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ABSTRACT: Microencapsulates with deﬁned core shell structures are of
interest for applications, such as controlled release and encapsulation, because
of the feasibility of ﬁne-tuning individual functionalities of diﬀerent parts. Here,
we report a new approach for eﬃcient and scalable production of such particles.
Eudragit RS (a co-polymer of ethyl acrylate, methyl methacrylate, and a low
content of methacrylic acid ester with quaternary ammonium groups) was used
as the main shell component, with silica as the core component, formed upon a
single-step spray-drying assembly. The method is capable of forming uniform
core shell particles from homogeneous precursors without the use of any
organic solvents. Evaporation-induced self-assembly attained the phase separation among diﬀerent components during drying, resulting in the core shell
spatial conﬁguration, while precise control over particle uniformity was
accomplished via a microﬂuidic jet spray dryer. Direct control over shell
thickness can be achieved from the ratio of the core and shell ingredients in the precursors. A ﬂuorescent compound, rhodamine B, is
used as a highly water-soluble model component to investigate the controlled release properties of these microencapsulates, with the
release behaviors shown to be signiﬁcantly dependent upon their architectures.

1. INTRODUCTION
Encapsulation of drugs or other active ingredients into small
particulates has long been recognized as an eﬀective way for their
delivery.1,2 Composite core shell microparticles, usually with
a structural core domain covered by a polymeric shell, have
been widely adapted for encapsulation purposes, because of a
better control of release kinetics of the incorporated active
ingredients.3 5 The core and shell domains could comprise
various materials, with the size and structure adjusted to tailor
the functionalities.6 8 Other examples of the use of core shell
assemblies were included as templates to form hollow particles
(by core removal)9 or to use cheaper core materials as supports
for more valuable shell components.10,11 Various studies have
been carried out to fabricate particulates with core shell structures using approaches such as layer-by-layer absorption,10
emulsion phase evaporation,12 interfacial polymerization,13 or
coaxial electrospray.1,14 The major drawbacks for these methods
are the sophisticated apparatus, often batchwise operating steps,
long reaction time, and use of organic solvents and often rigorous
post-treatments to recover the ﬁnal particles.15,16 Signiﬁcant
proportions of the active therapeutic agents are commonly lost
during the process because of the numerous steps involved.
Spray-drying technology, on the other hand, oﬀers a simple
and scalable means of particle production. However, most spraydried particles generally display a solid dispersion state.17,18 It has
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been postulated previously that some species, such as colloidal
nanoparticles and large polymeric molecules, could precipitate
prior to the other solute molecules to form a shell at the initial
stage of spray drying,19,20 because of their relatively small
diﬀusivity from their large hydrodynamic size.21 This phenomenon can be explained from the Stokes Einstein equation: Ds =
kBT/(6πηRH), where Ds is the diﬀusion coeﬃcient of the solute,
kB is Boltzman’s constant, η is the viscosity of the solvent, T is the
temperature, and RH is the hydrodynamic radius of the solute.22,23
Thus, there could be a relative enrichment of larger molecules on
the surface of the spray-dried particles, which was demonstrated in
our previous work,18,24 although no distinctive internal structures
were formed. To the best of our knowledge, no core shell
structure formation from a homogeneous precursor via spray
drying using a single nozzle (oriﬁce) has ever been reported.
In this study, we used a stable precursor containing hydrolyzed
tetraethyl orthosilicate (referred to as TEOS) and Eudragit RS
30D (referred to as RS) in water (both of them are commonly
used biocompatible pharmaceutical excipients). The hydrodynamic diameters (i.e., particle size in suspension as measured by
dynamic light scattering) of hydrolyzed TEOS and RS were
Received: August 19, 2011
Revised:
September 21, 2011
Published: September 22, 2011
12910

dx.doi.org/10.1021/la203249v | Langmuir 2011, 27, 12910–12915

Langmuir

ARTICLE

Table 1. Composition of the Precursors for Spray Drying
composition number

silica (%, w/v)

Eudragit RS (%, w/v)

particle size (μm)

rhodamine B loading (%)

