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Composite silica nanoparticle/polyelectrolyte 

microcapsules with reduced permeability and 

enhanced ultrasound sensitivity 

Hui Gao,a Dongsheng Wenb and Gleb B. Sukhorukova  

Many chemical and biomedical systems require delivery and controlled release of small 

molecules, which cannot be achieved by conventional polyelectrolyte-based layer-by-layer 

capsules. This work proposes an innovative hybrid microcapsule by incorporating in situ 

formed silica nanoparticles within or on the shell. The influence of various experimental 

conditions on the stability, mechanical strength and morphology of capsules was investigated, 

and characterised by SEM, TEM, XRD, EDX and FTIR. The multifunctional capabilities of 

formed capsules were examined by encapsulating a small molecule Rhodamine B (Rh-B), 

which could be further released by an ultrasonic trigger. The results show that in situ formed 

SiO2 nanoparticles through hydrolysis greatly reduced the permeability of the shell yet with 

increased mechanical strength and ultrasound response. SiO2 nanoparticles were shown to be 

distributed on the surface or inside polyelectrolyte shell, acting as supports for free-standing 

capsules in both liquid and dry environment. Rapid Rh-B molecules release and the 

fragmentation of the capsule shells were observed under 50W ultrasound irradiation for a few 

seconds. Such innovative capsules with capability of small molecule encapsulation and high 

ultrasound sensitivity could be promising for many applications where pulse release of small 

molecules is required. 

 

Introduction 

Over the past years, there has been increased interest in 
developing ‘smart’ micro-/nano-carriers with stimuli-
responsive behaviour as effective delivery systems for various 
applications in pharmaceutics, biotechnology, agriculture, food 
and cosmetics industries.1-3 One of the simple but most 
successful approaches to synthesize microcapsules and to tailor 
various functions in one entity is the layer-by-layer (LbL) 
assembly technique, as its step-wise deposition of oppositely 
charged polyelectrolytes (PEs) facilitates the functionalization 
of capsule formations.4-6 However, PE-shelled capsules are 
difficult to encapsulate cargos with small molecular weights 
because of the shell’s high permeability.7,8 Increasing shell 
thickness is a possibility to reduce the permeability, but many 
layers are required to have a salient change.9,10 It has been 
shown that sealing small molecule (Mw≤1000) was still a 
challenge even increasing the PE layer number to 18.11 In 
addition, an increased shell thickness would increase the 
difficulty of cargo release. Deposing lipid coatings on the 
capsules is another way to reduce the shell permeability, but 
lipids are unstable under high temperature situations, limiting 
them to only low temperature use.12 Recently, incorporating 
inorganic nanoparticles into the organic shell was proposed as 
an effective method to tune the physical and chemical 
properties of LbL capsules. By utilizing the merits of both 
inorganic (nanoparticles) and organic building blocks (shell), 

such a hybrid approach is promising for making multifunctional 
capsules suitable for harsh environment. Appropriate 
engineered, incorporated nanoparticles could increase shell 
stability and stiffness, reduce shell permeability, and improve 
capsule’s resistance to mechanical and thermal deformation, as 
well as provide new opportunities for yielding multifunctional 
microcapsules.13-16  
    In inorganic/PE capsule systems, silica nanoparticles were 
popularly used as they are water soluble and 
biocompatible.15,17,18 The exceptional mechanical properties of 
silica nanoparticles also make them attractive candidates for 
functional molecular assemblies.19-22 Most efforts of design and 
synthesis of inorganic/organic composite capsules have been 
focused on assembling prefabricated inorganic nanoparticles 
into the soft PE multilayer shell.23-25 This method could 
produce capsules with relative good control over capsule size, 
stability and stimuli responsive property, but has considerable 
challenges in encapsulating and releasing low-molecular-
weight molecules (including drugs) from LbL capsules.26 
Instead of using nanoparticles prepared in advance, direct 
growth of nanoparticles inside or on PEs shells would provide 
possibilities to decrease the shell porosity, because 
nanoparticles would nucleate and grow in pores of polymer 
shells and ‘crosslink’ with PE multilayers, yielding dense 
composite shells with a reduced permeability. Sun et al. 15 
demonstrated the possibility to grow silica directly on PE 
surfaces, which were responsible to laser triggering. To prevent 
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unwanted leakage from loaded capsules, however, many 
deposition cycles of layered PE-silica coating were required in 
this procedure, and the capability of encapsulating small 
molecule (≤ 1000) was not investigated. 
    Apart from the encapsulation process, controlled release of 
cargo substance in the predetermined areas is another challenge 
for any microcapsule delivery system.27 Different stimuli, such 
as pH, temperature, laser and microwave radiation, have been 
investigated to modify the shell permeability and facilitate the 
release.28 Such stimuli, however, have limited use in biological 
and medical systems due to the short penetration depth relating 
to laser and microwave, and the large side effect associated 
with changing pH and temperature.29 In contrast, ultrasound, 
which is already employed as diagnostics and therapeutic 
method for many diseases (i.e., prostate cancer), is promising 
due to its long penetration depth and non-invasive nature.30 
There is, however, very limited investigation on the ultrasonic 
effect on capsule release.29,31 It has shown that the shell 
permeability of capsules embedding with inorganic 
nanoparticles (i.e., Fe3O4 or Au) was very responsive to 
ultrasound and capsule rupture was observed under high 
irradiation power (i.e., 100W) for 1-2 minutes.30,32 However to 
minimize the damage to healthy tissues, it is important to 
develop microcapsules with a strong ultrasound sensitivity 
allowing triggered release, while minimizing the intensity and 
duration of applied ultrasound. 

