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ABSTRACT: A major challenge for a drug-delivery system is to engineer stable drug carriers with excellent biocompatibility,
monodisperse size, and controllable release profiles. In this study, we used a microfluidic technique to encapsulate thermally
hydrocarbonized porous silicon (THCPSi) microparticles within solid lipid microparticles (SLMs) to overcome the drawbacks
accompanied by THCPSi microparticles. Formulation and process factors, such as lipid matrixes, organic solvents, emulsifiers,
and methods to evaporate the organic solvents, were all evaluated and optimized to prepare monodisperse stable SLMs. FTIR
analysis together with confocal images showed the clear deposition of THCPSi microparticles inside the monodisperse SLM
matrix. The formation of monodisperse THCPSi−solid lipid microcomposites (THCPSi−SLMCs) not only altered the surface
hydrophobicity and morphology of THCPSi microparticles but also remarkably enhanced their cytocompatibility with intestinal
(Caco-2 and HT-29) cancer cells. Regardless of the solubility of the loaded therapeutics (aqueous insoluble, fenofibrate and
furosemide; aqueous soluble, methotrexate and ranitidine) and the pH values of the release media (1.2, 5.0, and 7.4), the time for
the release of 50% of the payloads from THCPSi−SLMC was at least 1.3 times longer than that from the THCPSi microparticles.
The sustained release of both water-soluble and -insoluble drugs together with a reduced burst-release effect from monodisperse
THCPSi−SLMC was achieved, indicating the successful encapsulation of THCPSi microparticles into the SLM matrix. The
fabricated THCPSi−SLMCs exhibited monodisperse spherical morphology, enhanced cytocompatibility, and prolonged both
water-soluble and -insoluble drug release, which makes it an attractive controllable drug-delivery platform.
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1. INTRODUCTION

Over the past decades, researchers have paid tremendous
attention to the development of micro- and nanomaterials-
based drug-delivery systems (DDSs).1−5 The main purpose of
using a DDS is to deliver the therapeutics in a spatiotemporal
controlled manner: at the desired sites, with the required rate,
and for a suitable time period. This control overcomes the
adverse physicochemical and biopharmaceutical properties of the
drugs and ultimately improves their bioavailability, therapeutic
efficacy, and safety.3−5 However, conventional DDSs often suffer
from premature drug release, which results in a sharp increase of

drug concentrations to potentially toxic levels. Therefore, the
development of advanced DDSs with outstanding biocompati-
bility, biodegradability, and stability as well as high drug-loading
capacity is of tremendous benefit to provide effective and
sustained therapy with minimal side effects.3,4

Porous silicon (PSi)-based materials have emerged as versatile
carriers for drug delivery5−11 and imaging applications12−14
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because of their attractive properties. These materials have a
marked stability as well as biocompatibility. In addition, they
have a high-drug-loading capacity because of the large pore
volume and surface area available in their pores.7,14−19 More
importantly, PSi degrades to nontoxic silicic acid in vivo, and the
degradation rate can be controlled by adjusting the porosity of
the material and its surface chemistry.19−21 Benefiting from these
advantages, a wide variety of therapeutic and imaging agents have
been successfully loaded into PSi particles by an immersion
method.7 However, owing to the freely accessible pores of PSi,
constituents in the body fluid can displace the drugs that are
initially loaded within these pores, resulting in premature drug
release.22−24

To overcome this issue, PSi particles can be encapsulated
within a matrix that seals their pores, sustaining the release of the
payloads for a much longer time. Recently, we have
demonstrated the encapsulation of PSi particles within solid
lipid matrices using a solid-in-oil-in-water (S/O/W) emulsion
solvent-evaporation method,25 which retarded the release of the
payloads from the PSi nanoparticles. However, this method
requires high weight ratios of solid lipid carriers to PSi particles
(>200:1) to guarantee the efficient encapsulation of the PSi
particles within the solid lipid carrier.25 Furthermore, centrifu-
gation is needed to sort the components and ultimately to isolate
the encapsulated PSi particles,25,26 which frequently results in
caking of the particles. Additionally, the polydispersity and batch-
to-batch variation in both the size and morphology of the solid
lipid carriers often lead to undesirable variation in the release
profiles of the payloads, which ultimately affects the
pharmacokinetics of the drugs.27,28 Moreover, large particles, as
those on the upper end of the particle size distribution, promote
the formation of aggregates and lead to stability problems.29