Si3.0

3.0

55.30 ( 1.94

97.37 ( 3.85

Si2.5RS0.5

2.5

0.5

55.04 ( 2.60

96.19 ( 3.44

Si1.5RS1.5

1.5

1.5

88.80 ( 5.42

94.24 ( 2.81

Si1.0RS2.0

1.0

2.0

98.91 ( 4.91

95.66 ( 3.83

Si0.5RS2.5

0.5

2.5

105.50 ( 5.51

95.45 ( 1.45

3.0

76.10 ( 3.63

98.90 ( 2.39

RS3.0

Figure 1. FESEM images of the spray-dried microparticles of composition Si2.5RS0.5*: (A) particle overall view and (B) cross-section of a typical particle
showing the core shell structure (inset scale bar of 1 μm).

Figure 2. Elemental distribution maps for the cross-section of
Si2.5RS0.5* microparticles (SE, overall distribution of elements carbon,
silicon, and oxygen; C, distribution of element carbon; Si, distribution of
element silicon; and O, distribution of element oxygen).

around 1 and 120 nm, respectively. The distinct hydrodynamic
sizes, in relation to diﬀusivity, were expected to induce the
precipitation of RS faster than hydrolyzed TEOS and should
result in core shell structures upon self-assembly during spray
drying. We also employed rhodamine B as a model drug to
evaluate the release behavior from these particles, particularly in
relation to the shell thickness. It is also worth noting that the size
of the delivery vehicles is an important parameter for their
optimal performance,25,26 while ordinary lab-scale spray dryers
usually produce particles of various characteristics, e.g., size,
morphology, and structure within the same batch.27,28 The
polydispersity of the particles might induce poorly controllable
functionalities, while the lack of reproducibility renders it diﬃcult

Figure 3. SEM images of spray-dried microparticles with rhodamine B:
(A) Si3.0 and (B) RS3.0 (inset scale bar of 10 μm).

to correlate the properties of particles formed to those of the
precursors and other process parameters. Here, to achieve
uniformity of the particles, a specially designed microﬂuidic spray
dryer was employed to produce monodisperse microparticles
with high reproducibility and comparatively high yield of production of such particles (collection eﬃciency >70% with a
typical production rate of several grams per hour).

2. EXPERIMENTAL SECTION
2.1. Materials. Eudragit RS 30D (a co-polymer of ethyl acrylate,
methyl methacrylate, and a low content of methacrylic acid ester with
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Figure 5. Schematic showing the evolution of a droplet containing both
Eudragit RS and hydrolyzed TEOS during the drying process. Phase
segregation of Eudragit RS and hydrolyzed TEOS because of diﬀerent
diﬀusion rates resulted in the silica core Eudragit RS shell conﬁguration
for these composite particles.

Figure 4. SEM images of spray-dried microparticles with rhodamine B:
(A) Si2.5RS0.5, (B) Si1.5RS1.5, (C) Si1.0RS2.0, and (D) Si0.5RS2.5 (inset
scale bar of 10 μm).
quaternary ammonium groups, 30% aqueous dispersion) was kindly
provided by Evonik Degussa Industries (Australia). The average particle
size of the Eudragit RS dispersion was 120.2 ( 1.2 nm measured from
1% (w/v) Eudragit RS dispersion by the dynamic light scattering
method (Malvern Zatasizer, Nano-ZS). TEOS, rhodamine B, and
phosphate-buffered saline (PBS, pH 7.4, consisting of 0.138 M NaCl,
0.0027 M KCl, 0.01 M Na2HPO4 3 2H2O, and 0.001 76 M KH2PO4)
were purchased from Sigma-Aldrich (Australia). Hydrochloric acid,
absolute ethanol, and sodium hydroxide of analytical grade were from
Ajax Finechem (Australia) and Merck (Australia), respectively. Deionized water (Milli-Q) was used for all precursor preparations.
2.2. Precursor Preparation. A total of 22.29 mL of TEOS was
added to 20 mL of 0.1 N HCl solution with continuous stirring at room
temperature. The acidic hydrolysis was performed for 30 min to obtain a
homogeneous transparent sol. The sol was further diluted to 200 mL
using deionized water to achieve a 3.0% (w/v) silica sol (calculated by
the amount of silica dioxide obtained after the spray-drying process).
Meanwhile, a dispersion of 3% (w/v) Eudragit RS was also prepared. For
the precursors used in the preparation of composite particles, 3% silica
sol and 3% Eudragit RS were mixed in certain ratios, followed by the
addition of rhodamine B for 5 min (as indicated in Table 1). The asprepared precursors were then spray-dried without further delay. The

