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ABSTRACT: Herein, we report the production of monodisperse
hollow microparticles from three different polymers, namely, pH-
responsive acetylated dextran and hypromellose acetate succinate
and biodegradable poly(lactic-co-glycolic acid), at varying polymer
concentrations using a poly(dimethylsiloxane)-based microfluidic
device. Hollow microparticles formed during solvent diffusion into
the continuous phase when the polymer close to the interface
solidified, forming the shell. In the inner part of the particle, phase
separation induced solvent droplet formation, which dissolved the
shell, forming a hole and a hollow-core particle. Computational
simulations showed that, despite the presence of convective
recirculation around the droplet, the mass-transfer rate of the
solvent dissolution from the droplet to the surrounding phase was
dominated by diffusion. To illustrate the potential use of hollow
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microparticles, we simultaneously encapsulated two anticancer drugs and investigated their loading and release profiles. In
addition, by utilizing different polymer shells and polymer concentrations, the release profiles of the model drugs could be
tailored according to specific demands and applications. The high encapsulation efficiency, controlled drug release, unique hollow
microparticle structure, small particle size (<7 pm), and flexibility of the polymer choice could make these microparticles

advanced platforms for pulmonary drug delivery.
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1. INTRODUCTION

As a result of great advances in materials science, physics,
biology, and nanotechnology, diverse types of drug-delivery
systems are available today.'”> Drug-loaded micro- and
nanoparticles are among the most promising systems for
targeted and controlled drug delivery and noninvasive drug
administration. The vast majority of the techniques being used
for the preparation of drug-loaded microparticles are based on
conventional technologies, for example, homogenization,4
mechanical stirring, and sonication.” However, these conven-
tional methods do not provide control of the physicochemical
properties of the generated microparticles. In particular, the
high polydispersities of the obtained particles [coefficient of
variation (CV) of ~10—30%]°~® impose several limitations on
the wide application of these conventional methods. The broad
size distributions of the particles lead to poor control over the
kinetics of drug release and contribute to uncontrolled
variations in the rate of particle degradation. In contrast,
monodisperse drug-loaded particles offer significantly better
control over the drug release kinetics and minimize the
undesired “burst-release” phenomenon that is commonly
observed with polydisperse particles. The droplet-based

-4 ACS Publications  © 2015 American Chemical Society

microfluidic approach enables the production of monodisperse
microparticles with precisely controlled particle sizes and, thus,
circumvents current limitations on particulate drug-delivery
systerns.9

Because of its large epithelial surface area (80—140 m?), high
organ vascularization, extremely thin (0.1—2-ym) blood—air
barrier, and immense capacity for solute exchange, lung tissue is
an ideal noninvasive administration route for the absorption of
significant amounts of drugs.'® Pulmonary drug delivery is a
highly desirable option as it allows local and systematic
targeting, lower administered dosages, and reduced side effects
of drugs."" However, conventional carriers usually exhibit
uncontrolled drug delivery and premature drug release, which
can result in a sharp increase in drug concentrations to
potentially toxic levels. To prevent such undesirable toxicity,
the release of the cargo should be performed in a controllable
manner. For this reason, several groups have used biodegrad-
able and environmentally sensitive polymers for the production
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of drugloaded particles."*™"* Unfortunately, despite their
biocompatible properties, the large sizes of such particles
(30—130 pm) impose limitations for pulmonary drug-delivery
applications. In particular, porous or hollow particles are
preferred because they are more easily transported by air and,
on account of their lower densities, can penetrate lung
capillaries more efficiently than solid particles.'"'® The most
common methods for producing porous or hollow particles are
layer-by-layer fabrication'” and stirring followed by solvent
evaporation.18 These methods, however, consist of several
preparation steps and suffer from poor uniformity of the
resulting particles.

Significant advances have been made in the preparation of
micro- and nanoparticles with microcapillary devices.'>'*'*~>*
These devices can generate hollow particles by encapsulating
gas as the inner phase and can be used to prepare
monodisperse porous and hollow particles using the solvent
evaporation method.** However, microcapillary devices allow
the production of only relatively large (typically S0—300-ym)
microparticles.”” For pulmonary applications, aerodynamic
particles in the size range of 1—5 pm are desirable, although
they can have an actual size of 1-20 ym deIpendin% on the
particle shape, weight, and porosity.'"**73% Poly-
(dimethylsiloxane)- (PDMS-) based microfluidic devices fill
this gap and allow the production of particles from 0.1 to 100
pm in size,>"*> making it a suitable platform for producing
particles intended for pulmonary drug delivery. PDMS-based
microfluidic devices have been continuously used for the
production of hydrogel microparticles, the encagsulation of
cells, and the delivery of water-soluble drugs.*>~>> Because of
their transparency to light with wavelengths greater than 230
nm, PDMS-based microdevices have been used to produce
particles with different sizes and shapes by UV-curing polymers
in the microchannels.® It has also been demonstrated that
PDMS microfluidics can be used to produce microparticles by
solvent extraction and evaporation methods.*>

When droplets are produced inside a microfluidic device,
diffusion and convection are the two major mechanisms
responsible for the mass-transfer rate. Diffusion is determined
by the diffusion coeflicient, whereas convection depends on
many factors that are device-dependent. Specifically, for
microfluidic devices that operate in the two-phase flow regime
with a moving meniscus, there are two possible scenarios: ()
the presence of capillary-driven flow in which the meniscus
wets the wall and (b) the presence of droplets that are dragged
by the main phase flow. In the former case, convection is
caused by the inertia of the meniscus, which depends on the
slip velocity at the triple point®®*” and the shape of the
microchannel, whereas in the latter case, convection is caused
only by the inertia of the meniscus, which depends on the
droplet size and the shape of the microchannel.”®

