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Abstract

Metal microcapsules have recently received attentimhaae being developed as improved
carrier materials when compared to polymer microcapshrghis work we have developed
a novel, simplified method by which polymeric microcapsudes e synthesised using a
combination of poly(vinyl pyrrolidone)-stabilised platinummpaarticles (PVP-Pt) and
poly(vinyl pyrrolidone) (PVP) as stabilisers, to allow for as®lary metal shell to be grown.
We investigate the relationship between the molar ratiediicing agent to platinum salt and
the size of the resulting NPs and seek to develop furthdafoental understanding of the
factors governing the secondary metal shell thicknessjaality, to allow production of
cost-effective metal microcapsules without sacrifiange retention efficiency. We found
that the size of the nanoparticles had no significdatiedn secondary shell thickness, but
did affect the quality of the resulting gold shells. Ggddt concentration was found to be a
limiting factor in the electroless deposition of the rhskell. In this work, we have
successfully produced PLGA microcapsules with more costt@fe gold shells, as thin as

56 + 13 nm and capable of complete core retention ofikoéadtives.
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I ntr oduction

Encapsulation of active compounds within polymeric shells been explored over many
decades and has led to the development of a vast arrpglimbaions including foods,
pharmaceutical&? inks 8 homecar&!! and personal care produétst® However, there is an
inherent disadvantage in using polymers as the shell mlathkre to the relatively high
permeability of the polymer matrix, low molecular weigbtatile actives can easily escape
through the shell, particularly in environments which faveakage, such as a bulk solvent

in which the active is highly soluble.

Improving the retention of small molecules in the miaqustile core has therefore been a
major focus in the literature for decadé$® Increasing the thickness of the polymer sHell,
15 polymer cross linking? and changing the solvent used in the bulk ph&aes just some of
the methods which have been employed in an attempt towaphe activis retention time.
Such approaches however, do not actually prevent leakage argboréyto lower the rate of
release, in many cases only slowing complete loss by adears. Alternative approaches,
such as the use of fluorinated monomers to form the @olgimell, prevents wetting of the
shell and showed significant improvement in retardingdifiesion of molecules from the
corel” However, this is unlikely to be a practical solutassucha method for producing a
fluorinated shell is currently only achievable via microfiaidroduction and the use of
fluorinated monomers as the middle oil phase of aipdalemulsion is likely to be
challenging to translate into a scalable batch procesgnRgcmetal filns have been
demonstrated as a potential shell material, allowingdonplete retention of volatile
molecules within microcapsulé$.2® 2! For examplein our previous work, we demonstrated
that hexyl salicylate is fully retained within a metal-simicrocapsule for at least 21 days at
elevated temperatures when exposed to a bulk ethanol:wateriphasich it is fully

soluble!®

The metal-shell microcapsules reported in our earlier wane prepared in a three step
synthesis involving synthesis of polymer shell microcapsutes fin emulsion template,
using the solvent extraction method first described dldy and Vincent! > 22Platinum
nanoparticles, stabilised with poly(vinyl pyrrolidone) (P¥B-were then physically adsorbed
onto this polymer shell and finally, the adsorbed nanopartadesd as catalytic loci for the
growth of a continuous gold shell by electroless depositiostage threé® As this method

uses precious metals, platinum and gold, to form the rsle¢dls, it is imperative that



adequate control is gained for both nanoparticle adsorptid the subsequent gold shell

formation, to allow for thin, continuous shells to be produteis lowering production costs.

Whilst this method has shown promise, it was found to beectgatig to control the physical
adsorption of PVP-Pt nanoparticles onto the polymer mipsada surface in some cases. For
example, we demonstrated that the adsorption of nandpartias some dependence on the
material present in the coteBased on these observations and various attempts toagrow
controlled gold shell of a desired thickness we were ableofgope mechanisms which
describe the growth of the gold shells, depending on the diepcsnd density of the metal
nanoparticles adsorbed onto the polymer surfattewas postulated that when nanoparticle
aggregation occurred on the surface of the capsule, fommitigple layers of nanoparticles,
that the gold shell would grow in such a way that it filledgaps in the nanoparticle
framework. Thus, in order to grow the thinnest and mostefsttive shells, better control
of the nanoparticle density is required, to prevent aggoeegahd to give a dense monolayer
on the polymer surfacén the work reported here, we have improved on our previmibod
by directly utilising the metal nanoparticles as a stabifsethe initial capsule formation, as
described in the work of Cayre and Bigdg.his method resustin catalytic nanoparticles
anchored onto the polymer surface as the shell is fopoehtially allowing greater control

over the distribution of the nanoparticles on theragapsule surface.

