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Many chemical and biomedical systems require dejivand controlled release of small

DOI: 10.1039/x0xx00000x molecules, which cannot be achieved by conventigraielectrolyte-based layday-layer
capsules. This work proposes an innovative hybridrotapsule by incorporatingn situ
formed silica nanoparticles within or on the shélhe influence of various experimental
conditions on the stability, mechanical strengtld amorphology of capsules was investigated,
and characterised by SEM, TEM, XRD, EDX and FTIReTmultifunctional capabilities of
formed capsules were examined by encapsulating all smolecule Rhodamine BRh-B),
which could be further released by an ultrasoniggr. The results show that in situ formed
SiOz nanoparticles through hydrolysis greatly reducke permeability of the shell yet with
increased mechanical strength and ultrasound regpd®iQ nanoparticles were shown to be
distributed on the surface or inside polyelectrelghell, acting as supports for free-standing
capsules in both liquid and dry environment. Rapdh-B molecules release and the
fragmentation of the capsule shells were observeteu50W ultrasound irradiation for a few
seconds. Such innovative capsules with capabilftgmall molecule encapsulation and high
ultrasound sensitivity could be promising for maayplications where pulse release of small
molecules is required.

www.rsc.org/

Introduction such a hybrid approach is promising for making multifunctional
capsules suitable for harsh environment. Appropriate
Over the past years, there has been increased interesgn@gineered, incorporated nanoparticles could increase shell
developing ‘smart’ micro-/nano-carriers  with  stimuli- stability and stiffness, reduce shell permeability, and improve
responsive behaviour agfective de”very Systems for Variouscapsule’s resistance to mechanical and thermal deformation, as
applications in pharmaceutics, biotechnology, agriculture, fodll as provide new opportunities for yielding multifunctional
and cosmetics industrid$. One of the simple but mostMmicrocapsules?*°
successful approaches to synthesize microcapsules and to taildp inorganic/PE capsule systems, silica nanoparticles were
various functions in one entity is the layer-by-layer (LbLyopularly used as they are water soluble and
assembly technique, as its step-wise deposition of opposifdigcompatible>"18The exceptional mechanical properties of
charged polyelectrolytes (PEs) facilitates the functi@asibn silica nanoparticles also make them attractive candidates f
of capsule formation® However, PE-shelled capsules aréunctional molecular assemblig%??2 Most efforts of design and
difficult to encapsulate cargos with small molecular weighg¥nthesis of inorganic/organic composite capsules have been
because © the shell’s high permeability.”® Increasing shell focused on assembling prefabricated inorganic nanoparticles
thickness is a possibility to reduce the permeability, but matijo the soft PE multilayer sheéi:*® This method could
layers are required to have a salient chd&i§dt has been produce capsules with relative good control over capsule size,
shown that sealing small molecule (Mw<1000) was still a stability and stimuli responsive property, but has considerable
challenge even increasing the PE layer number té! 18. challenges in encapsulating and releasing low-molecular-
addition, an increased shell thickness would increase Mgight molecules (including drugs) from LbL capsifes.
difficulty of cargo release. Deposing lipid coatings on th@stead of using nanoparticles prepared in advance, direct
capsules is another way to reduce the shell permeability, growth of nanoparticles inside or on PEs shells would provide
lipids are unstable under high temperature situations, tignitiPossibilities to decrease the shell porosity, because
them to only low temperature u¥eRecently, incorporating Nanoparticles would nucleate and grow in pores of polymer
inorganic nanoparticles into the organic shell was proposedsi@ls and ‘crosslink’ with PE multilayers, yielding dense
an effective method to tune the physical and chemi&@mposite shells with a reduced permeability. Sun et®al.
properties of LbL capsules. By utilizing the merits of botflemonstrated the possibility to grow silica directly on PE
inorganic (nanoparticles) and organic building blocks (shelfyrfaces, which were responsible to laser triggering. To prevent
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unwanted leakage from loaded capsules, however, matyained by dissolving the core templates in 0.2 M aqueous
deposition cycles of layered PE-silica coating weiired in EDTA. Then they were washed 3 times with pure water
this procedure, and the capability of encapsulating sma@tlsistivity 18.2 M Q- c¢m) and 3 times with ethanol and finally
molecule(< 1000) was not investigated. dispersed in ethanol.