These drawbacks limit the applicability of this drug-delivery
system.
Microfluidic technology provides a low-cost and easy-to-use

platform for the fabrication of monodisperse droplets. By
carefully tuning the flow of several immiscible fluids,
monodisperse single-emulsion drops, emulsions containing a
single or several inner droplets, topological emulsion drops,
Janus particles, microcapsules, microparticles, and even nano-
sized carriers are prepared with an exquisite degree of
control.30−35 Because of the wide range of constituent fluids
that can be used, droplets of various chemical compositions can
be easily prepared. This flexibility in material choice together
with the diversity of emulsion order greatly broadens the range of
carriers that can be prepared,28 making microfluidic technologies
ideal for the fabrication of advanced DDSs.
In this work, we reported an advanced DDS fabricated by

microfluidic technology, which overcame the major drawbacks of
DDSs prepared by conventional approaches. Our DDS consisted
of mesoporous silicon microparticles (thermally hydrocarbon-
ized porous silicon; THCPSi) encapsulated within a solid lipid
matrix (SLM). The resultant microcomposites (THCPSi−
SLMCs) were highly monodisperse and had a well-controlled
composition and surface chemistry; this significantly enhanced
their cytocompatibility in intestinal cancer cells. Furthermore,
these microcomposites reduced the undesired burst-release
effect, allowing for the sustained release of payloads. We
conducted our tests using four model drugs: methotrexate,
ranitidine, fenofibrate, and furosemide. These drugs represent a
wide range of different physicochemical properties, for instance,
different solubilities and lipophilicities. Altogether, our results
demonstrated the potential of these microcomposites to

encapsulate efficiently and to release controllably either
hydrophilic or hydrophobic drugs.

2. EXPERIMENTAL PROCEDURES
2.1. Fabrication and Characterization of THCPSi Micro-

particles. The preparation and characterization of THCPSi micro-
particles has been described in detail elsewhere.13,14,36−38 Briefly, the PSi
films were fabricated by electrochemically anodizing monocrystalline,
boron-doped, p+-type Si⟨100⟩wafers of 0.01 to 0.02Ω cm resistivity in a
1:1 (v/v) hydrofluoric acid (HF) (38%)/ethanol solution using a
current density of 50 mA/cm2. The film was detached from the Si wafer
by abruptly increasing the etching current to the electropolishing region.
After the anodization, the free-standing PSi films were ball-milled and
dry-sieved on a test sieve with 25 μm openings. The milling and sieving
cycles were repeated several times to achieve the desired particle size.
The sieved particles were treated with HF/ethanol solution to remove
the oxides formed during the milling and dried at 65 °C for 2 h. The
hydrogen-terminated microparticles were initially placed under N2 flow
for 30 min before being exposed to acetylene for 15 min at room
temperature and at 500 °C under constant flow of N2 and acetylene
(1:1) to obtain thermally hydrocarbonized PSi (THCPSi) micro-
particles.

