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Dual UV/Ultrasound Responsive Composite
TiO,/Polyelectrolytes Microcapsules
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Designing and fabricating multifunctional microcapsules are of considergblest to both academic and
industrial research aspects. This work reports an innovative approaahriwate composite capsules with
high UV and ultrasound responsive functionalities that carsbd as external triggers for controlled release,
yet with enhanced mechanical strength that can make them siminagsh environment. Needle-like TiO
nanoparticles (NPs) were produced in sitto layerby-layer (LbL) polyelectrolyte (PE) shells through the
hydrolysis of titanium butoxide (TIBO). These rigid Bi®Ps yielded the formed capsules with an excellent
mechanical strength, showing a free standing structure. A possible nsachamproposed for thie special
morphology formation of the TIONPs and their reinforce effects. Synergistically, their response to UV and
ultrasound was visualized via SEM, with results showing an irreversible ghielteaipon exposure to either
the UV or ultrasound irradiation. As expected, the release studies revealdtetdaktran release from the
TiO2/PE capsules was botdV-dependent and ultrasound-dependent. Besides, biocompatibilitheof
capsules with the incorporation of amorphous ;TKIPs was confirmed by MTT assay experiment. All of
these evidences suggested a considerable potential medicine applittt®ii®,/PE capsules for controlled
drug delivery.
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1 Introduction enhanced functions in recent years, which includes silica for
ultrasound-triggered release, Fe304 for magnetically navigated
Polymer-inorganic composite microcapsules have receivgdlig delivery, and gold for visible and near-infrared (NIR) light
extensive attention duo to their widely potential applications j@sponsive capsule systerfié.
pharmaceutical fabrication processes, controlled drug delivery Current design and synthesis of inorganic/organic composite
agriculture chemicals, and food and cosmetics industriea. capsules has been focused on assembling prefabricated
versatile approach to produce organized structures with propgirganic NPs into soft polyelectrolyte (PE) shéfts. This
control over their stability, size, shell thickness, encapsulatigiethod can produce capsules with relatively good control over
and release properties is the labgrlayer (LbL) assembly capsule stability and stimuli responsive properties, but poses
technique® * Driven by complementary interactions such asonsiderable challenges in controlling the proper distribution of
electrostatics, H-bonding and covalent bonding effects, variqugnoparticles on the shell and achieving the encapsulation and
materials can be assembled alternately onto templates, édllowelease of low-molecular-weight molecules (including drugs)
by core removal. Recently, inorganic nanoparticles (NPs) wérém LbL capsule$? Very recently, we developed a novel
used as building blocks to functionalize polymeric Lblechnology of in-situ production of nanoparticles in PE
microcapsules. The introduction of inorganic nanoparticles cespsules. Silica nanoparticles were successfully introduced
not only increase the shell mechanical strength and reduce thed prefabricated LbL PE microcapsules by in situ hydrolysis
permeability, making them suitable for small moleculest tetraethyl orthosilicate (TEOS), producing hybrid capsules
loading, but would also empower the capsules with nemith low shell permeability, high mechanical strength and
functionalities such as responsiveness to certain stqugtrong ultrasound sensitivity. An example study, the
Various NPs have been incorporated into capsules w#hcapsulation of a small molecule cargo (Rh-B) and controlled
release through ultrasound treatment showed wide potential
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capsules with ultraviolet (UV) light sensitivity are desirable fdimes washing with deionized water and 2 times with ethanol. After
controlled releases, and the fabrication of such capsulelBecanthat, 1.5 mL of TIBO: ethanol =1:15 solution was added to the PE
generally categorized into two approaches. The first approacimisrocapsules and 24-72 h was allowed for ;TiBydrolysis,

to use polyelectrolytes (PEs) with either photo-responsive amtsorption, cross linking and condensation process at room
photo-cleavable groups as the layer matéfiaExamples temperature (28C) without any stirring.