Apart from the encapsulation process, controlled release of

cargo substance in the predetermined areas is anothengeallgs, gwin of silica. The 2mL (PSS/PAH) capsule suspension in
for any microcapsule delivery systéinDifferent stimuli, such athanol was diluted into éL. Keeping this solution being

as pH, temperature, laser and microwave radiation, have bﬁfagnetic stirred, a certain amount of MM{/H.O (1:5 in
investigated to modify the shell permeability and facilité® o)yme) solution and TEOS/ethanol (1:2 in volume) solution
releasé® Such stimuli, however, have limited use in biologicg}ere introduced into the capsule suspension. The nucleation
and medical systems due to the short penetration deptimgelagng growth of the silica nanoparticles were firstly aceséet at

to laser and microwave, and the large side effect asedcia, relatively high temperature (T = 50-6@) for different

with changing pH and temperatiuieln contrast, ultrasound, gyration time (10-120 minutes). A further growth of silica was
which is already employed as diagnostics and therapeyiged to ripen the composite shells at a lower temperé2sre
method for many diseases (i.e., prostate cancer), iS promisiig for 20 hours under continuous stirring. Finally the

due to its long penetration depth and non-invasive ndturg spensions were centrifuged and washed by ethanol and
There is, however, very limited investigation on the ultrasonigstilled water for several times.

effect on capsule relead®¥! It has shown that the shell
permeability of capsules embedding with inorgani
nanoparticles (i.e., E®s or Au) was very responsive to
ultrasound and capsule rupture was observed under highexamine the feasibility of small molecule encapsulation i
irradiation power (i.e., 100W) for 1-2 minut&s’?> However b formed composite capsules and further quantify their released
minimize the damage to healthy tissues, it is important behaviour under ultrasound irradiation, fluorescent small
develop microcapsules with a strong ultrasound sensitivityolecular dye, Rh-B (M w= 479), was chosen as a modgbcar
allowing triggered release, while minimizing the intensity arslbstance. Generally, ZnL fabricated PE microcapsules
duration of applied ultrasound. (containing ~1.25x10capsules) were re-dispersed im2 Rh-

This work reported an innovative way to fabricate capsulBssolution (200 pughL in ethanol) for 1 hour with stirring
with low permeability yet high ultrasound sensitivity. WithouThen the mixture was transferred into a ml. beaker, and
using pre-fabricated nanoparticles, inorganic/PE capsules wditeted by 4 mL Rh-B solution. While this suspension was
made by in situ nucleation and growth of silica nanoparticlbeing stirred, 2.5mL NHsOH/H20 (1:5) solution was added
inside or on the PE shell surfaces based on the hydrolysififly, and then 0.1mL TEOS/ethanol (1:2) solution was
tetraethyl orthosilicate (TEOS. It is hypothesized that thedropped slowly (5 minutes for every 0.08L), which was
hydrolysis of TEOS would consume water in polymer shelleeated at 50C for 30 minutes then 2%C for 20 hours. After
and form robust Si@during the precipitation process, yieldinghe growth of silica, capsules were collected and washed
dense shells with a reduced permeability and adjustabveral times with ethanol and water to remove free fluorescent
mechanical characteristics. To determine the feagibitit substances. The resulting suspension was diluted imd_4
encapsulating small molecule in the resulting silica/PEve portions of 200 pL capsule-dye mixtures (containing
capsules, Rh-B was used as a typical sample and th&r25x10 capsules) were used for triggered release study (i.e,
controlled release behaviour corresponding to ultrasonic timee portion was kept in dark and another four were treated with

(h-situ dye encapsulation and release.