This work reported an innovative way to fabricate capsules 
with low permeability yet high ultrasound sensitivity. Without 
using pre-fabricated nanoparticles, inorganic/PE capsules were 
made by in situ nucleation and growth of silica nanoparticles 
inside or on the PE shell surfaces based on the hydrolysis of 
tetraethyl orthosilicate (TEOS).15 It is hypothesized that the 
hydrolysis of TEOS would consume water in polymer shells 
and form robust SiO2 during the precipitation process, yielding 
dense shells with a reduced permeability and adjustable 
mechanical characteristics. To determine the feasibility of 
encapsulating small molecule in the resulting silica/PE 
capsules, Rh-B was used as a typical sample and their 
controlled release behaviour corresponding to ultrasonic time 
was studied.  

 

Experimental 

Materials 

Poly(allylamine hydrochloride) (PAH, Mw= 56000, Sigma), 
and poly(4-styrenesulfonate) sodium  salt  (PSS,  Mw = 70 
kDa, Sigma), fluorescein isothiocyanate (FITC, Mw = 389.38), 
rhodamine B (Rh-B, Mw = 479), CaCl2, sodium carbonate  
(Na2CO3), ethylenediaminetetraacetic acid (EDTA), tetraethyl 
orthosilicate (TEOS), NH4OH and  other chemicals were 
purchased from Sigma-Aldrich. All the chemicals were used as 
received without further purification. 

Composite microcapsule preparation 

Polyelectrolyte capsule preparation. Polyelectrolyte 
microcapsules were assembled via the LbL method on 
sacrificial calcium carbonate (CaCO3) templates according to 
Sukhorukov, et al.33 CaCO3 cores were synthesized freshly by 
adding 0.33 M Na2CO3 solution into the same volume of 0.33M 
CaCl2 while vigorously stirring. Next, shells were assembled 
using the as-prepared PAH and PSS solution with a 
concentration of 2 mg·mL−1 in 0.2 M NaCl, depositing 4 
PSS/PAH bilayers in total. After that, hollow capsules were 

obtained by dissolving the core templates in 0.2 M aqueous 
EDTA. Then they were washed 3 times with pure water 
(resistivity 18.2 M Ω· cm) and 3 times with ethanol and finally 
dispersed in ethanol. 

 
Growth of silica. The 2 mL (PSS/PAH)4 capsule suspension in 
ethanol was diluted into 6 mL. Keeping this solution being 
magnetic stirred, a certain amount of NH4OH/H2O (1:5 in 
volume) solution and TEOS/ethanol (1:2 in volume) solution 
were introduced into the capsule suspension. The nucleation 
and growth of the silica nanoparticles were firstly accelerated at 
a relatively high temperature (T = 50-60 oC) for different 
duration time (10-120 minutes). A further growth of silica was 
allowed to ripen the composite shells at a lower temperature (25 
oC) for 20 hours under continuous stirring. Finally the 
suspensions were centrifuged and washed by ethanol and 
distilled water for several times. 