The properties of THCPSi microparticles were characterized with N2
sorption at 77 K using a TriStar 3000 gas sorption apparatus
(Micromeritics Inc., Norcross, USA). The specific surface area and
pore volume was calculated from the isotherm using the Brunauer−
Emmett−Teller theory (BET).39 The average pore diameter was
estimated using the obtained values of specific surface area and the total
volume at a relative pressure of p/p0 = 0.97 by assuming the pores to be
cylindrical. The calculated values for the THCPSi microparticles
provided a specific surface area of 224 ± 3 m2/g, a pore volume of
0.75 ± 0.01 cm3/g, and an average pore diameter of 13.4 ± 0.1 nm. The
particle size distribution of the THCPSi microparticles after sieving was
determined using a Sympatec Helos laser diffractometer equipped with a
cuvette wet disperser system (Sympatec GmbH, Clausthal-Zellerfeld,
Germany). For themeasurement, themicroparticles were dispersed into
ethanol and stirred at 400 rpm. Themean particle size was determined as
ca. 16 μm.

2.2. Fabrication of a Glass-Capillary Microfluidic Flow-
Focusing Device. The microfluidic flow-focusing device was made
by assembling borosilicate glass capillaries on a glass slide.40 One end of
the cylindrical capillary (World Precision Instruments, Inc.) with inner
and outer diameters of around 580 and 1000 μm, respectively, was
tapered using a micropipet puller (P-97, Sutter Instrument Co., USA) to
a diameter of 20 μm; this diameter was further enlarged to
approximately 80 μm using a microforge (P-97, Sutter Instrument
Co., USA). This cylindrical tapered capillary was inserted into the left
end of the square capillary with inner dimension of around 1000 μm
(Vitrocom, USA) and coaxially aligned. A transparent epoxy resin (5
min Epoxi, Devcon) was used to seal the capillaries where required. Two
immiscible liquids were injected separately into the microfluidic device
through polyethylene tubes attached to syringes at constant flow rates.
The flow rate of the different liquids was controlled by pumps (PHD
2000, Harvard Apparatus, USA).

2.3. Preparation of Solid Lipid Microparticles and THCPSi−
SLMCs. The solid lipid microparticles (SLM) were prepared by the
microfluidic flow-focusing device, as illustrated in Figure 1. In general,
the lipid matrix was dissolved in the organic solvents and served as the
inner oil fluid. It contained stearic acid (20 mg/mL, w/v) and egg
phosphatidylcholine (egg-PC; 40 mg/mL, w/v), which was dissolved in
ethyl acetate. Meanwhile, the solution containing amphiphilic
Poloxamer 188 (P-188; 1%, w/v), which could efficiently stabilize the
O/W interface, was selected as the outer continuous fluid. The inner and
outer fluids were separately pumped into the microfluidic flow-focusing
devices for preparing the monodispersed O/W emulsions. The inner oil
fluid flowed at a typical rate of 2000 μL/h and was focused by the outer
continuous fluid, which flowed at a typical rate of 40 000 μL/h (Figure
1). The fabrication was performed at room temperature. For the
preparation of THCPSi−SLMCs and drug-loaded THCPSi−SLMCs,
bare THCPSi microparticles or drug-loaded THCPSi microparticles
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were dispersed into the organic inner fluid (10 mg/mL) under
continuous stirring; the preparation procedure was exactly the same as
for bare SLMs. All of the collected microparticles or microcomposites
were solidified on ice for further characterization.
2.4. Characterization of THCPSi−SLMCs. For the confocal