silica sols and diluted Eudragit RS dispersions were freshly prepared with
the same procedures for each experiment.
2.3. Microparticle Fabrication. Monodisperse droplets were
generated from precursor solution by a microfluidic aerosol nozzle
system, with an orifice diameter of 75 μm. Briefly, the precursor
solutions were fed into a standard steel reservoir, and dehumidified
instrument air was used to force the liquid in the reservoir to jet through
the nozzle. The liquid jet was broken into droplets by disturbance from
vibrating piezoceramics. The droplet formation mode was monitored by
a digital SLR camera (Nikon, D90) with a speed light (Nikon SB-400)
and a microlens (AF Micro-Nikkor 60 mm f/2.8D). The liquid flow rate
and applied disturbance frequency were adjusted to best achieve
monodisperse droplet formation.29 These monodisperse droplets obtained were well-dispersed and dried with 146 and 83 °C as the inlet and
outlet temperatures, respectively.
2.4. Particle Characterization. Images of microparticles were
recorded by light microscopy (Motic B1-223A, U.K.). Particle size and
size distribution were analyzed using the software package Motic Images
Plus 2.0 ML and ImageJ. The average particle size (d) was defined as d =
∑ni = 1(di)/N, and the standard deviation of the particle size was described
as SD = ((∑(di d)2)/(N 1))1/2, where di was the diameter of the ith
particle and N was the total number of particles counted. The morphology and structure of microparticles before and after the release test were
characterized by a Stereo Zoom optical microscope (Olympus SZX-16,
Japan) and field-emission scanning electron microscopy (FESEM, JEOL
7001F, Japan).
2.5. Controlled Release Test. In a typical experiment, the
microparticles (25 mg) were weighted into a 100 mL conical flask and
50 mL of PBS release medium (pH 7.4) was transferred into the flask.
The flask was kept in a shaking incubator at 37 °C with constant
agitation (100 rpm). At certain time intervals, 1 mL of the release
medium was withdrawn from the flask and replaced with the same
amount of fresh release medium. Collected samples were transferred
into 1.7 mL microtubes, centrifuged for 5 min at 10 000 rpm (Heal force,
Neofuge 23R), and subjected to assay immediately. The content of
rhodamine B in the sample was determined by a microplate reader
(SpectraMax M2e, Molecular Devices) at the wavelength of maximum
absorbance (555 nm). Each sample was performed in triplicate.
2.6. Encapsulation Efficiency. The total amount of rhodamine B
encapsulated into microparticles was determined by dissolving an
12912
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accurately weighed amount of microparticles in a 10 mL mixture of
ethanol and NaOH solution. After the dissolution of particles, the
solutions were centrifuged for 5 min at 10 000 rpm and the amount of
rhodamine B in the supernatant was determined by the microplate
reader under 555 nm. The loading efficiency of rhodamine B was
calculated by dividing the amount of rhodamine B in the microparticles
by the initial amount added.

3. RESULTS AND DISCUSSION
3.1. Particle Engineering and Structural Properties. The
single-step assembly of uniform microparticles was accomplished