In-situ dye encapsulation and release.  

To examine the feasibility of small molecule encapsulation in 
formed composite capsules and further quantify their released 
behaviour under ultrasound irradiation, fluorescent small 
molecular dye, Rh-B (M w= 479), was chosen as a model cargo 
substance. Generally, 2 mL fabricated PE microcapsules 
(containing ~1.25×108 capsules) were re-dispersed in 2 mL Rh-
B solution (200 µg/mL in ethanol) for 1 hour with stirring. 
Then the mixture was transferred into a 10 mL beaker, and 
diluted by 4 mL Rh-B solution. While this suspension was 
being stirred, 2.5 mL NH4OH/H2O (1:5) solution was added 
firstly, and then 0.1 mL TEOS/ethanol (1:2) solution was 
dropped slowly (5 minutes for every 0.02 mL), which was 
heated at 50 oC for 30 minutes then 25 oC for 20 hours. After 
the growth of silica, capsules were collected and washed 
several times with ethanol and water to remove free fluorescent 
substances. The resulting suspension was diluted into 4 mL. 
Five portions of 200 µL capsule-dye mixtures (containing 
~6.25×106 capsules) were used for triggered release study (i.e, 
one portion was kept in dark and another four were treated with 
ultrasound up to 120 s). After ultrasonication, capsule dye 
mixture was centrifuged, the supernatant was carefully 
collected, and the precipitate was added with equal volume of 
deionized water. Finally, the precipitates were observed by a 
Leica TS confocal scanning system (Leica, Germany) equipped 
with a 63×/1.4 oil immersion objective. The fluorescence 
intensity of each sample (in supernatant) was determined with a 
fluorescence spectrometer (Perkin-Elmer LS 55) and 
normalized with the standard fluorescent                    
solutions with known concentrations. 

Instrument and Measurement 

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 
capsules after gold coating. Samples were observed using an 
accelerating voltage of 10 kV, a spot size of 3.5, and a working 
distance of approximately 10 mm. Further morphology and 
structure of microcapsules as well as the distribution of silica 
particles were examined by transmission electron microscopy 
(TEM). Elemental analysis was performed by energy  
dispersive spectroscopy (EDX) attached to the SEM, and an 
infrared spectroscopy (FTIR spectrometer 100, Perkin-Elmer) 
was used to measure the FTIR spectra of vacuum-dried capsule 
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samples, collecting data at a spectral resolution of 4 cm-1. 
Confocal laser scanning microscopy (CLSM) images were 
captured with a Leica TS confocal scanning system (Leica, 
Germany) equipped with a 63 × /1.4 oil immersion objective. 
 

Results and discussion 

Influence of reaction conditions on composite capsule 

morphology  

According to the Stöber reaction, two steps are involved in 
silica growth process: one is the hydrolysis of TEOS and the 
other is the condensation of SiO2 onto the seed surface.15,34,35 
 

 

                     

Owing to the terminated layer of PAH with amine groups, the 
surfaces of PE capsules are positively charged which are 
favored by silicon source (TEOS).15 Meanwhile, employing 
ammonia provides the formed silica nanoparticles with a 
negative, stabilizing surface charge.35 Therefore, the nucleation 
and growth of silica directly onto (PSS/PAH)4 PE multilayers 
via a heterogeneous process is strategically feasible.15,36 In our 
practical work, the positively charged capsules should become 
negatively charged after silica coating, which was demonstrated 
in this study (Figure S1, Supporting Information). Figure 1 
illustrated a schematic process of silica incorporated into PEs  

microcapsules. After introducing TEOS, NH4OH and H2O into 
the mixture of PE capsules and ethanol, silica would firstly 
nucleate and deposit inside or on the surface of PE multilayers 
under appropriate growth environment; Secondly, as SiO2 
particles grow larger, they interact with each other and finally 
cover the whole shell. 

 

Figure 1 Schematic illustration of (PSS/PAH)4 microcapsule incorporated and 

strengthened by in situ formed silica nanoparticles. (a) silica nucleation and 

deposition; (b) growth and ripeness process. 