was studied. ultrasound up to 120 s). After ultrasonication, capsule dye
mixture was centrifuged, the supernatant was carefully
Experimental collected, and the precipitate was added with equal volume of
deionized water. Finally, the precipitates were observed by a
Materials Leica TS confocal scanning system (Leica, Germany) equipped

with a 63x/1.4 oil immersion objective. The fluorescence
Poly(allylamine hydrochloride) (PAH, Mw= 56000, Sigma)intensity of each sample (in supernatant) was determined with a
and poly(4-styrenesulfonate) sodium salt (PSS, Mw = flQorescence spectrometer (Perkin-Elmer LS 55) and
kDa, Sigma), fluorescein isothiocyanate (FITC, Mw = 389.38)ormalized with the standard fluorescent
rhodamine B (Rh-B, Mw = 479), Caflsodium carbonate solutions with known concentrations.
(Na&COs), ethylenediaminetetraacetic acid (EDTA), tetraethyl
orthosilicate (TEOS), NEDH and other chemicals werengrument and Measurement

purchased from Sigma-Aldrich. All the chemicals were used as ) )
received without further purification. Ultrasonic treatment was performed by an ultrasonic

processor GEX 750 (Sonics & Materials, Inc., USA) operating
at 20 kHz, 50W. Scanning electron microscopy (SEM) (FEI
Inspect-F) was used to measure the morphologies of dry
Polyelectrolyte capsule preparation. Polyelectrolyte capsules after gold coating. Samples were observed using an
microcapsules were assembled via the LbL method aocelerating voltage of 10 kV, a spot size of 3.5, and a working
sacrificial calcium carbonate (CaCOs) templates according todistance of approximately 10 mm. Further morphology and
Sukhorukov, et al* CaCQ cores were synthesized freshly bytructure of microcapsules as well as the distribution of silica
adding 0.33 M NzCGOs solution into the same volume of 0.33Mparticles were examined by transmission electron microscopy
CaCbk while vigorously stirring. Next, shells were assembledEM). Elemental analysis was performed by energy
using the as-prepared PAH and PSS solution with di&spersive spectroscopy (EDX) attached to the SEM, and an
concentration of 2 mgaL™® in 0.2 M NaCl, depositing 4 infrared spectroscopy (FTIR spectrometer 100, Perkin-Elmer)
PSS/PAH bilayers in total. After that, hollow capsulesevewas used to measure the FTIR spectra of vacuum-dried capsule

Composite microcapsule preparation
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samples, collecting data at a spectral resolution of 4.cnmicrocapsules. After introducing TEOS, MPH and HO into
Confocal laser scanning microscopy (CLSM) images welfee mixture of PE capsules and ethanol, silica would firstly
captured with a Leica TS confocal scanning system (Leicaycleate and deposit inside or on the surface of PE multilayers
Germany) equipped with a 63 x /1.4 oil immersion objective. under appropriate growth environment; Secondly, as: SiO
particles grow larger, they interact with each other and finally

Results and discussion cover the whole shell.

Influence of reaction conditions on composite capsule
mor phology
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According to the Stbber reaction, two steps are involved in
silica growth process: one is the hydrolysis of TEOS and the
other is the condensation of SiGnto the seed surfaée3*>

. NH;/Alcohol . — Silica
Si(OC,Hs)4 + 4H,O Si(OH)4 + 4C,HsOH (1)
) NH,/Alcohol ) Figure 1 Schematic illustration of (PSS/PAH)4 microcapsule incorporated and
Si(OH)y ——— Sloz+ +2H,0 @ strengthened by in situ formed silica nanoparticles. (a) silica nucleation and

