited on the emulsion droplets were shown
to be impermeable and suitable to encapsulate small utedem challenging environments. Additionally,
we have demonstrad that the microcapsule metal shells can be remotatyured using ultrasound, which
opens significant possibilities to control core releasedtlivering small molecules (in particular cytotoxic

drugs) while preventing undesired leaching prior to release totiva
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