There is much work in the literature relating to the Udb@biodegradable and
biocompatible polymer poly(d,|-lactides-glycolic acid) (PLGA) as a microcapsule shell to
encapsulate the ultrasound contrast agent perfluorooctyiiteeoq PFOB)>28 These capsules
are formed using a similar solvent extraction methotiécone we have described
previously® 22 In contrast to our previous work however, polymeric stasgisuch as
poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidongPVP) are used to form small,
spherical core-shell capsul@sThe addition of an impermeable gold shell to such
biocompatible microcapsules could allow, not only for impdbs®bility of ultrasound
contrast agents, but also for improved drug delivery, patgnéliminating off-target side

effects as the drug cannot leach from the capsulestpraamtrolled or deliberate breakage

In this work, we aim to stabilise such PLGA microcapsuleébl &iPFOB core using PVIP:
nanoparticles, in combination with an excess of PVP¢hdese a uniform monolayer of

nanoparticles embedded securely on the capsule suaffoeeing us to then control the



growth of a complete, and potentially thinner, gold shedally onto the capsules by

electroless deposition

Materials

Poly(lacticco-glycolic acid), (PLGA), (50:50) (10-15 kDa), dichloromethane, ¥DC
poly(vinyl pyrrolidone) (PVP) (40 kDa); chloroplatinic acid,fCk) 99%; chloroauric acid
(HAUCls) 99.99%:; perfluorooctyl bromide, (PFOB); 30% hydrogen peroxid®4{
poly(ethylene glycol) (PEG) (400 Da); chloroform-D (CRX39.8%; pentafluorobenzyl
alcohol 98%; and sodium borohydride (Nafi98%, were purchase from Sigma Aldrich. All

chemicals were used as received.

Preparation of PL GA microcapsules with embedded Pt nanoparticles.

First, PVP-stabilised Pt nanopatrticles were synthesisgetQH (0.115¢g, 2.2 mM) was
dissolved in 100 mL of PVP solution (1.15 pM). In a 250 mL cdifiask the HPtCk

solution was stirred vigorously and NaB.4mL, 0.5 M) was rapidly injected into the
flask. The yellow solution immediately turned dark browrd after two minutes of vigorous
stirring was left to stand for at least 12 hours to formalarost black nanoparticle dispersion
of PVP-Pt. To investigate the effect of nanoparticle sizéhe final metal shell thickness,
H2PtCk concentrations of 0.5, 1.1, 2.2, 3.3 and 4.4 mM were. iBéd-Pt dispersions were
concentrated by dialysis in PEG400 solution (5 wt%) to remoyee&cess water., to achieve

a constant number concentration of nanoparticlessaall samples,

PLGA (0.1 g) was dissolved in DCM (4L) before PFOB (60 pL) was added and mixed
until a single phase was formed. PVP (2.0 g) was dissattedL.D0 mL ultrapure water (18.2
MQ cm at 25 °C) to form part of the continuous phase. T&¥He solution (15mL), PVP-Pt
nanoparticles (L) were added. The oif-water emulsion was formed by slowly adding
this aqueous solution onto the PLGA-PFOB phase and then &imggiKA T25 Ultra-
Turrax) at 17500 rpm for 2 min, over ice. The emulsion staged at 300 rpm for 24 hours
to allow complete evaporation of the DCM and precipitatibthe polymer shell. The
capsules were washed twice via centrifugation at 2000 rp&Ofarinutes at 10C followed

by redispersion in 25 mL ultrapure water.

Metal shell growth onto PL GA microcapsules.
A gold plating solution was prepared consisting of HAUCIOmL, 40mM), PVP (3.0mL,
0.05 mM) and HO> (1.0mL, 60 mM). To thisa PLGA capsule dispersion (OrBL) was

added dropwise, then mixed on a carousel for 5 minutes at 50’ entapsules were washed
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three times via centrifugation at 2000 rpm for 2 minutes atr@onperature, and redispersed
in 5 mL ultra pure water with 0.2 mL PVP (0.05 mM) as a stailis prevent aggregation.
To investigate the effect of concentration of HAuGh the resulting metal shell thickness,
the salt concentration was reduced to 30 mM, 20 mM, 10 mM arid,5while all other

parameters remained constant.