Figure 6. (A) Release proﬁles of rhodamine B from spray-dried
microparticles and (B) inset of the release proﬁle for the ﬁrst 1.2 days.
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via a microfluidic spray-drying technique,30 with the precursor
compositions listed in Table 1. Figure S1 of the Supporting
Information showed the monodisperse droplets generated using
the microfluidic spray-drying method. Microparticles with very
narrow size distribution can be generated, with the control of the
particle size depending upon the relative concentrations of the
components in the precursors and the size of the initial
droplets.24,29 Figure 1A showed the FESEM image of uniform
microparticles spray dried from a precursor containing 2.5 wt %
hydrolyzed TEOS and 0.5 wt % RS only (referred to as
Si2.5RS0.5*).
The application of evaporation-induced self-assembly has
given rise to the formation of various interesting mesoscopically
ordered nanostrucures.31,32 Here, a similar phenomenon was
used to achieve phase separation between RS and hydrolyzed
TEOS to form the core shell structures in a single step, as
conﬁrmed by the FESEM image of the cross-sections of the
particles (Figure 1B). To verify the morphology as well as their
compositions, the particles were subjected to elemental distribution analysis. Figure 2 displayed a representative elemental
distribution map of the cross-section of Si2.5RS0.5* microparticles
exhibiting a distinct core shell morphology. The elemental “C”
originated from RS was mostly present on the outer layer of the
particles, indicating the formation of a mostly polymeric shell,
whereas the elementals “Si” and “O” were mostly concentrated
on the inner particles, implying silica as the main component of
the inner structure. Pure RS or silica microparticles were spraydried for comparison, with silica particles showing a dense,
almost spherical shape (Figure 3A), while the polymeric particles
appeared more deformable (Figure 3B).
We could also control the internal conﬁgurations of the
microparticles, as well as the shell thickness, by varying the ratio
of these materials in the precursors. All particulate systems
showed homogeneous properties in size and shape, while their
morphology was strongly related to the initial precursor compositions, with the composite particles showing evolving morphologies in between those of pure silica and pure polymeric particles
depending upon the ratio of each component in the composites
(Figure 4). The corresponding size distributions for these
microparticles from statistical analysis were shown in Figure S2
of the Supporting Information. Pure RS and pure silica microparticles exhibited uniform spatial conﬁguration, as seen from
their cross-sections (Figure 3). On the other hand, the composite

Figure 7. Optical images of microparticles after the release test: (A) Si3.0, (B) Si2.5RS0.5, (C) Si1.5RS1.5, (D) Si1.0RS2.0, (E) Si0.5RS2.5, and (F) RS3.0.
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Figure 8. FESEM images of microparticles after the release test: (A) Si3.0, (B) Si2.5RS0.5, (C) Si1.5RS1.5, (D) Si1.0RS2.0, (E) Si0.5RS2.5, and (F) RS3.0.

particles demonstrated core shell features (Figure 4), with an
increasing relative shell thickness with a decreasing silica/RS
ratio. These outcomes suggested that the strategy could be used
to directly control the core shell properties from precursor
compositions. Elemental distribution maps of the cross-sections
conﬁrmed the polymeric shell with silica core structures, as also
shown in Figures S3 S7 of the Supporting Information.
A possible mechanism of forming the core shell-structured
microencapsulates is given here. The particle formation process
during drying can be described by solvent evaporation and
diﬀusion of solutes in the droplet because of the heat and mass
transfers. Solvent evaporation causes surface recession of the
droplet. The removal of solvent and the receding droplet surface
lead to a diﬀusion ﬂux of the solutes toward the center of the
droplet.21 Because a single type of the main solvent of deionized
water was used in the system (with a negligible amount of ethanol
generated during the TEOS hydrolysis process), the distribution
mode of the solutes in the dried particles would be mainly
determined by their respective diﬀusion rates during solvent
evaporation. RS existing as colloidal nanoparticles in the initial
droplet was of a much larger average hydrodynamic size than the
hydrolyzed TEOS molecules, consequently precipitating earlier
to form a shell. Although there was a small fraction of silica
precipitating together with the RS in the shell, the majority of
hydrolyzed TEOS was still diﬀusing inward, while all of the RS
have already precipitated, resulting in the formation of a core
completely composed of silica (Figure 5).
3.2. Controlled Release Properties. The loadings of rhodamine B as listed in Table 1 indicated that almost 100% of the
compound was encapsulated into the microencapsulates using
this assembly method. The loading efficiency was significantly
higher than those attainable by wet chemistry-based approaches
that are generally less than 50% encapsulation. The single-step
particle formation process ensured that any added active ingredients could be loaded almost completely into the particles, while
a practical (as well as scalable) yield could be obtained without
any required post-separation/purification steps. The benefits of
this technique are significant, particularly in handling expensive
components, such as active therapeutic agents.
The release characteristics of the microencapsulates in phosphate buﬀer at pH 7.4 were shown in Figure 6A. Pure silica