In principle, the nucleate and growth rate of inorganic 
nanoparticles were strongly dependent on the environment such 
as reaction temperature, time, pH, surfactants, concentration of 
solutions, etc., so does the formed capsules.18,37-40 To better 
control the capsule morphologies, the influence of some key 
parameters were investigated, as shown in Table 1, and SEM 
images of the resulting capsule were given in Figure 2. 
    By fixing the volume ratio of the ammonia to TEOS solution 
at 25:1, the effects of temperature, solution adding order and 
holding 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 (SB) 0.1 mL TEOS/ethanol, then 2.5 mL NH4OH/H2O 25oC-20 h 

Sample C (SC) 0.1 mL TEOS/ethanol, then 2.5 mL NH4OH/H2O 60 oC-10 min; 25 oC-20h 

Sample D (SD) 2.5 mL NH4OH/H2O, then 0.1 mL TEOS/ethanol  60 oC-10 min; 25 oC-20h 

Sample E (SE) 2.5 mL NH4OH/H2O, then 0.1 mL TEOS/ethanol 60 oC-30 min; 25 oC-20h 

Sample F (SF) 2.5 mL NH4OH/H2O, then 0.1 mL TEOS/ethanol 50 oC-30 min; 25 oC-20h 

Sample G (SG) 2.5 mL NH4OH/H2O, then 0.1 mL TEOS/ethanol 50 oC-120 min; 25 oC-20h 

Sample H (SH) 2.5 mL NH4OH/H2O, then 0.5 mL TEOS/ethanol 60 oC-10 min; 25 oC-20h 

 

   

    

Figure 2 SEM images of composite samples produced by various reaction conditions: (a) sample A; (b) sample B; (c) sample C;  
(d) sample D; (e) sample E; (f) sample F; (g) sample G; (h) sample H. 
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microcapsules were studied. Without heat treatment, 0.1 mL 
TEOS/ethanol solution was firstly introduced into PE capsule 
suspension, and then 2.5 mL ammonia solution was added 
dropwise, keeping stirring the mixture at room temperature 
(25oC) for 20 hours to obtain Sample B (SB). SEM images 
indicated that the composite capsules (SB, Figure 2b) shrunk but 
were not as flat as those without treating with TEOS (SA, 
Figure 2a). A rough surface with many wrinkles and thicker 
folds were observed, but no spherical shape. SC was obtained 
by only changing the reaction temperature to 60 oC for 10 
minutes, and the capsules became more robust and most had 
spherical shape, indicating that the reaction temperature has a 
great influence on the capsule mechanics. Higher temperature 
could increase the mobility of reactive components, which 
therefore facilitates a higher rate of reactivity (hydrolysis, 
nucleation and growth).41 It is believed that high temperature 
accelerated the TEOS hydrolysis rate and promoted the 
condensation of silica (nucleation), resulting in more silica 
nanoparticles formed and embedded in the layers. Meanwhile, 
heat treatment would also affect the morphology of PE capsules 
due to the (PSS/PAH) shell’s sensitivity (shrinkage) to heat.42 
Different to Leporatti et al. 42, who observed that (PSS/PAH)5 
microcapsules collapsed in dry state despite of annealing at 70 
oC for 2 hours,  here we showed that only slight shrinkage of 
SiO2-PE capsules was observed after heating at 60 oC for 10-30 
minutes. 
    Comparing Sc, changing the adding order of silicon source 
and ammonia produced composite capsules (SD) with a smooth 
surface, indicating that silica nanoparticles distributed more 
uniformly on the shell. If ammonia/H2O solution was firstly 
added, Figure 2d, the whole system was like an aqueous phase. 
The subsequently dropped TEOS under fast magnetic stirring 
was dispersed as droplets in the aqueous phase with abundant 
ammonia catalyst and H2O. In this case, TEOS was hydrolyzed 
very fast according to the hydrolysis reaction equations (1) 43,44 
and the partially hydrolysed species were expected to be 
located on the capsule surfaces.40 The synthesis would produce 
the smallest particles due to the initial nucleation of a larger 
number of particles.44 Moreover, the presence of ammonia 
would render the new formed silica particles with a negative 
surface charge so that those silica particles would be attached to 
the positive charged PE capsule shells (Figure S1, Supporting 
Information).15,35 However, on the contrary, if TEOS was added 
first, Figure 2c, much rougher shell surface was observed, 
which may be ascribed to a few reasons: i) TEOS would firstly 
react with the drops of the newly joined ammonia/H2O solution 
and the hydrolysed soluble Si was hardly dispersed uniformly 
initially due to insufficient amount of H2O; ii) The initial 
nucleation number of particles was much less than that of SD; 
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 60 oC to 30 minutes, a more 
robust structure was obtained as more spherical shaped capsules 
with lesser folders were appeared in sample E. Their surface 
became much rougher and a small amount of excessive free 
silica nanoparticles was found in Figure 2e. The size of the 
nanoparticles became larger due to a rapid growth of silica 
under relatively high temperature (60 oC) for a longer period .44 
In order to lower the growth rate of silica particles to avoid this 
problem, sample F (SF) was prepared by reducing the reaction 
temperature to 50 oC but keeping the same duration (i.e., 30 