imaging, THCPSi microparticles were first labeled with Rhodamine
123 (Sigma-Aldrich, USA) and then added into the oil fluid to obtain
Rhodamine 123-labeled THCPSi−SLMCs. Rhodamine 123-labeled
THCPSi microparticles were prepared on the basis of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide (EDC/
NHS, Thermo Fisher Scientific, USA) conjugation chemistry. First,
undecylenic acid-functionalized thermally hydrocarbonized porous
silicon (UnTHCPSi)41 microparticles were activated by addition of
excess EDC and NHS for 2 h. Next, the excess amount of Rhodamine
123 ethanol (100 μg/mL) solution was mixed with the activated
UnTHCPSi and incubated for 12 h at 25 °C. After centrifugation and
washing with ethanol for three times to remove the free Rhodamine 123,
Rhodamine 123-labeled THCPSi microparticles were obtained. After
organic solvent evaporation, both Rhodamine 123-labeled THCPSi
microparticles and THCPSi−SLMCs were separately added onto glass
slides and protected by Vectashield mounting medium (Vector
Laboratories, USA). Finally, a Leica SP2 inverted confocal microscope
(Leica Microsystems, Germany) equipped with argon (488 nm) and
DPSS (561 nm) lasers was used to observe the microcomposites. The
chemical composition and interaction of the SLM and the PSi
microparticles was characterized with a Fourier transformed infrared
spectroscopy (FTIR) instrument (Vertex 70, Bruker, USA) using a
horizontal attenuated total reflectance (ATR) accessory (MIRacle,
PIKE Technologies, USA). The FTIR spectra were recorded at room
temperature between 4000−650 cm−1 with a resolution of 4 cm−1 using
OPUS 5.5 software. The zeta-potential distributions were measured by a
ZetaSizer Nano-ZS (Malvern Ltd., UK) in water at 25 °C with a folded
capillary cell (Malvern Ltd., UK).
2.5. Cell Viability Assay. For the cell viability measurements,

mucus-secreting intestinal HT-29 (5.0 × 105 cells/mL) and Caco-2 (2.5
× 105 cells/mL) cells were selected. A suspension of cells in Dulbecco’s
modified Eagle medium (DMEM) was seeded into 96-well plates (100
μL/well, PerkinElmer Inc., USA) and allowed to attach overnight. After
removing the medium and washing the wells twice with fresh 1×Hanks
balanced salt solution (HBSS, pH 7.4), the THCPSi microparticle and
THCPSi−SLMC suspensions at concentrations of 2000, 1000, 500, 250,
and 10 μg/mL were added into the wells (100 μL/well). Positive and
negative controls of 1× HBSS (pH 7.4) and Triton X-100, respectively,
were used. After 3 and 24 h incubation, the wells were washed once with
1× HBSS (pH 7.4), and the number of viable cells was assayed with
CellTiter-Glo (Promega Corporation, USA) according to the
manufacturer’s instructions. The luminescence was measured on a
Varioskan Flash fluorometer (Thermo Fisher Scientific, USA). All of the
experiments were performed at least in triplicate.
2.6. Drug Loading and Loading Degree Determination.

Different drugs were loaded into THCPSi microparticles using an
immersion method.25,36,42 For all of the four drugs tested, a drug
concentration of 30 mg/mL at a ratio of 3:1 (drug/THCPSi particles)
and a loading time of 2 h were used. Methotrexate was dissolved in
phosphate buffer (pH 8.0), ranitidine was dissolved in ethanol solution
(50:50, v/v), and furosemide and fenofibrate were both dissolved in
acetone. After loading, all suspensions were ultracentrifuged at 10 000
rpm (5415D, Eppendorf, Germany) for 3 min to remove the excess of
free drugs. For the determination of the loading degree of the THCPSi−
SLMCs, the drug-loaded THCPSi microparticles were first dispersed
into the inner oil fluid under stirring to form the THCPSi−SLMCs with
the microfluidic flow-focusing device. Then, the drug-loaded THCPSi
microparticles or THCPSi−SLMCs were immersed into a mixture of
water and acetone (50:50, v/v) for 24 h, and the amount of drug was
determined by the corresponding HPLC method (see Table S1).
2.7. In Vitro Release Tests. For the drug-release tests, the

microfluidic system ran for 3 min (representing 100 μL of ethyl acetate
solution and 1000 μg of THCPSi microparticles). The collected
emulsions were immediately put into a 60 °C water bath to remove the
organic solvents followed by the drug-release test. The in vitro drug-