Characterisation of nanoparticles

Size distributions of the Pt nanoparticles were measusieg transmission electron
microscopy, TEM (JEOL1010) at 80 kV and the micrographs were &uhlysng the

analyse particles function in ImageJ, image analystsvaoé (imageJ.net). At least 600
particles were measured for each sample. Polydisp&ragymeasured from the ratio of the
guadratic average. To calculate the number of nanoparsigtghesised in each sample, UV-
vis spectroscopy was used to measure the conversiofPt€kito PP. The absorbance of the
H.PtCk peak was measured at 244 nm, and used to calculate t@nBéntration. Using this

and the nanoparticle size data we calculated the numipanoparticles synthesised.

Characterisation of nanoparticle distribution on PL GA microcapsules

To measure the nanoparticle distribution on a capsufacgyrtransmission electron
microscopy, TEM (JEOL1010) at 80 kV was used to collect imagedlapsed (and thus
transparent) capsules. The nanoparticle coverage wasiradas a percentage using ImageJ

image analysis software.

Characterisation of metal shells

Scanning electron microscopy, SEM (Hitachi SU3500) was used ¢ovetthie gold shell
morphology. A Zeiss Field emission SEM (FE SEM) withtan 3View was used to take
multiple cross sections through the metal capsuléd s@ epoxy resin, then ImageJ was
used to measure the thickness of the metal shells inséeeho find the mid-point of each
capsule and thus the point where the metal shell apggangst, representing the true shell
thickness. This method is based on our previous work wheretome slices were analysed
using TEM and ImageJ to calculate shell thickriié€s$s.addition, to remove experimenter
bias, shell thickness was determined using a MATLAB code dewkliopeouse. Briefly,
single capsules were isolated manually and then segthbased on a global image mean
The resulting binary image was subjected to a Euclidean désteartsform and the centre of
the shell wall identified by selecting pixels with the maximdistance from the background

in an 8-connected component neighbourhood. The shelh#sskwas taken as twice the



average distance (the number of measurements forsbatihn each slice was greater than
100) from the centre pixel to the background. To gain &tstaf representation of the

capsule population, the measurements were repeated fosleacfor 20 full capsules.

To test for leakage from the core, samples of microdepsuth gold or polymer shells were
added to CDGI(2 mL) with a pentafluorobenzyl alcohol marker (5 mg/ménd mixed on a
disk tube rotator (MXRD-E, Scilogex USA) for 7 days. The solutions were filtered to
remove any remaining capsules and fSEMNMR was used to detect the presence of PFOB

in the filtrate

Results and discussion

PVP-Pt nanoparticles as a stabiliser in the formation of PL GA-PFOB

micr ocapsules

The aim of this part of the work was to investigate the patertiusing PVP-Pt
nanoparticles to stabilise PLGA microcapsule formation|leavebetter control over the
distribution of nanoparticles on the capsule surfaeek8éll et al. have shown previously that
it is possible to form PLGA shell-PFOB core microcapsuen PVP is utilised as the
stabiliser, using the solvent evaporation metffolls the Pt nanoparticles used to catalyse
gold deposition in previous works are also stabilised with BV 2we hypothesised that
PVP-Pt could be used to stabilise the PLGA-PFOB microcapdtdegever, platinum isra
expensive, precious metal and thus using large amounts woutdiesinable when
considering scale up for industrial translation. Theeefee used a combination of pure PVP
and PVP-Pt to stabilise the capsules thus minimising the arabpfatinum required to
stabilise the interface, whilst ensuring enough PVP-Pt covéoagjew secondary metal
shell growth. We hypothesised that the PVP-Pt nanoparticdedd act as a synergisti
stabiliser to the PVP, and that we could gain more contribleohanoparticle coverage on the

microcapsule surface, in turn allowing further controlhef final gold shell thickness.