included LbL microcapsules containing azobenzene using
poly[1-[4-(3-carboxy-4-hydroxyphenylazo)-benzenesulfonami&or UV stimulated and ultrasound triggered cargo release, TRITC
0]-1,2-ethanediyl, sodium salt] (PAZO) andabelled dextran was used as the model cargo. To fabricate dextran
poly(diallyldimethyl ammonium) chloride (PDADMAC) as theencapsulated microcapsules, TRITC-dextran was co-precipitated
assembling materials, and the UV responsiveness was achievidd CaCQ microparticles by mixing 0.33 M Cag£l10.33 M

by UV induced isomerization of PAZ&: ® However, such an Na,CO; water solutions and 2 mg/ml TRITC-Dextran water solution
approach is constrained by the building materials and PHsle vigorously stirring in 1:1:1 proportion. TRITC-Dextran
where special groups have to be used. The second approaehdapsulated TigPE microcapsules were made as described above.
to assemble inorganic NPs that can absorb UV light. Due to its

excellent biocompatibility, great UV-responsive performancég3 Instrument and Measurement

and good ability of immobilizing biomolecules onto their ] ) )
surfaces, TiQ nanoparticles have been widely ud&if Ultrasound Triggering. Ultrasonic treatment was performed by an

However only a few reports involved TiO2-polymer capsul&dirasonic processor GEX 750 (Sonics & Materials, Inc., USA)
based on pre-fabricated N®&% 2° operating at 20 kHz and 50W. The probe of the ultrasonicatatsnse

Here we propose a novel strategy of incorporating TiO2 info a capsule suspension in a plastic tube. An ice bath wasdapplie
situ into LbL assembly to prepare multifunctional compasifo ensure that the temperature change of the capsule suspensions wa

microcapsules that possess both ultrasound and UV responl:%%%than scC.

functionalities. Without usin re-fabricated TBiONPs, . .

. . 9P L b . Zeta-Potential Measurements. Surface potentials of bare and

inorganic/PE capsules were made by in situ nucleation an . .

. oated CaCe@ microparticles were measured from aqueous

growth of TiG, inside or on the PE shell surfaces based on the .
. L . . solutions on Zetasizer Nano-ZS (Malvern). Each value of the

hydrolysis of titanium butoxide (TIBO). Apart from being UV- . . . i .
. . . . _  zeta-potential was obtained at ambient conditions by averaging

responsive, it is expected that the incorporation of such in sg:[lu

. . ree independent measurements of 100 subruns each.
formed TiO, would empower capsules with ultrasoun P

sensitivity, yet with enhanced mechanical strength, increa%nning Electron Microscopy (SEM) measurement. The
chemical stability and good biocompatibility. TRITC-Dextrarr'lnorlohologies of the capsules were observed by SEM (FEI

was u;ed as a model cargo to illustrate the.encapsz;llation f?@gect-F) using an accelerating voltage of 20 kV. The diluted
dual stimuli induced release from the composite capsules. microcapsule suspension was dropped on a glass slide, air

dried, and coated with gold before observation. The capsule
size was calculated and determined by using the analysis
software Image-Pro Plus Version 6.0 (Media Cybernetics, Inc.).
Capsule diameter and distribution were expressed as mean +SD
Poly(4-styrenesulfonate) sodium salt(PSS, Mw = 70K) am§ randomly averaging the diameters of at least 35 capsules per
poly(allylamine hydrochloride) (PAH, Mw = 58K) weresample from the SEM data.

purchased from Sigma-Aldrich. Both polyelectrolytes were

used without further purification. CagClsodium carbonate Energy dispersive X-ray spectroscopy (EDX). Elemental
(Na,COy), TRITC-Dextran (Mw=500K), aralysis was performed by means of an EDX Oxford Inca X-act
ethylenediaminetetraacetic acid (EDTA), Titanium butoxiddetector attached to the SEM, operating at an accelerating
(TIBO) and other chemicals were also purchased from Signvaltage of 20 kV.

Aldrich. Nanopure water (Nanopuresystem, Barnstead) with a

2 Experimental Section

2.1 Materials

resistivity of 18.2 MQcm™ was used in all experiments. Transmission electron microscopy (TEM). Further morphology
and structure of microcapsules as well as the distribution of
2.2 Composite microcapsule prepar ation inorganic particles and shell thickness were studied using a

PEs were dissolved in 0.2 M NaCl solution with the concentrationffOL 2010 transmission electron microscope with d.aB
2 mg/mL. The freshly synthesised CaC@ores were first coated filament, operated at 200 kV. For TEM experiments the diluted
with a PAH layer by incubation in 1.5 mL of PAH solution (Znicrocapsule suspension was droppedaonopper grid with
mg/mL) for 15 min, followed by three centrifugation (2000 rfan holey carbon film and left to dry for 5 minutes.