microparticles (Si3.0) and pure RS microparticles (RS3.0) displayed very distinctive release behaviors. Si3.0 particles showed a
slow release behavior with only 20% of the loaded rhodamine B
released in a 15 day test period, while RS3.0 particles released
almost 100% within the same period. The composite particles
demonstrated signiﬁcantly diﬀerent release kinetics compared to
the single-component particles, with the total release rate increasing with an increasing RS amount (and thus the shell
thickness). The release proﬁles can be generally divided into
two parts: (1) a relatively faster initial release stage (or burst)
because of water uptake and swelling of the RS polymer, leading
to the release of rhodamine B from the shell, followed by (2) a
more sustained release stage because of the dense silica core
texture and longer diﬀusion route from the core.33,34 The twostage release characteristics of the composite particles represented a combination of the release kinetics from pure RS and
pure silica microparticles, i.e., the relatively fast release of RS (the
shell material) and the slow release of silica (the core
component). Hence, when the internal conﬁguration of the
particles was manipulated directly from the composition of the
precursors, the controlled release functionality can be tuned
accordingly.
Interestingly, the initial release proﬁles (Figure 6B) indicated
that pure RS particles (RS3.0) had a slower initial release rate than
some of the core shell particles (Si1.5RS1.5, Si1.0RS2.0, and
Si0.5RS2.5). A possible explanation for this phenomenon was
the slightly more porous texture of the polymeric shell (Figure 4)
compared to particles composed only of RS (Figure 3B), which
could be due to the presence of some silica on the shell for these
composites (as shown from the elemental distribution map on
Figures S4 S7 of the Supporting Information). This type of
structure would facilitate buﬀer penetration through the shell
and, thus, accelerated the initial release rate of rhodamine B
closer to the surface. However, rhodamine B encapsulated within
the mainly silica core of these composites would still be slow to
release, so that the overall percentage of rhodamine B released
after 15 days was lower than that from pure RS particles.
The optical microscope and FESEM images of the microencapsulates after the release test (Figures 7 and 8) displayed
decreasing residual rhodamine B remaining in the particles (as
indicated by the red color) with an increasing RS ratio, consistent
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with the observed release proﬁles. A transparent shell and red
core structure were clearly observed in Figure 7D, conﬁrming the
almost complete release from the shell and the incomplete
release from the core. There was no noticeable diﬀerence in
the particle shape after the release test (Figure S8 of the
Supporting Information). However, FESEM images of the
particle cross-section (Figure 8) indicated the diﬀerent extents
of erosion for the silica core. Because RS was insoluble in aqueous
medium, no signiﬁcant change was observed for RS3.0 particles
after the release test. Pure silica particles only showed minor
surface erosion, while the inner particle was still very dense,
indicating that liquid penetrating through the pure silica matrix
was negligible, with only rhodamine B located on or near the
surface released. However, the composite particles displayed
noticeably eroded features of the core after release tests, possibly
because more buﬀer was able to go through the slightly porous
polymeric shell, eroding the core.

4. CONCLUSION
A novel route for fast, scalable, and continuous assembly of
highly monodispersed core shell microencapsulates was presented here. Because the core shell architecture could be
formed directly by evaporation-induced self-assembly during
the single-step spray-drying process, no prolonged chemical
reactions or organic solvents were needed. The shell thickness
can be easily tuned by adjusting the ratio of the materials in the
precursors. The resultant microencapsulates were shown to
encapsulate almost 100% of the active component (in this case,
a water-soluble compound, rhodamine B), while the release rates
could be directly correlated to the microstructures. This study
provides a new scope for practical synthesis of hybrid nanocomposites and functional heterostructures, including core shell
structures with distinct controlled release properties for each
section.
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