minutes). Figure 2f shows that all capsules possessed smooth 
surfaces with strengthened free-stranding structure without any 
breakage. Nanoparticles embedded in their shells distributed 
homogeneously, and no excess free nanoparticles existed. 
However, if the duration time at 50 oC was increased to 120 
minutes, the composite capsules were still in smooth spherical 
shape, Figure 2g, but a large number of excessive silica 
nanoparticles were produced, which is consistent with some 
early observation.45 Clearly both temperature and duration time 
played important roles in controlling the quality of silica 
coating.  
    Compared with SD, i.e., only decreasing the volume ratio of 
the ammonia to TEOS solution (5:1), Figure 2h showed that 
large excessive of silica nanoparticles were produced and 
distributed everywhere. This is, because additional TEOS 
accelerated the undesired homogeneous nucleation process that 
produced free silica nanoparticles.36,46 It was difficult to 
separate these extra silica nanoparticles from the composite 
microcapsules. All these results show that the reaction 
conditions should be controlled carefully to fabricate silica/PEs 
composite capsules with good qualities. SF sample was so far 
the most promising sample and was chosen for further studies, 
as below.  

Element analysis 

In order to study whether silica were successfully incorporated, 
EDX and FTIR were used to analyse the composition of as-
prepared hybrid microcapsules. EDX spectrum (Figure 3a) of 
the composite capsules demonstrated that a large number of C, 
O, and Si atoms were contained, proving that the capsule wall 
was built up by the polymer layer and silica. Small amount of 
Na might come from the original solution, which was not 
washed out completely. Other small peaks were attributed to  
 

   

 

Figure 3 (a) EDX and (b) FTIR spectrums of capsules after silica 
incorporating (sample SF). 
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Au coating. Meanwhile, CaCO3 was all removed by EDTA 
because no calcium element was found from the spectrum. The 
FTIR transmittance spectrums of PAH, PSS and composite 
capsules are shown in Figure 3b. The characteristic bands at 
1064, 956 and 798 cm-1 were correspond to the stretching, 
stretching and bending frequencies respectively.47,48 The 
position and the shape of the main Si-O vibrational band at 
1064 cm-1 proved a stoichiometric silicon dioxide structure. 
Small peak at 956 cm-1 belonged to Si-OH stretching and that at 
798 cm-1 attributed to Si-O bending. Moreover peaks in the 
spectral range at 511 cm-1, 1537 cm-1, 1644 cm-1, 1824 cm-1 and 
3646 cm-1 were attributed to vibrations of carbon atoms coming 
from polyelectrolyte part of the composite capsules. Both 
showed clearly that SiO2 nanoparticles were successfully 
incorporated into PE shells. 

Morphology and structure analysis 

To further investigate the influence of silica incorporation on 
capsule morphology and their structure, sample F was 
measured by SEM and transmission electron microscopy 
(TEM), as given in Figure 4 and Figure 5 respectively. Figure 4 
showed that the incorporation of silica nanoparticles in the 
capsule shell led to significant morphology changes in 
comparison with nanoparticle-free capsules. Without silica 
incorporation, all the (PSS/PAH)4 microcapsules were 
collapsed and flat (Figure 4a and 4c), but on the contrary, the 
composite microcapsules were structurally reinforced into 
robust free standing capsules, having three dimensional 
appearance (Figure 4b and 4d). The external surface consisted 
of homogeneously distributed SiO2 nanoparticles embedded in 
the polyelectrolyte shell, as shown in the Figure 4b and Figure 
4d, indicating that the as-made multilayers were sufficiently 