1 min)/wash cycles. Subsequently, they were incubated in 1.5 mL of o

PSS solution (2 mg/mL) for 15 min, followed by three centafian UV-Visible spectroscopy. An UV-Visible spectrophotometer

(2000 rpm for 1 min)/wash cycles. The PAH and PSS PE adsorpﬁbﬁ‘MBDAgSo’ Perkin-Elmer) was employed to investigate the

steps were repeated until the desired number of layers was builpc\)/n absorption of the composite capsule suspension.

CaCQ templates. Hollow capsules were finally obtained bVIeasurements were made by using quartz spectrophotometer

dissolving CaC@ cores in 0.2 M aqueous EDTA, followed by fuvettes (Sigma, S10C).
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Confocal laser scanning microscopy (CLSM). CLSM images
were captured with a Leica TS confocal scanning sys
(Leica, Germany) equipped with a 63 x /1.4 oil immersiq!
objective.

Measurement of TRITC-Dextran releaden investigate the U
(or ultrasound) stimulated dextran release, the obtained TRI
Dextran containing capsule suspensions were split into se
portions for further study. At specific time intervals, o
portion of the capsule samples, with/without UV (d
ultrasound) irradiation, was taken out for measurement.
capsule cargo mixture was centrifuged, the supernatant
carefully collected, diluted and then used for TRITC-Dextr : A S m——
quantification. The fluorescence intensity at 572nm of each Figurel. SEM images of capsules: (a,d) without Ti(,e) within-situ
sample (in supernatant) was determined and normalized Wii®: incorporation for 24 hours and (c,f) 72 hours. Tiset is Energy
the standard fluorescent solutions with known concentratiodispersive spectroscopy (EDX) spectrums of the compositeleapsu
All the samples were kept at the same dilution factors during

the experiments and the release amount was determined by tH&¢ SEM data in Figure 1 demonstrated the significant
differences in the size, surface roughness and shape of théesapsu

without and with TiO2 coating. Before incorporation with NPs, pure
PE capsules showed a diameter of ca. 4.38+0.33um with relatively
smooth shells, which were flattened and in a collapsed formr@-igu
la and d). But in contrast loads of NPs were produced and strongly
attached to these polymer shells after incubation them in thg TiO
precursor solution (TIBO/ethanol) for 24 hours, as shown in Figure
1b and e. These capsules maintained approximately their original
shape and size. No free Ti@anoparticles were found along with
the composite capsules, which demonstrates that Ww@de formed
preferably on capsule surfaces. After incubating for 72 hours, a
significant shape change was observed, in Figure 1c and f, showing
that the formed microcapsules were structurally reinforced into
robust free-standing capsules with a confirmed ball-like morphology,
smooth surface and reduced particle diameter, i.e, 2.65+0.3& um.
is plausible that the TiOnanoparticles were formeid-situ inside
polymer multilayers or on the shell surfaces, which would cross-link
and compress the soft polymers, resulting in a decrease in capsule
size yet with an increased shell thickness and mechanical strength.
Compared with our silica/PE composite microcapsules, the external
As shown in scheme 1, both LbL assembly technique and TiO2 inSurface of the as-made TiO2/PE capsule was smodffieis means

situ formation were involved in the preparation of composite the formed TiQ NPs were finer grained and homogeneously
TiO2/PE microcapsules. Positively charged PAH and negatively distributed on the polymer shells, arising from a relatively low
charged PSS were assembled alternately onto the freshly synthesitdgation and growth rate due to the low supersaturation of the

CaCQ cores’ After reaching a certain layer number, the templatesPrecursor.
were removed to obtain hollow PE capsules. Thé, NPs were Energy dispersive spectroscopy (EDX) analysis of the
incorporated into the polymer shells through the in situ hydrolysis 8pMPosite capsules indicated the presence of large amounts of
TIBO under a well-controlled process. Notably, different to most C, O, and Ti and a tiny amount of S (see the inset in Figure 1c).
previous reports, no hydrolysis reaction inhibitor or catalyst was 1he results prove that the capsule wall was built up by the
used in this reaction systefiThe typical zata potentials of capsulesPolymer layer and Ti@ No traces of calcium were seen in the
with different layers (Figure S1, Supporting Information) were ~ SPectrum, revealing that Cag@as completely removed by
monitored to verify the successful deposition of every layer. EDTA. The small peaks of Si should originate from the glass
Obviously, the capsules terminated with PSS showed a negative Slide for preparation of SEM sample because no Si source was
charge of -25.8mV, which increased to -13.7mV after,Gigating, used for capsule preparation. Furthermore, (PAH/PSS)
revealing that TI@NPs were fabricated and thusly partially capsules with bigger size (5.53 um) were produced and
neutralized these capsules’ negative charge. Morphology of the examined before and after 72 hours incubation in TIBO/ethanol
formed composite microcapsules was characterized by SEM and Solution. Their SEM results were highly consistent with the
TEM. results shown in Figure 1, containing features of spherical
morphology, smooth surface, decreased size and increased shell

supernatant fluorescence intensity.