release profiles of the four model drugs from drug powders, THCPSi
microparticles, and THCPSi−SLMCs were all made in a dialysis bag.
First, ca. 100 μg of drug powder, drug-loaded THCPSi microparticles
(ca. 1000 μg), and drug-loaded THCPSi−SLMCs (containing ca. 1000
μg of drug-loaded THCPSi microparticles) was added into the dialysis
diffusion bags (Spectra/Por, MWCO 1 MDa, Spectrum Laboratories
Inc., USA). The drug-release profiles were determined by immersing the
dialysis diffusion bag in 25 mL of buffer solutions at different pH values
(1.2, 5.0, and 7.4) using a shaking method at 100 rpm and 37 ± 1 °C.
Owing to the low solubility of fenofibrate at all of the tested pH values
and furosemide at pH 1.2, Tween 80 (1%, w/v) was added into the
corresponding release medium during the release test. For each test,
samples of 200 μL were withdrawn at different time points, and the same
volume of preheated medium was added back to replace the withdrawn
volume. After sampling, the concentration of drugs was quantified by
HPLC, as described in Table S1.

2.8. Statistical Analyses. Results from several tests are expressed as
the mean ± SD for at least three independent experiments. A one-way
analysis of variance (ANOVA) followed by the Student’s t-test was
employed to analyze the data. The analysis was carried out using SPSS20
(IBM Corp., USA), and the level of significance was set at a probability
of *p < 0.05, **p < 0.01, and ***p < 0.001.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Characterization of the Micro-

composites. We used oil-in-water (O/W) single-emulsion
drops, fabricated by a glass-capillary microfluidic device, as
templates for the microcomposites. The device was composed of
a square capillary and a cylindrical tapered capillary, as illustrated
schematically in Figure 1. The outer diameter of the cylindrical

tapered capillary fit the inner dimensions of the square capillary,
facilitating the alignment of their axes. The inner fluid was
injected into the left extreme of the square capillary, whereas the
outer fluid was injected through the interstices between the right
end of the square capillary and the cylindrical capillary in the
opposite direction. This flow-focusing geometry forced the inner
fluid to break up, forming single O/W emulsion drops at the

Figure 1. Schematic illustration of the procedure used to prepare
monodisperse SLMs and THCPSi−SLMs (not to scale). The inner fluid
consisted of a mixture of lipids (stearic acid, 20 mg/mL; egg
phosphatidylcholine, 40 mg/mL) in ethyl acetate that ultimately
formed the SLMs. For the preparation of THCPSi−SLMCs, the
THCPSi microparticles (10 mg/mL) were dispersed in this inner fluid.
The outer continuous fluid was an aqueous solution containing
amphiphilic Poloxamer 188 (P-188; 1%, w/v), which could efficiently
stabilize the O/W interface. The inner fluid flowed at a typical rate of
2000 μL/h and was focused by the outer continuous fluid, which flowed
at a typical rate of 40 000 μL/h. The fabrication was performed at room
temperature.
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orifice of the cylindrical capillary. We optimized the composition
of the templates to provide the resultant microcomposites with
maximum stability and biocompatibility. We also investigated
different methods to remove the organic solvent efficiently while
maintaining the stability of the templates. Details on the
formulation optimization and the processes tested to remove
the organic solvent are given in the Supporting Information
(Figures S1, S2, and S3).
Fluorescently labeled PSi microparticles (Rhodamine 123-

labeled PSi microparticles) with irregular shapes, as shown in the
top panel of Figure 2a, were used to study the encapsulation

ability of the SLMs. The average particle size of PSi micro-
particles in an ethanol dispersion measured by a laser
diffractometer was around 16 μm; however, when we dispersed
them in aqueous medium (top panel of Figure 2a), their size
looked larger. This phenomenon could be ascribed to the poor
dispersibility of PSi microparticles in aqueous medium and their
tendency to aggregate as a result of their hydrophobic surface.25

These Rhodamine 123-labeled PSi microparticles were efficiently
encapsulated within the formed SLMs, as shown in the bottom
panel of Figure 2a. The obtained spherical-shaped micro-
composites had a typical diameter of about 24.9 μm with a
variation coefficient of approximately 15.4%; these micro-
composites were around 17.8% smaller than the droplets used
as templates as a result of the solvent-evaporation process.
Importantly, the microcomposites showed outstanding disper-
sibility; the SLMs reduced the surface hydrophobicity of the bare
PSi particles. Diffuse reflectance is a very effective technique in
the analysis of powders or whenever the roughness of the analyte
surface is not negligible for the incident radiation wavelength.