deposition; (b) growth and ripeness process.
Owing to the terminated layer of PAH with amine groups, the
surfaces of PE capsules are positively charged which #re principle, the nucleate and growth rate of inorganic
favored by silicon source (TEO$).Meanwhile, employing nanoparticles were strongly dependent on the environment such
ammonia provides the formed silica nanoparticles with & reaction temperature, time, pH, surfactants, concentration of
negative, stabilizing surface char§jeTherefore, the nucleationsolutions, etc., so does the formed capstités!? To better
and growth of silica directly onto (PSS/PAHPE multilayers control the capsule morphologies, the influence of some key
via a heterogeneous process is strategically fea$ibién our parameters were investigated, as shown in Table 1, and SEM
practical work, the positively charged capsules should becoif@ges of the resulting capsule were given in Figure 2.
negatively charged after silica coating, which was dematestr By fixing the volume ratio of the ammonia to TEOS solution
in this study (Figure S1, Supporting Information). Figure at 25:1, the effects of temperature, solution adding order and
illustrated a schematic process of silica incorporated into PEgholding time on the morphology of the composite

Table 1 Detailed reaction conditions of different samples

Amount of solution and adding order Reaction temperature and time
Sample A (Sa) 0 0 0
Sample B (Sg) 0.1 mL TEOS/ethanol, then 2rAL NH4OH/H20 25°C-20h
Sample C (Sc) 0.1 mL TEOS/ethanol, then 2/8L NH4OH/H20 60°C-10 min; 25°C-20h
Sample D (Spb) 2.5mL NH4OH/H20, then 0.ImL TEOS/ethanol 60°C-10 min; 25°C-20h
Sample E (Sg) 2.5mL NH4OH/H20, then 0.ImL TEOS/ethanol 60°C-30 min; 25°C-20h
SampleF (SF) 2.5mL NH4OH/H20, then 0.ImL TEOS/ethanol 50°C-30 min; 25°C-20h
Sample G (Se) 2.5mL NH4OH/H20, then 0.ImL TEOS/ethanol 50°C-120 min; 25°C-20h
Sample H (Sh) 2.5mL NH4OH/H20, then 0.5mL TEOS/ethanol 60°C-10 min; 25°C-20h

Figure 2 SEM images of composite samples produced by gaagtion conditions: (a) sample A; (b) sample B; (c) sat@pl
(d) sample D; (e) sample E; (f) sample F; (g) sample G; (h)lsdthp
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microcapsules were studied. Without heat treatment,nfL1 minutes). Figure 2f shows that all capsules possessed smooth
TEOS/ethanol solution was firstly introduced into PE capswerfaces with strengthened free-stranding structure without any
suspension, and then 2L ammonia solution was addedbreakage. Nanoparticles embedded in their shells distdbu
dropwise, keeping stirring the mixture at room temperatunemogeneously, and no excess free nanoparticles existed.
(25°C) for 20 hours to obtain Sample BsfSSEM images However, if the duration time at 5@ was increased to 120
indicated that the composite capsules, (Bgure 2b) shrunk but minutes, the composite capsules were still in smooth spherical
were not as flat as those without treating with TEO®, (Sshape, Figure 2g, but a large number of excessive silica
Figure 2a). A rough surface with many wrinkles and thickeanoparticles were produced, which is consistent with some
folds were observed, but no spherical shapew8s obtained early observatiof® Clearly both temperature and duration time
by only changing the reaction temperature to°@0for 10 played important roles in controlling the quality of silica
minutes, and the capsules became more robust and mostduading.

spherical shape, indicating that the reaction temperatiweaha Compared with § i.e., only decreasing the volume ratio of
great influence on the capsule mechanics. Higher temperathe ammonia to TEOS solution (5:1), Figure 2h showed that
could increase the mobility of reactive components, whitdrge excessive of silica nanoparticles were produced and
therefore facilitates a higher rate of reactivity (hydsady distributed everywhere. This is, because additional TEOS
nucleation and growtH}. It is believed that high temperatureaccelerated the undesired homogeneous nucleation process that
accelerated the TEOS hydrolysis rate and promoted wm@duced free silica nanopartic®s' It was difficult to
condensation of silica (nucleation), resulting in more siliceeparate these extra silica nanoparticles from the coraposit
nanoparticles formed and embedded in the layers. Meanwhitécrocapsules. All these results show that the reaction
heat treatment would also affect the morphology of PE capsutesditions should be controlled carefully to fabricate silica/PEs
due to the (PSS/PAH) shallsensitivity (shrinkage) to he&. composite capsules with good qualities.s@mple was so far
Different to Leporatti et al*2, who observed that (PSS/PAH) the most promising sample and was chosen for further studies
microcapsules collapsed in dry state despite of annealifi§ atas below.