We found that spherical core-shell microcapsules werethétemed using this combination
of PVP and PVP-Pt, as predicted from the spreading coetfcidithe capsule components,
described in our previous work (Table S1 supplementary informafidhe resulting
emulsion is showmiFigure 1a) where a schematic representation and opticedsnope
image of an emulsion droplet is displayed. As the stlgeaporates, the polymer becomes
insoluble in the remaining oil and migrates to the oil-waterface, eventually forming a

shell around the PFOB core once there is no DCM remaifiimg nanoparticles which were



used to stabilise the emulsion become trapped on the capstdee during the shell
formation, and this can clearly be seen in Figure ief®atic and transmission electron
micrograph). The nanoparticles appear evenly distributedsatttegolymer surface in a
single monolayer. This is in contrast to what is obsgémwhen physically adsorbing PVP-Pt
with an excess of PVP to pre-formed polymer shells, wher@¥WP and the PVP-Pt compete
for space on the solid surfateContinuous gold shells are grown onto the platinum
embedded microcapsules by electroless deposition, usingdtedpire previously
described?® 2*and the resulting gold shell can be seen in Figure lergsatic and scanning
electron micrograph). Release of PFOB from the capsudes tested usingF NMR. PFOB
was detected in the solvent phase for the capsulesawititymer shell, which indicated that
either the polymer shell had dissolved or the PFOB hduaiséifl through the shell. On the
other hand, no PFOB signal was observed in the soplexge for the gold coated capsules

(Figure S1), indicating full retention of the core.

%) Poly(vinyl pyrollidone) « PVP-Pt nanoparticle
o ® .’QKPOlymexo %
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Figure 1- Schematic diagram of metal microcapsule formation, withascopy images of each stage a) PVP and PVP-Pt
stabilised emulsion droplet with corresponding optical mzwpg image, b) solvent evaporation results in polymer
precipitation to form a shell around the PFOB, trapping the raatiofes at the surface, demonstrated in transmission
electron micrograph, c) resulting gold shell with correspaypdtanning electron micrograph. Images chosen are
representative of the sample and chosen specificallgtdidgint each stage of the procedure.

The reduction of EPtCE to Pt? proceeds as shown in Equation (1). The metal salt isedduc
by sodium borohydride to produce the platinum nanoparticldei presence of PVP, which
acts as a stabiliser for the nanopatrticles. Due to thedme@entration of PVP used in the
synthesis, the nanoparticles formed were at the liftadbility, as described in our previous
work,?t and so if more platinum salt was reduced, there weréitisat PVP chains

available to stabilise the additional nanoparticles,iteptb aggregation and sedimentation of
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platinum (Fgure S2). Thus, the mass of platinum salt was reduced tstigate the effect of
the molar ratio of NaBkIH2PtCk on the formation of the platinum nanopatrticles. UV-Vis
spectroscopy was used to calculate the concentratictPofoPmed in the reaction, from the

absorbance measured at 244 nm, and this is shown in Figure 2a.

Equation (1)

Transmission electron micrographs of the nanopastiémonstrate thabfa molar ratio

above 1:1 NaBHH2PtCk the nanoparticles do not form aggregates (Figure 3).

a) 003 b) o5 L
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Figure 2- Effect of molar ratio of NaBHH2PtCk used in PVP-Pt synthesis on a) resulting Pt concentr&fjaize
distribution of NPs produced, and ¢) median nanoparticle size

It is also clear from Figure 2b that the mean nanoparsize reduces as the molar ratio of
reducing agent to platinum salt is increased. The nanopastid was measured from
transmission electron micrographs of the nanopartamesanalysed using the image analysis
software, ImageJ. The dispersity can be seen to incasatbe molar ratio of NaB#HPtChk

is reduced, as indicated in Figure 2b, where the normalisether frequency distribution for
each sample is showmhere is an increased availability of PVP per unit nanapasurface
area when the platinum salt concentration is reduicede@sing the ratio of reducing agent to
platinum salt), leading to more uniformity of the nandipkes. This is also evidenced in
Figure 3, where the TEM images show that with increasinghplatsalt and thus decreasing

molar ratio, the resulting nanoparticles are noticekgyer.



Figure 3—- Transmission electron micrographs showing FRfINPs synthesised with a) 0.6:1, b) 0.9:1, ¢) 1.8:1, d}1 2.1
4.5:1 molar ratio NaBkH2PtCk. Molar ratios are shown in top right corner of each image.