The THCPSi−SLMCs were further characterized by the FTIR,
for which a horizontal ATR accessory was adopted to detect the
transmission features on the surfaces of the powder (Figure 2b).
The FTIR spectrum of the microcomposites was very similar to
that of the bare SLMs, and no peak from PSi particles could be
detected, which could probably be ascribed to the encapsulation
of PSi particles, meaning that the PSi particles were located inside
the lipid matrix and thus their signals could not be detected.

3.1.2. In Vitro Viability Experiments. Owing to their
micrometric size, these vehicles were envisaged to be applied for
oral drug delivery and thus we evaluated their cytocompatibility
with gastrointestinal tract (GIT)-related cancer cell lines (Caco-
2 and HT-29) by an ATP-based luminescence assay.43 For the
Caco-2 cells, we observed a decrease in the cell viability from
approximately 90 to 50% as the dose of PSi microparticles
increased from 100 to 2000 μg/mL after 4 h incubation, as shown
in Figure 3a. When the incubation time was extended to 24 h, a
similar, but more pronounced, result was obtained, as shown in
Figure 3b. By contrast, HT-29 cells only showed a weak particle-
dose-dependent viability toward the bare PSi microparticles after
4 and 24 h incubation, as shown in Figure 3c,d. After
encapsulation of the PSi microparticles within the SLM, the
viability of the two cell lines was enhanced significantly. The
viability of cells improved further for the higher doses of particles
tested (2000 and 1000 μg/mL), particularly for the Caco-2 cells.
In the case of Caco-2 cells incubated with particles for 24 h, after
encapsulation within SLMs the viability of Caco-2 cells increased
from approximately 90 to 100% for the particle concentration of
100 μg/mL, whereas the cell viability increased from
approximately 35 to 80% for the particle concentration of 2000
μg/mL.
The cytotoxicity induced by microparticles was a result of their

interactions with the membranes of the cells and was mainly
determined by the nature of the surface of the particles.25,44−47

Because of the similar zeta potential that we measured for both
the bare PSi microparticles (ca. −35 mV) and the micro-
composites (ca. −43 mV), the difference in cell viability that we
found cannot be attributed to their surface charge properties.
The lower cell viability introduced by the bare PSi microparticles
may be due to their stronger hydrophobic interactions with cell
membranes,25,36,43 mainly caused by the inherent hydrophobic
nature of THCPSi microparticles and their irregular shapes. In
contrast, importantly, the presence of SLMs made the micro-
composite more cytocompatible. This is likely due to the higher
hydrophilicity and spherical morphology of the microcomposites
as compared to the bare irregular-shaped hydrophobic THCPSi
microparticles, which probably resulted in a decrease in the
interactions between the cells and the microcomposites.48 The
formed large PSi aggregates in aqueous medium, because of their
hydrophobic surface,43 can also contribute to the reduced cell
viability observed for the bare PSi particles.