incorporated by the in situ formed SiO2 nanoparticles. This was 
also verified by TEM images. The inset was the SEM image of 
composite capsules broken by an external force, showing a 
rough interior surface of the composite shell, which revealed 
that silica nanoparticles were not only deposited on the exterior 
surface of the polymeric shell but also being embedded within 
it and on their interior surfaces. Analysis of SEM (Figure 4) 
indicated the diameter of dried capsules decreased from ~4.05 
µm to ~3.2 µm by coating with silica, but the shell thickness 
increased a lot, which was further demonstrated by TEM 
results. Apart from the slight shrinkage of PE layers caused by 
heat treatment, it is thought that the in situ formation of SiO2 
particles would cross-link and compress the capsule, resulting 
in a decrease in capsule size yet with an increase in the shell 
thickness. 
     Some previous studies reported a problem of limited 
thickness of the capsule shell even after coating several silica 
layers.15,49 However, as shown in Figure 5, the shell thickness 
increased drastically from a few nanometers to a few hundred 
nanometers (i.e. ~ 300 nm). The above analysis of SEM images 
also qualitatively confirmed this. For samples without silica 
coating, the capsule had relatively smooth surface and in 
collapsed form, as shown in Figure 5a and Figure 5b, while 
small dark dots can be found on the surface of composite 
microcapsules, given in Figure 5c and Figure 5d. Clearly the 
composite shell became more compact and its permeability 
should be effectively lowered down due to i) the decrease in 
capsule size, ii) the increase in shell thickness and iii) a possible 
increase in the shell density. In particular, benefiting from a 
better mechanical property of inorganic materials, the 
incorporation with in situ formed silica nanoparticles would 
lead to a reinforcement of composite shell mechanics. 

 

   

   

Figure 4 SEM images of (PSS/PAH)4 microcapsules before (a, c) and after (b, d) silica coating (sample SF).  
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Figure 5 TEM images of capsules without (a, b) and with (c, d) silica coating (sample SF). 
 

Composite shell reinforcement mechanism and permeability 

study 

During the reaction process, TEOS underwent hydrolysis upon 
contact with water, according to the net reaction of Eq. (1) and 
Eq. (2), i.e., Si(OC2H5)4 +2H2O SiO2 + 4C2H5OH. 
This forms solid SiO2 through a series of condensation 
reactions catalysed by ammonia and also produces a by-
product, ethanol.50-53 In our study, the hydrolysis and nucleation 
process were promoted by incubating the mixture at a relatively 
high temperature (50oC) and a further ripen process was 
allowed at lower temperature (25oC) for a longer time. A 
possible incorporation and reinforcement mechanism of the 
composite structure is illustrated in Figure 1. The pure 
PSS/PAH multilayer shells were uneven and provided many 
numbers of nucleation sites. Based on the nucleation principle, 
new SiO2 particles would preferably form at the points with low 
energy, such as at concave points of the shell surfaces, and the 
pores in polyelectrolyte multilayers.54 Along with the formation 
and growth of silica, the polyelectrolyte shell shrunk due to the 
consumption of water from the multilayer pores as the TEOS 
was hydrolysed. With prolonging the reaction time (age 
process), SiO2 particles would contact and interact with each 
other and finally cover the whole shell, as illustrated by the 
TEM results, Figure 5c and Figure 5d. The continuous 
inorganic nanoparticles would compress the capsule in some 
degree through the shrinkage process, and the flexible 
polyelectrolyte layers were restricted. All these factors would 
result in a decrease in capsule size and an increase in its shell 
thickness. The pores in capsule shells would become less in 
amount and smaller in size, and consequently the capsule shell 
permeability could be drastically reduced, which was further 
confirmed by CLSM results. 