°C for 2 hours, here we showed that only slight shrinkage of

SiO,-PE capsules was observed after heating 8C60r 10-30  E|ement analysis

minutes.

Comparing Sc, changing the adding order of silicon soulBeorder to study whether silica were successfully inp_orporated,
and ammonia produced composite capsule$ {@®h a smooth EDX and FTIR were used to analyse the composition of as-
surface, indicating that silica nanoparticles distributedremoPrepared hybrid microcapsules. EDX speuotr(Figure 3a) of
uniformly on the shell. If ammoniad® solution was firstly theé composite capsidelemonstrated that a large number of C,
added, Figure 2d, the whole system was like an aqueous ph8séind Si atoms were contained, proving that the capsule wall
The subsequently dropped TEOS under fast magnetic stirr#4gS built up by the polymer layer and silica. Small amount of
was dispersed as droplets in the aqueous phase with abuntf@nimight come from the original solution, which was not
ammonia catalyst and2B. In this case, TEOS was hydrolyzed"aShed out completely. Other small peaks were attributed to
very fast according to the hydrolysis reaction equationg3¢t)
and the partially hydrolysed species were expected to be
located on the capsule surfa¢e3he synthesis would produce
the smallest particles due to the initial nucleation darger
number of particle$! Moreover, the presence of ammonia
would render the new formed silica particles with a negative
surface charge so that those silica particles would be attaoh
the positive charged PE capsule shells (Figure S1, Supporting
Information)1535However, on the contrary, if TEOS was added
first, Figure 2c, much rougher shell surface was observed,
which may be ascribed to a few reasdh§EOS would firstly
react with the drops of the newly joined ammoni@Hsolution
and the hydrolysed soluble Si was hardly dispersed umijor (b)
initially due to insufficient amount of #D; ii) The initial
nucleation number of particles was much less than thab.of S
and iii) The formed negatively charged silica would attach on
capsule surfaces during the stirring process and might be
slightly aggregated, all these resulting in roughed surfaces.

The effects of duration time were also studied. By
prolonging the reaction time at 6@ to 30 minutes, a more
robust structure was obtained as more spherical shaped capsules 3646 1824 1637
with lesser folders were appeared in sample E. Their surface
became much rougher and a small amount of excessive free
silica nar_10part|cles was found in Figure 2@. The size of _t_he R T T T R
nanoparticles became larger due to a rapid growth of silica Wavenumer (cm™")
under relatively high temperature (80) for a longer period*4
In order to lower the growth rate of silica particles to avois th Figure 3 (a) EDX and (b) FTIR spectrums of capsules afteasil
problem, sample F €swas prepared by reducing the reaction incorporating (sampleep
temperature to 50C but keeping the same duration (i.e., 30

Silica/PE capsules
—— PAH
——PSS

-

1644

% Transmittance

o ;98 *
956 511

*
1064
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Au coating. Meanwhile, CaCOwas all removed by EDTA incorporated by the in situ formed Si@anoparticles. This was
because no calcium element was found from the spectrum. ats® verified by TEM images. The inset was the SEM image of
FTIR transmittance spectrums of PAH, PSS and composiemposite capsules broken by an external force, showing a
capsules are shown in Figure 3b. The characteristic bandsoagh interior surface of the composite shell, which revealed
1064, 956 and 798 ciwere correspond to the stretchingthat silica nanoparticles were not only deposited on stherier
stretching and bending frequencies respectitet§y. The surface of the polymeric shell but also being embedded within
position and the shape of the main Si-O vibrational banditand on their interior surfaces. Analysis of SEM (Figuje 4
1064 cm* proved a stoichiometric silicon dioxide structureindicated the diameter of dried capsules decreased from ~4.05
Small peak at 956 cirbelonged to Si-OH stretching and that gim to ~3.2 um by coating with silica, but the shell thickness
798 cm! attributed to Si-O bending. Moreover peaks in thacreased a lot, which was further demonstrated by TEM
spectral range at 511 cin1537 cnmt, 1644 cmt, 1824 cmt and  results. Apart from the slight shrinkage of PE layers caused by
3646 cm' were attributed to vibrations of carbon atoms comirfggat treatment, it is thought that the in situ formation iaf.S
from polyelectrolyte part of the composite capsules. Boffarticles would cross-link and compress the capsule, resulting
showed clearly that SO nanoparticles were successfullyn a decrease in capsule size yet with an increase inh#e s