3.1.3. Drug Loading and Release Tests. To evaluate the
loading capacity of the microcomposites and their potential to
retard the release of payloads, we selected four model drugs with
different solubilities in aqueous medium: fenofibrate and
furosemide, which are poorly aqueous-soluble, and methotrexate
and ranitidine, which are more soluble, as detailed in Table S2 of
the Supporting Information. The surface properties of the PSi
particles, the chemical structures of the drugs, and the loading
media all play critical roles in the loading process.49 To achieve
the highest possible loading of drugs, fenofibrate and furosemide
were loaded using acetone as a loading solution, methotrexate
was loaded using phosphate buffer (pH 8.0), and ranitidine was

Figure 2. (a) Bright-field and confocal fluorescence images of
Rhodamine 123-labeled (green) THCPSi microparticles and
THCPSi−SLMCs. (b) ATR−FTIR spectra of the THCPSi micro-
particles, SLMs, and THCPSi−SLMCs.
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loaded using a solution that consisted of a mixture of ethanol and
water (50:50, v/v).
The degrees of loading for the four model drugs into the PSi

microparticles and into the final microcomposites are listed in
Figure 4. For the bare PSi microparticles, the drug-loading
degrees varied from about 9% for ranitidine to approximately
25% for furosemide. These differences can be partially ascribed to
the different chemical structures and the different solubility
characteristics of the two drugs. The ability of the different
loading solutions to wet the surface and pores of the PSi
microparticles might also have contributed to the variation in the
degree of drug loaded.
For the microcomposites, we measured drug-loading degrees

that were smaller than those measured for the bare PSi
microparticles. This can be attributed to the inevitable partial
prerelease of the drugs after exposing the drug-loaded PSi
microparticles to the organic solvent during the microfluidic
templation of the microcomposites. This decrease was more
significant for fenofibrate and furosemide, for which approx-
imately half was prereleased during the templation. In stark
contrast, for methotrexate and ranitidine only minute amounts
were prereleased during the encapsulation process. These
differences were due to the different solubility of the drugs in

Figure 3. Cell viability of Caco-2 (a, b) and HT-29 (c, d) cancer cells after 4 (a, c) and 24 h (b, d) incubation with different concentrations (μg/mL) of
the THCPSi microparticles and THCPSi−SLMCs (calculated on the basis of the amount of PSi particles) assessed by a luminescence-based assay. All
experiments were conducted at 37 °C. Errors bars represent the mean± SD (n = 4). The level of significance was set at probabilities of *p < 0.05, **p <
0.01, and ***p < 0.001.

Figure 4. Drug-loading degree (%) for the THCPSi microparticles
obtained by the immersion method and THCPSi−SLMCs after
microfluidics fabrication (calculated on the basis of the amount of PSi
particles). The level of significance was set at probabilities of *p < 0.05,
**p < 0.01, and ***p < 0.001.
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the organic inner fluid, ethyl acetate, which was relatively high for
fenofibrate and furosemide but moderately low for methotrexate
and ranitidine. These results indicate that a poor solubility of the
drug in the solvent used as inner fluid in the microfluidic setup is
critical to achieve a relatively high degree of drug loading into the
PSi microparticles encapsulated within the SLMs. Despite the
smaller drug-loading capacity of the microcomposites as
compared to that of the bare PSi microparticles, the variation
among the different drugs tested was smaller than for the bare PSi
microparticles. In addition, the resultant microcomposites
allowed the incorporation of rather aqueous-soluble drugs in
their structure; these types of drugs are difficult to be loaded into
traditional colloids, such as polymeric particles, oil-in-water
emulsions, or micelles, because of the inherent hydrophobicity of
these matrices.50−52

In general, the solubility of the drug in the medium where it
must be delivered plays an important role, mainly in determining
the time scale of the release process. Aqueous-soluble drugs are
typically released faster and with a more significant burst-release
effect than poorly aqueous-soluble ones.49 To test the potential
of our microfluidic-templated microcomposites to sustain the