The nanoparticles synthesised from the three highelstr matios of NaBkHto HPtCk, with
the most uniform nanoparticles (figure 8cwere used as a stabiliser for producing PFOB-
core polymer microcapsules. These nanoparticles wesentfor further investigation
becausasthey were less disperse in size than the lower mater samples, this should
allow for a more homogeneous decoration of the polymerocagsules. To standardise the
number of nanoparticles added to the PVP used to stabiliseetfmignocapsule emulsion,
the nanoparticles were dialysed in poly(ethylene glycdQJPto concentrate the dispersion.
The concentration of the nanoparticles after dialysis3vas13* (+ 0.1x13%) NPshL. In
each case, stable core-shell microcapsules were produeadmission electron micrographs
in Figure 4 show apparent monolayer distributions of naniofees on the surface of the
PLGA microcapsules in all three cases, and the sucfagerage remains approximately?32

in all cases, calculated using ImageJ for 5 differentudapgper sample (Table 1).

Table 1- The effect of nanoparticle size on the surface covertige®A microcapsules, and resulting gold shell thickness.

Nanoparticle Average surface are Resulting gold shell
size/nm covered/ % thickness/nm
2.8 326+9.0 106 £ 16




3.4 351+14 105 + 10
4.0 28+2.8 109 + 13

Figure 4- Transmission electron micrographs showing representateesaif PLGA microcapsules with PVP-Pt NPs
attached to the surface, where NP diameters of a) 4,0hf5 nm, ¢) 2.8 nm, were used as the stabiliser.

Controlling gold shell mor phology and thickness on PL GA micr ocapsules

As stable core-shell microcapsules were formed in als;abe gold deposition was
conductedn all three samplesscanning electron micrographs in Figure 5 show that for the
largest nanopatrticles, approx. size of 4.0 nm, a full guddl & deposited on the capsules
(Figure 5a). The gold shells formed using the microcapsutsated with the 3.5 nm
diameter Pt nanoparticles appear to be slightly incampdes a number of pinholes are
evident in Figure 5b (inset). When the smaller (2.8 nm) natiolea are used however, the
coating begins to show some severe defects, with pateleyage evident on some of the
capsules, where the darker areas indicate exposed polyigere(bc inset). Higher

magnification images to further show the differencesallgjuality as a function of

nanoparticle size can be found in supplementary infoomafEigure S3.

Figure 5- Scanning electron micrographs showing the resulting gold shell ap%.0 nmb) 3.5 nmand c¢) 2.8 nm
diameter nanoparticles were used to stabilise PLGA mipsates. Insets show magnified images to demonstrate shell
quality for each sample (scale bars for insets = 1 um).
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The mean shell thickness of each sample was measured usitgdamy and image analysis
(Table 1), as described previoushin the case where an incomplete shell was formed, the
complete sections of the shell were used to calculatevirall shell thickness. Interestingly,
although the B8 nm nanoparticles gave p@viquality gold coverage, in the areas where
shells were produced and measurable, there was no signdifarénce in shell thickness as
compared to the fully formed shells which were grown on éipsuales with the 4.0 nm
nanoparticles on the surface. This suggests that thefdize nanoparticle does not affect
shell thickness, however it does affect the quality efrésulting shell. It is possible that as
the nanoparticles become smaller they become lesgegrffas catalysts for the reduction of
the gold salt, potentially due to the increase in PVP peérsurface area of nanoparticle
blocking the catalytic sitesAlternatively, it is also possible that volume ratidloe
nanoparticles engulfed by the polymer shell of the microdegsays an important role, with
the smaller nanoparticles potentially exposing lessytataurface to be used for the

electroless deposition process as compared to their lemgaterparts.

Controlling the gold shell thickness

Despite achieving a monolayer coverage of nanoparticléseopolymer capsule surface, the
minimum shell thickness achieved using this new method was 110 m,Mhch is not an
improvement on that reported previously, when the nanopaliigér expanded to more than
a single monolayett As we have noted, it is important to obtain the thinneslispossible

in order to produce the most cost-effective microcapselgsecially when using precious

metals such as gold.