incorporated into PE shells. thickness.
Some previous studies reported a problem of limited
Morphology and structure analysis thickness of thecgpsule shell even after coating several silica

_ i ) o i layers 154° However, as shown in Figure 5, the shell thickness
To further investigate the influence of silica incorporation GRcreased drastically from a few nanometers to a few hundred
capsule morphology and their structure, sample F Wggnometers (i.e. ~ 300 nm). The above analysis of SEM images
measured by SEM and transmission electron microscopy, qualitatively confirmed this. For samples without silica
(TEM), as given in Figure 4 and Figure 5 respectively. Figur&fating, the capsule had relatively smooth surface and in
showed that the incorporation of silica nanoparticles in t'&%llapsed form, as shown in Figure 5a and Figure 5b, while
capsule shell led to significant morphology changes #mall dark dots can be found on the surface of composite
_compariso_n with nanoparticle-free capsules. Without Si"?ﬁicrocapsules, given in Figure 5¢ and Figure 5d. Clearly the
incorporation, all the (PSS/PAK) microcapsules were composite shell became more compact and its permeability
collapsed and flat (Figure 4a and 4c), but on the contrary, 8igyuid be effectively lowered down due to i) the decrease in
composite microcapsules were structurally reinforced inggnhsyle size, ii) the increase in shell thickness and figsaible
robust free standing capsules, having three dimensiop@lease in the shell density. In particular, benefitirgnf a
appearance (Figure 4b and 4d). The external surface consig§tbr mechanical property of inorganic materials, the
of homogeneously distributed Si@anoparticles embedded inincorporation with in situ formed silica nanoparticles would

the polyele_ctrolyte shell, as shown in the Figure 4b and Figusaq to a reinforcement of composite shell mechanics.
4d, indicating that the asade multilayers were sufficiently

Figure 4 SEM images of (PSS/PAHmMicrocapsules before (a, c) and after (b, d) silazting (sample $.
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PSS/PAH capsule

Figure 5 TEM images of capsules without (a, b) and itld) silica coating (sample)S

Composite shell reinforcement mechanism and per meability of silica nanoparticles on their surface. The corresponding line
study scan image demonstrated an average fluorescent signal intensity

] ] ) of ~ 112 units outside the capsules and O unit inside the
During the reaction process, TEOS underwent hydrolysis upQiphsules. It is worth mentioning that surface state of capsules
contact with water, according to the net reaction of Eq. (@) afjould affect the adsorption and transfer of dye mole®@fe.