3 Resultsand Discussion

3.1 Composite capsule formation and characterisation
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Scheme 1. Schematic representation of the formation process of the
TiOJ/polyelectrolyte composite microcapsules.

i
,;r If Heterogeneous
¥ Nucleation

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3



thickness (see Figure S2, Supporting Information). Such reshit TiO2 Deposition and Reinforcement M echanism.
confirmed the repeatability of the procedure of in situ ,TiO
incorporation into PE capsules with different sizes.

The above SEM, EDX and TEM results confirmed that the
composite microcapsules were mainly composed of inorganic TiO2
NPs and organic PEs. We know that LbL microcapsules can be
easily included of prefabricated NPs in a middle I&ferbut here
we show that TiO2 NPs can directly form and grow within and ont
the PE multilayers, which dramatically reinforced their final
strength. In addition, these TiO2 NPs were uniform in size and
needle-like in shape. As a matter of fact crystal nucleation and
growth anisotropy is attributed to various factors such as solution
composition, surfactants and deposition surface conditions. The
, § e existence of foreign particles or substrates in the precursor solution
gure 2. TEM images and selected area electron diffraction (SAED) may well promote the heterogeneous nucleation on their surfaces.
patterns (inset) of TIPE composite capsules Previously De Guire et al. demonstrated that it was possible to have
) o . substrate-related oriented growth of anatase Ta@ard the
In order to analyze the mqrphology, _S'Ze and dlstrlbutlon of Ti drophilic substrate surfaééSo for the production and deposition
NPs as well as the composite shell thickness, the composite Cap%‘l‘lﬁ'?ese needle-like TENPs, it is believed that a deposition took
wgre measured by means of high resolutlon_transmlsspn elec%%ﬂ:e through heterogeneous nucleation and columnar growth inside
m?croscopy (TEM), Figure 2 A'jd for comparison .the prlmary.P(l)?r on the soft polyelectrolyte multilayers, rather than through the
mlcrogapsules_ are. shown in Figure S3 (Supportlng_ Inform"’mogzinventional aggregation of colloidal particles into sphericab.TiO
TEM images in Figure 2 revealed that Fi@anoparticles were A possible nucleation, growth and morphology evolution

embedded uniformly in the PE shells and those as-made compc&j&ess of TIQNPs is proposed in Figua Despite washing

capsqles showed .an unbroken bu_t h_OHOW structure. ngh reﬂz“Dlml'DAH/PSS capsules twice with ethanol before incubation them
TEM images of Figure 2c¢ and d indicated that the,TP’s were in TIBO/ethanol solution, a small amount of water was still

less than 5 nm in diameter and shaped in an oriented direction, i'?es%rved within the PE multilayers as both PSS and PAH are
needle-llkg morphology. .To our best.knowledge, such anISOtroPl&(;drophilic polyelectrolytes. In effect TIBO may immediately
shaped TiO2 NPs was firstly synthesized at room temperature ?é]gct with these O molecules which result in the formation of
synchronously incorporated into PE multilayers. Generally, 50"%?5undant spherical TiCcrystal nucleus within the flexible PE
derlveq precipitates are_‘ amorphous |.n nature and require furte\?fers through heterogeneous nucleation (Figure 3a). It should
annealing treatment to induce crystalllzaﬁSrHere, these needle- be pointed out that the soft PAH/PSS multilayers are entangled
like TiO2 NPs were also of amorphous feature, as demonstrateq/\m{ch provide many voids such as the concave points on the
the electron diffraction (SAED) pattern, the inset of FigQck shell surfaces and the pores inside the PE multildyBased