release of the payloads and to reduce the initial burst-release
effect, particularly for the aqueous-soluble drugs, we measured
the release profiles for the four model drugs with different
aqueous solubilities loaded within the bare PSi microparticles or
in the resultant microcomposites, as shown in Figure 5. We used
buffer solutions with pH values of 1.2, 5.0, and 7.4 to simulate the
different physiological conditions of the GIT. Among the four
model drugs, only fenofibrate and furosemide showed noticeable
pH-dependent release profiles. The dissolution of pure
fenofibrate and the release rate of fenofibrate from the PSi
microparticles or THCPSi−SLMCs were increased gradually
with pH, as shown in Figure 5a−c. The release rate of furosemide
showed similar trends to those of fenofibrate except for the sharp
enhancement that was measured as the pH value was increased
from 1.2 to 5.0, as shown in Figure 5d,f. The pH-dependent
release profiles for fenofibrate and furosemide from the PSi
microparticles and THCPSi−SLMCs could be partly ascribed to
the lower solubility of the payloads at lower pH conditions.
Furthermore, the significantly different properties of the
phospholipid under acidic pH conditions (<3), such as the
increased phase-transition temperature, gel-phase characteristics,

Figure 5. Release profiles of the payloads from THCPSi microparticles and THCPSi−SLMCs. Fenofibrate (a−c), furosemide (d−f), methotrexate (g−
i), and ranitidine (j−l) were loaded into the particles, and the release profiles were measured at pH 1.2 (a, d, g, and j), 5.0 (b, e, h, and k), and 7.4 (c, f, i,
and l). The dissolution profiles of pure drugs are also shown for comparison. All experiments were conducted at 37 °C. Error bars represent the mean±
SD (n = 3).
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and slight alteration of the phospholipid surface charge, could
also contribute to the more pronounced slow release rate of the
payloads from THCPSi−SLMCs under acidic pH condi-
tions.53,54 For methotrexate and ranitidine, the impact of the
pH on the release profiles was less pronounced than for
fenofibrate and furosemide, as shown in Figure 5g−l. For
methotrexate, the release rate was only slightly slower at pH 5.0,
whereas the release rate of ranitidine was independent of pH for
the pH values tested.
Regardless of the pH of the media and the solubility of the four

model drugs, the release rate of payloads from the micro-
composites was always slower than that from the bare PSi
microparticles. For example, in the case of fenofibrate at pH 1.2,
the time for the release of 50% fenofibrate from the THCPSi
microparticles was about 2.5 h, whereas for the microcomposite
it was approximately 7.5 h. This is summarized in Figure 6. More

importantly, these microcomposites efficiently reduced the initial
burst-release effect of the drugs observed in the case of the bare
PSi microparticles, which was more pronounced for the aqueous-
soluble drugs. For example, approximately 20% of ranitidine was
released from the bare PSi microparticles within the first 5 min,
whereas only approximately 5% was released from the
corresponding microcomposites, independently of the pH
value tested.
Therefore, better control over the release of the drugs was

achieved with the microcomposites than with the bare THCPSi
microparticles. The encapsulation of the bare PSi microparticles
within the SLM significantly reduced not only the in vitro release
rate of the payloads as compared to that of the bare PSi
microparticles but also the initial burst-release effect, which was
more pronounced for aqueous-soluble drugs. These properties
make the microcomposites excellent candidates for controlled
release of drugs, particularly for prolonged drug release with a
reduced initial burst-release effect.

4. CONCLUSIONS
Herein, we report a novel approach for the continuous
production of monodisperse microcomposites that have
potential applications for the sustained release of both
hydrophilic and hydrophobic drugs. The microcomposite
consisted of drug-loaded PSi microparticles that were efficiently
embedded within a SLM. The introduction of the SLM not only
rendered the surface of the PSi microparticles less hydrophobic
but also yielded microcomposites with uniform morphology and
lower cytotoxicity. Moreover, these microcomposites greatly
reduced the initial burst-release effect observed when the same
drugs were released from the bare PSi microparticles. Overall,
this is the first proof of principle that microfluidic approaches can
be used to fabricate advanced DDSs based on monodisperse
THCPSi−SLMCs for the sustained release of both hydrophobic
and hydrophilic drugs, providing a promising platform for
controlled drug-delivery applications.
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