Eq. (2), i.e., Si(OgHs)s +2H0 -SIQz + 4GHsOH.  To compare the effect of different surface charges on
This forms solid Si@ through a series of condensatiopermeability of PE capsule, capsules with PSS as the top layers
reactions catalysed by ammonia and also producdsy- (negativdy charged) were also studied and the result revealed
product, ethandi®>*In our study, the hydrolysis and nucleatioghai they were also permeable for the slightly negatively
process were promoted by incubating the mixture at a relativgiydrged FITC molecules (Figure S1 ar8P, Supporting
high temperature (3C) and a further ripen process Wasgnformation). Hence, the PSS/PAH capsule permeability for
allowed at lower temperature (Z3 for a lon@r time. A FITC was weakly depended on their surface charge. In some
possible incorporation and reinforcement mechanism of thgse, surface wettability of capsules could influencer thei
composite structure is illustrated in Figure 1. The PURRrmeability significantly®5’ for example, benefiting by
PSS/PAH multilayer shells were uneven and provided maRydrophobic property of the capsule shells after UV
numbers of nucleation sitesa&d on the nucleation principle jrradiationYi et aP’ successfully sealed Rh-B in
new SiQ particles would preferably form at the points with lowNafion/DAR)4 capsules. Here, as silica nanoparticles are water
energy, such as at concave points of the shell surfaces, an\(g\[g“@om 15 and our composite capsules were well dispersed in
pores in polyelectrolyte multilayep$ Along with the formation \yater, the effect of surface wettability could be neglected.
and growth of silica, the polyelectrolyte shell shrunk due to thgrthermore, the permeability of PE capsules for various
consumption of water from the multilayer pores as the TEQgplecules decreased to some degree after heat incufation.
was hydrolysed. With prolonging the reaction time (agftder to eliminate the heating effect on the shell ety
process), B2 particles would contact and interact with eackyr FITC molecules, the pure (PSS/PAlapsules were held at
other and finally cover the whole shell, as illustrated by thg) oc for 30 minutes before incubating in the FITC solution.
TEM results, Figure 5c and Figure 5d. The continuog$gure 6a demonstrated that PSS/PAH capsules were still
inorganic nanoparticles would compress the capsule in sofd@meable for FITC, which is consistent with the early
degree through the shrinkage process, and the flexiglgservation that PE capsuless not sufficient to encapsulate
polyelectrolyte layers were restricted. All these factorsildo gmall  fluorescein  molecules by heat treatment &hly.
result in a decrease in capsule size and an increaseshéll \oreover, with a detailed look at the intact composite shirells
thickness. The pores in capsule shells would become |es$iﬁbre 6b, bright green rings were not found, which implied
amount and smaller in size, and consequently the capsule sigt FITC molecules were prevenitto go into the shells. These
permeability could be drastically reduced, which was furthgfsyits again confirmed that the permeability of microcassu
confirmed by CLSM results. ~was reduced significantly after silica incorporation, consistent
As shown in Figure 6, in sharp contrast to the higlith SEM and TEM results and the hypothesis of capsules

permeability of capsules without silica coating (Figure €8, sealing by in situ formed nanoparticles.
polymer shells were condensed by in situ formed 2SiO

nanoparticles and hence the composite capsules performeqjlmso : :
o . - und responsive properties

effective interception of FITC molecules (Figure 6b). Some prop

composite capsules aggregated together due to the inberacti
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Remote activation of microcapsules was conducted using remoparticles were embedded in the polyelectrolyte
ultrasonic setup operating at a frequency of 20 kHz and powetwork?332 Most of composite capsules were broken after
output 50 W. The suspension of microcapsules was submittedy 2s sonication. From the broken fragments, it shows
to ultrasound sonication for different duration times (2, 4, ancciarly that the shell thickness of the fragments deectavith

s). A high ultrasonic sensitivity of the composite microcapsulagreasing sonication timéecause more silica nanoparticles
was evidenced. Figure 7 shows the resulting SEM imageswafre separated from the composite shells. F&r
capsules with different shell composition stimulated fadtrasonication, the fragments became much smaller with
different ultrasound duration time. It is clearly seen that pusrge portion of small dots appearind@ne reasonable
(PSS/PAH) capsules were slightly deformed after sonicatioexplanation for the increased sensitivity is that the
whereas the silic@womposite capsules were broken into smahcorporation of Si@ nanoparticles increased the density
fragments. Such an observation is consistent with several ottp@dient across the water/shell interface and consequently
reports, which showed that the ultrasound sensitivity of thmproved the absorption of acoustic enetyAnother possible
PSS/PAH capsules could be remarkably increased edplanation is the  modification of the  shell’s