Comparing Figure S3 with Figutg it is clear that the overall sizeOn the crystal nucleation and growth principle, a Ji@cleus
of the microcapsules decreased and the wall thickness increzwgﬂld initially form at these low energy positiofis

upon integrating with TIQ NPs, which is consistent with the SEMHomogeneous precipitation of free TiGand their further
results, Figure 1. The shell thickness reached to around 70 ggblomeration in liquid would not occur due to the minute
(Figure 2b) which might be many times of the pure PE Capswe&uantities of HO in the system. The slow reaction and
Another worth mentioning point is that the needle-like JKPs precipitation rate result in the formation of the oriented coating

Werg fully covered the top surface of the dense composite(ﬁl‘ell with a low surface roughness which confirmed by our SEM and
relative dark part) and formed arouth&-25 nm pureTiQ layer, as

marked in Figure 2d.
(a) %

/
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Free Space
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Figure 3. (a) Sketch of the morphology evolution and growtti®, nanoparticles; (b) Polyelectrolyte structures
and the potential interactions with Ti®anoparticles

TEM data?® Such an idea is different from the idea proposed llye demonstration of enhanced shell density of the composite
Shin et al., who suggested the Fi©oating formation was capsules which was associated with their decreased size and
based on the agglomeration of the NPs primarily formed mcreased shell thickness compared to pure PE capsules is
homogeneous nucleation in solution with the aid of largmother important observation of this study. Although
amount of HO.2” As shown schematically in Figurga the hydrophobic PE capsules will swell slightly if dispersed them
preliminary formed spherical nucleus will transform into cubia ethanol, the introduction of TiO2 NPs into PE multilayers
particles, as supported by the thermodynamic th&bFurther would make them twist and curl up together due to the
anisotropic growth of Ti@® would continue by the selectiveconsumption of the residue water from the multilayer pores as
adsorption of coordinating species on Ti@anes, presenting athe TIBO was hydrolyzed, resulting in a significant shrinkage
preference in the columnar growth parallel to the hole timec of the capsules. If prolonging the reaction time, Jarticles
and an inhibition of the growth in other directions. would contact and interact with each other with the assistance
In terms of reinforcement effects, with benefit from a largd PSS and finally cover the whole shell, as illustrated by the
amount of sulfonate groups and amino groups on PE chaiflEM results. The continuous inorganic BiCNPs would
PAH/PSS building blocks act as enhancers and cross linkersdmpress the capsule with a further consequent shrinkage, and
connect adjacent TiDnanoparticles into a stable shell (i.ethusly the flexible polyelectrolyte layers were restricted.
through the formation of hydrogen bond, covalent bond etcTherefore the pores in capsule shells would become less in
and protects them against movement, see Figur® 5% The amount and smaller in size, and consequently the capsule shell
attractive potential between the sulfonated monolayers gmetrmeability should be drastically reduced. However we need
TiO, nanoparticles by van der Waals forces, which could b® point out that compared to silica/PE composite capsules a
predicted using the Derjaguin, Landau, Verwey, and Overbesgnificant difference was the surface roughresilica/PE
(DLVO) theory, also promoted this interaction proc®s&’ As composite capsules displayed a relatively rough surface that
a consequence the formed NPs were firmly mixed amds indicated by their SEM images shown in Figure S4
combined together with PEs in assist of these potent{Supporting Information), because the sol-gel assisted silica
interaction. Once the capsule pores and surfaces weoating was associated with a particle attachment mechanism
completely covered by the oriented TiONPs, further with a high growth rate by material deposition from
nucleation and growth would continue to occur on the formedpersaturated solutioA$For the TiQ system, after 3 days of
composite shell surfaces if bothh® and TIBO still exist. And reaction, the smooth surface of TIBE composite capsules
the formation and growth mechanism is similar to th@Figure 2c and f) is attributed to the slow growth rate of,TiO
occurring inside the PE shells, because the formed compoSiteh fine-grained and well distributed TLiIPs (72 hours
shells also showed a surface with nanoscale roughness availeaetion) might afford the as-made composite capsules new
for further material deposition. Indeed, the TEM date in Figuseiperior properties, as will be discussed in the following
2 generally upholds this standpoint, with the formation of 15-28&ction.
nm top layer composed of pure TiQrigure 2d). In addition,
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3.3 Stimuli responsive study al., we can conclude that the peaks at 228 nm and 282mrbeca
055 mainly attributed to the incorporated Fi@anoparticled® Thus, tfe
T i eveseies formed composite capsules were imparted with a strong UV
S eom absorbance property. The effect of UV irradiation on the
2 ousd ! morphology of these capsules was examined by means of SEM.
5 228nm
8 sis Figure 5 shows SEM images of the capsules with and without
< TiO, NPs after exposure to UV light (320-400nm, ~110 mW
0.35 - cm? for different times (i.e., Omin, 15min, 30min and 60min).
It is clearly seen that the capsules without J¥@re unaffected
Eint by UV irradiation, as evident from the little morphology
- . . changes before and after UV treatment. However, a significant