In an attempt to further improve our approach, the coraton of gold salt added to a
known volume of microcapsules was systematically reduced the original concentration
of 40 mM. This part of our work was conducted on the cagspoduced using 4.0 nm
diameter nanoparticlebecause this gave complete gold shells using a goldosadentration
of 40 mM. As the gold salt concentration was reduced, adserin the mean shell thickness
was observed. The SEM 3View was used to generate crdgsiseghere microtome slices
are cut from a resin block imhich the samplés embedded, and then the remaining block
face is imaged by SEM in situ. This eliminates problems aastsacwith the resin slices
tearingasthey are removed from the block, as the block facmaged rather than the

removed slice. Using this method, 500 slices were takendemin sample and the images
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were stacked to give a 3D reconstruction of the capsulesie of the reconstruction is
included in the supplementary information. The centretpamd thus thinnest part of the
shell, is easily found from this reconstruction, allogviar the shell thickness to be measured
at the equator of the sphere, thus reducing the erroriat&sbwith our previous method of
plotting a frequency curve of all the thicknesses from anygfahe shelf® 2 However,
performing this analysis manually is extremely time consunmmugralies on the assumption
that the shell thickness is consistent, because onlyrfeasurements were taken per capsule.
An automated analysis technigue was developed using MATLAB, whewgadhy3View
section was converted to a binary image and subjected to adauwctiistance transform. The
thickness of the entire shell was measured as the mingigtemce from the centre of the
shell to the background and reported as an average valiafantire slice of the capsule.
This was measured on individual capsules, slice by sliceyddHe centre-point/thinnest part
of the shell. There are two sets of data included in Fi§utiee orange circles represent the
shell thickness measured manually across all the capsules sample window while the
blue circles represent the shell thickness measured ugkigAB . A linear increase in shell
thickness with gold concentratiomapparent and this suggests that the deposition of more
gold is limited only by the reaction time of 5 minutes. Tanest shell was achieved using
2 mM of gold salt which was expected, and it was measured36 ben using our automated
process, and 40 nm by manual analysis. The manual reghilst, indicating thinner shells in
all cases are within error of the automated results.largest discrepancy occurs for 40 mM
of gold salt, where the thickest shells are produced, amdsthiresult of the uneven surfaces
of these thicker shells which increases the bias ofraiad@nalysis because 5 random points
are used per capsule to measure the thickitassmportant to note that the thinnest shells
(56 nm) do not allow for any release of PFOB into chlorofasnshown by the absence of
PFOB peaks in the NMR spectra from the release studigsré31). This confirms that the
metal shells grown in this case are indeed impermeabdeeasfor different core materials in

our previous workg? 2131
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Figure 6- Relationship between gold salt concentration used in elecrddégmsition process and resulting metal shell
thickness on PLGA microcapsules, blue cirelédatlab automated analysis method, orange circleanual image
analysis method.

The surface morphology of the gold shells appears smoagtée gold salt concentration is
reduced (Figure 7) and this is consistent with less gold at@thithe surface and thus the
thinner films we observe at the lower concentration® bssible explanation for this is that
the gold shells formed with lower salt concentrationswgmore slowly, due to the longer
diffusion times required for the ions to reach the gatahanoparticle sites. This slower
growth is likely to result in more even and continuoledi Higher magnification images to
further show the differences in shell roughness as aifumat nanopatrticle size can be found

in supplementary information, Figure S4.

Figure 7- Scanning electron micrographs showing gold shell microcapsdéessibecoming increasingly rough as the
amount of gold salt, and thus shell thickness increas&sm#), b) 10 mM and c) 40 mM HAugUsed for electroless
deposition.
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Conclusions

We have developed a novel method by which polymeric micraésgpsan be synthesised
using a combination of PVP-Pt nanoparticles and PVP as seabilWe found that during
the polymer shell formation, PVP-Pt nanoparticles beciomeobilised on the surface of the
polymer, and can then be used as catalytic loci fotreless deposition of gold shells
resulting in a simplified technique for creating metal simétrocapsules compared to
previous method® 31 A relationship has been established between the maitaofa
reducing agent to platinum salt and the size of the neglMPs, where lower amounts of
reducing agent resulted in larger particles which showed sigaggoégation. The size of
NPs had no significant effect on shell thickness, but wasd to affect the quality of the
resulting gold shells, with the smaller NPs producing incotakells. Importantly,yb
reducing the concentration of gold salt available fortedgss deposition we have
successfully produced PLGA microcapsules with more costteféegold shells, as thin as
56 £ 13 nm, which are capable of full core retention. Due talbiiity to fully retain an

active core, the biocompatible microcapsules with greimmeable shell of controllable
thickness described here have significant potential as drivgryedlevices. Furthermore,eh
ability to fully retain the echogenic core of PFOB oflen$ the potential for the development

of highly stable ultrasound contrast agents.
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