As shown in Figure 6, in sharp contrast to the high 
permeability of capsules without silica coating (Figure 6a), the 
polymer shells were condensed by in situ formed SiO2 
nanoparticles and hence the composite capsules performed an 
effective interception of FITC molecules (Figure 6b). Some 
composite capsules aggregated together due to the interaction 

of silica nanoparticles on their surface. The corresponding line 
scan image demonstrated an average fluorescent signal intensity 
of ∼ 112 units outside the capsules and 0 unit inside the 
capsules. It is worth mentioning that surface state of capsules 
would affect the adsorption and transfer of dye molecule.55,56 
To compare the effect of different surface charges on 
permeability of PE capsule, capsules with PSS as the top layers 
(negatively charged) were also studied and the result revealed 
that they were also permeable for the slightly negatively 
charged FITC molecules (Figure S1 and S2, Supporting 
Information). Hence, the PSS/PAH capsule permeability for 
FITC was weakly depended on their surface charge. In some 
case, surface wettability of capsules could influence their 
permeability significantly,56,57 for example, benefitting by 
hydrophobic property of the capsule shells after UV 
irradiationYi et al.57 successfully sealed Rh-B in 
(Nafion/DAR)4 capsules. Here, as silica nanoparticles are water 
soluble 15 and our composite capsules were well dispersed in 
water, the effect of surface wettability could be neglected. 
Furthermore, the permeability of PE capsules for various 
molecules decreased to some degree after heat incubation.42 In 
order to eliminate the heating effect on the shell permeability 
for FITC molecules, the pure (PSS/PAH)4 capsules were held at 
50 oC for 30 minutes before incubating in the FITC solution. 
Figure 6a demonstrated that PSS/PAH capsules were still 
permeable for FITC, which is consistent with the early 
observation that PE capsule was not sufficient to encapsulate 
small fluorescein molecules by heat treatment only.58 
Moreover, with a detailed look at the intact composite shells in 
Figure 6b, bright green rings were not found, which implied 
that FITC molecules were prevented to go into the shells. These 
results again confirmed that the permeability of microcapsules 
was reduced significantly after silica incorporation, consistent 
with SEM and TEM results and the hypothesis of capsules 
sealing by in situ formed nanoparticles. 

Ultrasound responsive properties 
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Remote activation of microcapsules was conducted using an 
ultrasonic setup operating at a frequency of 20 kHz and power 
output 50 W. The suspension of microcapsules was submitted 
to ultrasound sonication for different duration times (2, 4, and 6 
s). A high ultrasonic sensitivity of the composite microcapsules 
was evidenced. Figure 7 shows the resulting SEM images of 
capsules with different shell composition stimulated for 
different ultrasound duration time. It is clearly seen that pure 
(PSS/PAH)4 capsules were slightly deformed after sonication, 
whereas the silica–composite capsules were broken into small 
fragments. Such an observation is consistent with several other 
reports, which showed that the ultrasound sensitivity of the 
PSS/PAH capsules could be remarkably increased if 

nanoparticles were embedded in the polyelectrolyte 
network.23,32 Most of composite capsules were broken after 
only 2s’ sonication. From the broken fragments, it shows 
clearly that the shell thickness of the fragments decreased with 
increasing sonication time, because more silica nanoparticles 
were separated from the composite shells. For 6s’ 
ultrasonication, the fragments became much smaller with a 
large portion of small dots appearing. One reasonable 
explanation for the increased sensitivity is that the 
incorporation of SiO2 nanoparticles increased the density 
gradient across the water/shell interface and consequently 
improved the absorption of acoustic energy.29 Another possible 
explanation is the modification of the shell’s

 

   
Figure 6 CLMS images of microcapsules without and with silica incorporation dispersed in FITC solution. (a) pure (PSS/PAH)4 after held at 50 oC for 30 

minutes, (b) SiO2/(PSS/PAH)4 composite capsules. The line scan insets showed relative fluorescent intensity in the corresponding capsules. 

     

    
Figure 7 SEM images of pure capsules (top) and composite capsules (bottom) response to ultrasound with respect to the sonication time. 

     

Figure 8 CLSM images of Rh-B containing composite microcapsules after ultrasound treatment with different time: (a) 0s; (b) 2s; (c) 4s; (d) 6s.  The free Rh-
B was removed by washing for several times before the measurement. Line scan inset showed relative fluorescent intensity in the corresponding capsules.  
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mechanical properties. It was known that the concentration of 
nanoparticles in the capsule shell could affect the capsule 
stability.30 As the concentration reached to a critical point, the 
nanoparticle interaction effect increased, exceeding the effect of 
the polyelectrolyte matrix, and played a major role in the shell 
mechanics.13 In addition, embedding inorganic nanoparticles in 
the microcapsule shell could increase the shell stiffness 
significantly.14,59 Clearly the presence of rigid nanoparticles 
within soft polymeric shells reduced the shell elasticity, which 
made them prone to break during ultrasonic treatment with 
different fracture patterns. 