200 s0 400 s e 700 difference was found for the THIPE composite capsules. For
Visvslongth () those, capsules had spherical shapes prior to the UV irradiation,
and more than half of them were decomposed after UV
irradiation for 30 minutes and nearly all of them were broken
into small fragments when the time reached to 60 minutes
TiO, has been widely used as a UV-absorbing agent f@figure 5h). Comparing the different reactions between these
environmental applications and here they were used to absorb {1} kinds of capsules responding to UV irradiation, it can be
light to increase the permeability of polymer capséfésThe UV safely drawn concluded that the incorporation of Titade PE
absorbance spectra of the composite capsules were measuregaB¥ules with photocatalytical activeness. Upon UV radiation,
means of UV/Vis spectroscopy, as given in Figure 4. The/P® glectron-hole pairs in Ti© were generated and the holes
composite capsules showed two absorbance peaks with a Wid§ging in the valence band of Ti@erformed high oxidative

tailing area up to 700nm whereas no obvious absorbance psak ¥@ivity 3" |t is believed that the deconstruction of composite
found for PAH/PSS capsules without Bi@hcorporation. Further

upheld by UV absorbance data of HPSS observed by Wang et

Figure 4. UV-vis spectrum of the TiO,-(PAH/PSS), composite
capsules.

(a) uv-o fain be ‘ () UV=60 mins
\:-:-.»; 1 : S .:

s

Figure 5. SEM images of capsules irradiated with UV light for different times: (a, b,c,d) (PAH/PSS)4 capsules treated for Omin, 15 min, 30min and 60 min
respectively; (e,f,g,h) TiO,-(PAH/PSS) composite capsules treated for Omin,15 min, 30min and 60 min respectively. The arrows represent broken capsules.

capsules can be caused by two reasons. One is that the d®€sease. Promisingly, such a capsule system could find
might be partly decomposed by the photocatalytic effect abplications in the fields of cosmetics and agriculture, where
TiO, in the composite layer. The other is the large amount rdturally-present UV light can trigger the release of

electron-hole pairs in TiOstimulated by UV light may transfer encapsulated materials.

to the PEs, which prompts the disconnection of PEs andPreviously we have demonstrated that the ultrasound
inorganic NPs. For example, the bonding forces like hydrogsensitivity of the PSS/PAH capsules can be remarkably
bonds and van der Waals forces between, Bd PEs would increased if rigid Si@nanoparticles were embedded in the PE

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 6. SEM images of capsules treated by ultrasound for different times: (a, b,c,d) (PAH/PSS), capsules treated for Os, 3s, 6s and 10s respectively; (e,f,g,h)
TiO,-(PAH/PSS)4 composite capsules treated for Os, 3s, 6s and 10s respectively. The arrows show broken capsules.

network® In this study we again prove that the composi@®aOH, pH =13) for 10 minutes, whereas the pure PAH/PSS
capsules with in situ formed TONPs also show strongcapsules were totally destroyed into floccules after only 2 minutes of
ultrasound sensitivity. The suspensions of microcapsutesatment, consistent with the pH-responsive study of PSS/PAH
without and with TiQ composition were treated by means afapsules by De’jugnat et &i.Interestingly, hybrid capsules
ultrasound sonication for different duration times (3, 6, and bBtained after 24 hours in situ TiGncorporation were similarly

s). The resulting SEM data are shown in Figure 6. Pudissolved into small floccules after 10 minutes of soaking in the
(PAH/PSS) capsules were not affected if the sonication timaOH solution. This might be due to the small amount of,TiO
was less than 6 seconds (Figure 6b and c) and only sligaposited on PE multilayers, which was not continuously covered
deformations were observed after 10 seconds of sonicatiba shell and was not strong enough to rigidly support the shell in
(Figure 6d). However for the TKIPE composite capsules,harsh acidic or alkaline environments, leading to their separation of
obvious breakage was observed at t = 3 seconds, and compiet®E building blocks. Experiment data showed that the capability
destruction was achieved at t = 10 s. The increased ultrasafigH resistance of the composite capsule increased with the increase
sensitivity of the TiQ/PE microcapsules is clear. The strongf TiO, concentration, indicating a promising potential of applying
response to ultrasound might be attributed to the increasieeir tunability by either ultrasound or UV stimulus in harsh
density gradient across the water/shell interface, the enhancautlitions.