\ i
051152 253 354 455

Figure 6 CLMS images of microcapsules without and witbasincorporation dispersed in FITC solution. (a)g(PSS/PAH)after held at 56C for 30
minutes, (b) Si@(PSS/PAH) composite capsules. Thedigcan insets showed relative fluorescent intensity in the corresponding capsules.

pm

051152253354 455

Figure 8 CLSM images d®h-B containing composite microcapsules after ultrasound tredtwith different time: (a) Os; (b) 2s; (c) 4s; @§. The fred&kh-
B was removed by washing for several times before theunementLine scan inset showed relative fluorescent intensity in the corresponding capsules.
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mechanical properties. It was known that the concentrationesfcapsulated dyes were released (as detected). Besides the
nanoparticles in the capsule shell could affect the capsplessible photobleachingffect, somefluorescent dyes were
stability 3° As the concentration reached to a critical point, thesorbed on composite capsule shells, as shiow@LSM
nanoparticle interaction effect increased, exceeding teetedf images (Figure 8b-d).

the polyelectrolyte matrix, and played a major role inghell For ultrasound with high power of 50 W, a few seconds is
mechanics? In addition, embedding inorganic nanoparticles ianough to break the silica/PE capsules and let the cargo be
the microcapsule shell could increase the shell stiffnagteased. On the contrary, a relative long duration time is
significantly!45® Clearly the presence of rigid nanoparticleseeded to damage the composite shells if the ultrasoowdrp
within soft polymeric shells reduced the shell elasticity, Whids low, for example, ultrasound for medical use (1 MHz, 1-
made them prone to break during ultrasonic treatment w&W).3° Destruction behaviours of the composite capsules

different fracture patterns. induced by low power ultrasound in a more gentle way will be
further studied. It is believed that the proposed idea in this
M ass encapsulation and release triggered by ultrasound work, i.e., novel composite capsules with the capability of

) N ~_small molecule encapsulation and their rapid release tedger
With a reduced permeability and strong ultrasound sensitivigy, yitrasound, could be extended to many medical applications,
silica/polyelectrolyte composite capsules should be promisigich warrants its future investigations.
for small molecule encapsulation and controlled release by

ultrasound. Rh-B was chosen ascargo material instead of luS
FITC due to its longer life time. It is expected that thgonc usions

formation and growth of silica nanoparticle within polymefy summary, we proposed and confirmed a new nanoparticle-
adequate capability to seal the shells and therefore t@peRlt¥  permeability, high mechanical strength and strong ultrasound
B. Before the uItra;ound treatmeatstrong fluorescent signal  sensitivity. Silica nanoparticles were successfully introduced
(i.e., over 150 units in intensity) was detected, Figure 8ato prefabricated LbL PE microcapsules by in situ hydrolysis
Further ultrasound treatment caused a rapid release of @apstirEOS. The hydrolysis consumed water in polymer shells and
ingredients (Figure 8b-d). After 6s of ultrasound irradiatiofermed robust Si@ during the precipitation process, yielding
only very small debris with limited fluorescent signal can be dense shells with a reduced permeability. The morphology and
observed (Figure §d mechanical properties of composite capsules were found to be
tuneable by adjusting several parameters such as temperature,
5 = Ultrasonio Wiggared holding time, adding order and the amount of TEOS.2SiO
— e— Without ultrasonic @) nanoparticles were shown to be distributed on the surfaces or
inside polyelectrolyte shell, acting as supports for free-standing
capsules in both liquid and dry environment. CLSM study
confirmed that the permeability of the composite capsuks w
reduced significantly. As an example study, the composite
capsules were successfully used to encapsutatemall
molecule cargoRh-B. Further exposure of these capsules to
ultrasound treatment showed an irreversible shell rapture and
rapid cargo release in a few seconds. Such innovative
(b) multifunctional capsules are promising for many future
04 applications including controlled drug delivery and release.

N w -~
1 1 1

Mass of Released Rh-B(ug)
1

OI 2I0 4l0 GIO BIO 1(I)0 1é0
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