Mass encapsulation and release triggered by ultrasound 

With a reduced permeability and strong ultrasound sensitivity, 
silica/polyelectrolyte composite capsules should be promising 
for small molecule encapsulation and controlled release by 
ultrasound. Rh-B was chosen as a cargo material instead of 
FITC due to its longer life time. It is expected that the 
formation and growth of silica nanoparticle within polymer 
multilayers and on their internal and outside surfaces provided 
adequate capability to seal the shells and therefore to entrap Rh-
B. Before the ultrasound treatment, a strong fluorescent signal 
(i.e., over 150 units in intensity) was detected, Figure 8a. 
Further ultrasound treatment caused a rapid release of capsule 
ingredients (Figure 8b-d). After 6s of ultrasound irradiation, 
only very small debris with limited fluorescent signal can be 
observed (Figure 8d). 
 

 

Figure 9 Mass of released Rh-B from composite capsules. (a) ultrasonic 
triggered release; (b) without any treatment. 

 
 Quantitative measurement of the dye release characteristics 
(i.e., a combined effect of diffusion and ultrasound effect) was 
shown in Figure 9a. It was estimated that the total mass of the 
encapsulated Rh-B was 5.0 µg inside ~6.25×106 capsules in this 
work (i.e., ~ 0.8 pg per capsule). As shown in Figure 9a, the 
released Rh-B increased rapidly following the ultrasound 
triggering. ~30% of the fluorescent dyes was released in just 2s, 
and it increased to 66% in 6 s. The release curve became flatted 
after that, reaching a value of ~80% after 120s. In contrast, 
without ultrasound triggering, the encapsulated Rh-B released 
very slowly (Figure 9b), only ~0.26% of the encapsulated dyes 
was detected after 120s. If prolonging the time to 1 hour, the 
value reached to 7.6% and two days later, 43% of the dyes were 
diffused outside the capsules (Figure S3, Supporting 
Information). Obviously, ultrasonic stimulation is an effective 
and efficient way to release the encapsulated compounds in 
silica/PE capsules. It should be noted here that not all the 

encapsulated dyes were released (as detected). Besides the 
possible photobleaching effect, some fluorescent dyes were 
adsorbed on composite capsule shells, as shown in CLSM 
images (Figure 8b-d). 
 For ultrasound with high power of 50 W, a few seconds is 
enough to break the silica/PE capsules and let the cargo be 
released. On the contrary, a relative long duration time is 
needed to damage the composite shells if the ultrasound power 
is low, for example, ultrasound for medical use (1 MHz, 1-
5W).30 Destruction behaviours of the composite capsules 
induced by low power ultrasound in a more gentle way will be 
further studied. It is believed that the proposed idea in this 
work, i.e., novel composite capsules with the capability of 
small molecule encapsulation and their rapid release triggered 
by ultrasound, could be extended to many medical applications, 
which warrants its future investigations.   

Conclusions 

In summary, we proposed and confirmed a new nanoparticle-
reinforced composite microcapsule system that has low 
permeability, high mechanical strength and strong ultrasound 
sensitivity. Silica nanoparticles were successfully introduced 
into prefabricated LbL PE microcapsules by in situ hydrolysis 
of TEOS. The hydrolysis consumed water in polymer shells and 
formed robust SiO2 during the precipitation process, yielding 
dense shells with a reduced permeability. The morphology and 
mechanical properties of composite capsules were found to be 
tuneable by adjusting several parameters such as temperature, 
holding time, adding order and the amount of TEOS. SiO2 
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 capsules was 
reduced significantly. As an example study, the composite 
capsules were successfully used to encapsulate a small 
molecule cargo, Rh-B. Further exposure of these capsules to 
ultrasound treatment showed an irreversible shell rapture and 
rapid cargo release in a few seconds. Such innovative 
multifunctional capsules are promising for many future 
applications including controlled drug delivery and release. 
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