of the shell stiffness, and the decreased shell elasticity, all of

which would improve the absorption of acoustic energy;4 Encapsulation and release study

leading to the increased ultrasound responsivehesé o . _

Despite of these two types of stimuli response, JRAH/PSS To study the feasibility of loading cargos in TiPE capsules,
hybrid capsules also displayed a different response to the pH of tRd ' C-dextran (500kDa) was selected as an example cargo due to
environment compared to the pure PAH/PSS capsules. We kitmature application in LbL capsule systems. Their encapsulation
from other work that LbL microcapsules composed of weak PEs 425 carried out through a co-precipitation process. The
generally sensitive to the pH of the environmiént? %3 For the corresponding CLSM images of capsules loaded with TRITC-
PSS/PAH capsule system, when the pH of the environment becoRg&tran are given in Figure 7. Before dissolving the Caciies by
higher than the pKa of polybases, i.e. PAH, the PEs becoﬁ'BTA’ the bright red balls and strong fluorescent signals (Figare
uncharged thus resulting in the disassembly of the capsuf&q the inset) were observed. Figure 7b revealed most of the TRITC-
However, as shown in Fig. S5 (Supporting Information), tﬁbextran molecules were still entrapped inside the cavities that after
strengthened hybrid capsules (in situ Ji@corporation for 72 removing the cores despite of a slight loss during the processeof co

hours) kept their initial shape after treated by strong alkali solutiffSC!Ving-The inset shows an average fluorescent signal intensity of
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86 units inside the capsule. It is worth mentioning that tloe ultrasound treatment at every sampling time point. Indeéukrié
permeability of PAH/PSS capsules would increase if they wemas no TRITC-Dextran loss from the pure PE capsules, each portion
transferred into ethanol, which means the cargos inside their cavitissd for TRITC-Dextran quantification should contain 37.250fug o
would leak ouf But TRITC-dextran is not soluble in ethanol, hencdextran in the capsules. For composite capsules, it is worth
most still stays inside the cavities during the formation processnoéntioning that a small amount of TRITC-Dextran would diffuse
TiO,. After the in-situ synthesis and incorporation of LiOGthe out of the capsules during the Bi@oating process even through
freshly synthesized composite capsules with TRITC-dextran loadoextran is not soluble in ethanol, with an estimated loss of ~5 %. So
contained ~140 units of fluorescent intensity, as shown in Figure &ach portion of composite capsules used for TRITC-Dextran
A possible reason for the increased fluorescent intensity is thentification contains 35.387 pg of dextran. In order to fatglita
increased concentration of TRITC-dextran due to the decreasehim comparison between pure and composite capsules, the release
capsule size. The composite capsules were also measured aften&unt (My) was plot as a percentage of the initial encapsulation
days’ storage in the dark. Some TRITC-Dextran molecules leakemimount (M), as shown in Figure 8.

out and an average fluorescent signal intensity of ~ 80 units was kept
inside.

(a) ey g (PAH/PSS)s

—e— non-irradiated TiO2-(PAH/PSS)as
30 44— UV-irradiated (PAH/PSS)s
—y— UV-irradiated TiO2-(PAH/PSS)4

5 M
0 T Y T T T T ¥ T
0 20 40 60 80 100 120

Time (min)

(b) 80| —«— ultrasound-triggered (PAH/PSS),
—— ultrasound-triggered TiOo-(PAH/PSS),

\

\
Figure 7. CLSM images of capsules loaded with TRITC-Dextran. (a) |
(PAH/PSS)s before removing the CaCO; cores; (b) (PAH/PSS), after W
removing the cores; (c) TiO,-(PAH/PSS), capsules; and (d) TiO»- o T
0

T ¥ ] T ¥ T T T
(PAH/PSS), capsules after being kept for 50 days in the dark. £ 4w ?r?me 1(2()) 1B En 18

As already been demonstrated above, the incorporated NIF®@ Figure 8. Trigger-induced TRITC-Dextran release as a function of irradiation
in the capsule shells enabled them be responsive to UV light gﬁ“&'
ultrasound, which could offer a promising strategy for the Contm”edTRlTC-dextran molecules were not tightly sealed in these capsule
release of the encapsulated substances, especially for MhGiies so partial release induced by diffusion through the porous
applications where the abundant UV light (e.g., sunlight) fyytiayer shells was inevitable. A slow release rate of TRITC-
ultrasonic could be used. To determine the possibility, UV aghyiran was observed for all non-irradiated samples. Notably,
ultrasound stimulated dextran release was studied. The iniHéJ’npared to pure PE capsules, the incorporation of fE@uced the
amount of encapsulated TRITC dextran in PAH/PSS capsule cavifig§ing amount which is more likely due to the reduction of shell
was calculated as 4.47 mg in total with an encapsulaffeciency ermeapility and the increase of shell thickness. As for the UV-
of ~56%. The TRITC-Dextran containing PAH/PSS Capsuﬁi‘radiated samples, the release from pure PE capsules was nearly
suspension was divided into two parts: one was for the release S{ydisical with the non-irradiated samples because they were not
of pure PE capsules and the other was coated with, TiQgnonsive to UV light, showing a released amount about 4.6% after
nanoparticles for their further release study of PE/TéOMPposite 5 o1 of UV irradiation. In contrast, the UV accelerated the
capsules. Then the PE and JiRE capsule suspensions were d”me&extran release from TUPE capsules rapidly, reaching a plateau
into 30 mL, respectively, both of which referred to the workingge, 100 minutes irradiation. It is clearly seen that only 27.3% of
samples. Then 0.5 mL of the working sample was collected after Y\ injtial dextran was released outside even though nearly all

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx



composite capsules were broken when treatment time reached t@iG®, NPs. were synthesised into prefabricated PAH/PSS
minutes (Figure 5h). Such a small percentage was caused by botmtieeocapsules through the in situ hydrolysis of TIBO, which
photobleaching effect due to long-time UV irradiation, and threade the obtained microcapsules become of enhanced
attachment of dextran to the amino-terminated inner surface of thechanical strength and demonstrate UV and ultrasound
microcapsules. Actually such possible attachment could #eEsponsiveness as well as good biocompatibility. The formation
facilitated by both hydrogen bonds and the hydrolyzable coval&it needle-like nanoparticles was through a deposition
cross-linksresulting from aldehydes and primary amines coupfing. mechanism via a heterogeneous nucleation approach rather than
forming agglomeration from a bulk solution. Similar to the
Compared to UV-irradiated samples, the released TRITesult of PE/silica composite capsules, the incorporation of
Dextran amount of both the ultrasound-treated samp!g®, nanoparticles filled gaps inside the polymer multilayers
increased quickly during the duration time. But the capsul@sring the hydrolysis and precipitation process, which might
with TiO, coating displayed a much faster releaat when vyield denser shells with reduced permeabilitfhe formed
compared to the PE capsules (more than 10 fold within the fir$0,/PE capsules showed a free-standing structure with smaller
10 seconds) as a result of their higher sensitivity to ultrasousgle, smoother surface and larger shell thickness. Besides the
Around 26% of the fluorescent dextran was released in just 2 peedle-like TiQ also acted as UV absorbing agent and
SeCOﬂdS, and it increased to 48% in 6 seconds. The re'Qﬂﬁgsound Sensitivity enhancer, y|e|d|ng the Composite
curve became flatted after 10 seconds when reaching a valugag‘smes multifunction. Exposure of the formed JRE
~53%. However, for the pure PE capsules, the encapsulaiggsules to either UV or ultrasound triggering showed an
TRTTC-Dextran was released slowly in the initial 10 secondgeversible shell rapture and efficient cargo release. Such
Only ~1% was detected after 2 seconds, and 6% in 6 secomglgitifunctional capsules are promising for various future
After reaching 11% at t= 10s, the release rate increasedsgecayplications including drug delivery systems, cosmetic products
the PE capsules start ton be broken by the ultrasonic procesgi@ environment engineering.
(Figure 6). Total release amounts of ~60% were observed for
both capsules after 180 seconds of sonication due to the Aitknowledgements
breakage of both capsules (Figure S6, Supporting Information)G. thanks financial support from China Scholarship Council
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