In this work, we present a simple and robust approach to
generate monodisperse hollow microparticles using a PDMS-
based microfluidic device. Microparticles were produced using
the pH-sensitive polymers acetylated dextran (Ac-Dex) and
hypromellose acetate succinate (HPMC-AS) and the biode-
gradable polymer poly(lactic-co-glycolic acid) (PLGA). We
found experimentally that the formation of hollow micro-
particles is independent of the polymer used. We also
performed numerical simulations of the experimental setup to
better assess the role of diffusion and convection in the mass-
transfer rate around the droplet during incubation on-chip. We
propose a model according to which solvent diffusion from the

droplet induces shell solidification and inner phase separation.
Two anticancer model drugs, sorafenib (SEN) and celecoxib
(CEL), were encapsulated, and their simultaneous release was
monitored over time in buffers with different pH values,
showing the potential use of hollow microparticles for
pulmonary drug-delivery applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(dimethylsiloxane) (PDMS, Sylgard 184
silicone elastomer kit) together with curing agent were purchased
from Dow Corning (Midland, MI). Poly(allylamine hydrochloride)
(PAH, ~58 kDa), poly(sodium 4-styrenesulfonate) (PSS, ~70 kDa),
poly(vinyl alcohol) (PVA, 130 kDa, 87% hydrolyzed, ester number
130—150), Tween 80 (79 kDa), dimethyl carbonate (DMC, >99%),
ethyl acetate (>99.8%), poly(lactic-co-glycolic acid) (PLGA, 50:50,
30—60 kDa), and celecoxib (CEL, ~381 Da) were purchased from
Sigma-Aldrich (St. Louis, MO). Pluronic F127 (9.8—14.6 kDa) was a
gift from BASF (Ludwigshafen am Rhein, Germany). Polymer
hypromellose acetate succinate (HPMCAS-HF, ~286 Da) was a gift
from HARKE Pharma (Miilheim an der Ruhr, Germany). Acetalated
dextran (Ac-Dex, ~40 kDa) was synthesized as described elsewhere.”
Sorafenib (SFN, >99%, ~464 Da) was purchased from LC
Laboratories (Woburn, MA). All water used was Millipore MQ-
water with a resistivity of 18.2 MQ cm.

2.2. Fabrication of the PDMS Microfluidic Device. A schematic
illustration and optical micrograph of droplet production in the
PDMS-based flow-focusing microfluidic device are shown in panels a
and b, respectively, of Figure 1. The PDMS microfluidic device was

(1)

(a)

Figure 1. (a) Schematic and (b) optical microscope image of the
structure of the microfluidic device used for the production of oil-in-
water emulsions. The device consists of two inlets for the (1)
dispersed phase (solvent) and (2) continuous phase (water) and a (3)
droplet collection outlet. Droplet generation takes place at the junction
where the channels for the dispersed and continuous phases meet.
Droplets then move downstream along the flow to the collection
outlet.

fabricated using soft lithography, as described in detail elsewhere.*
Briefly, photolithography was used to create a high-aspect-ratio relief
feature of the appropriate design in photoresist (SU-8) on a silicon
wafer. The feature was then replicated in PDMS by curing the
prepolymer against this master. The PDMS replica was subsequently
placed on a glass substrate, creating sealed channels. Inlets and outlets
were fabricated by punching holes in the PDMS. To produce
hydrophilic surfaces in the microfluidic device, the channels were
treated using a layer-by-layer method with PAH and PSS.*® First, the
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PDMS device was treated with oxygen plasma for S min and bound to
the glass slide. Immediately thereafter, the channels of the microfluidic
device were filled with PAH (0.5%, w/w) in 0.5 M NaCl solution for §
min. Next, the channels were washed with 0.1 M NaCl solution. The
second layer was generated by filling the channels with PSS (0.5%, w/
w) in 0.5 M NaCl. Following a S-min treatment with PSS, the channels
were washed with deionized water. The procedure was repeated twice
to improve the hydrophilic layer in the channels.

2.3. Preparation of the Microparticles. For the production of
monodisperse oil-in-water droplets and microparticles, a flow-focusing
PDMS microfluidic device with 20-um-deep and 30-ym-wide channels
(Figure 1b) and flow rates of 20 and 80 yuL/h for the oil and water
phases, respectively, were used. The oil and water phases merged into
one channel, where droplets were generated. The droplets then
traveled to the outlet, were collected through polytetrafluoroethylene
(PTFE) tubing in a tube prefilled with a buffer solution, and were left
overnight for solvent diffusion to occur. Longer incubations produced
a higher uniformity of particles.

As an oil phase, the solvent DMC was chosen. DMC is a green and
environmentally benign chemical because of its multiple reactivity and
wide potential usage in chemical industry. Additionally, it has low
toxicity and fast biodegradation kinetics*' compared to other
commonly used organic solvents for particle production, such as
dichloromethane.***> Moreover, it has a moderate solubility in water
(up to 13.9%, v/v), low enough for droplet formation and high enough
for the solvent to be diffused from the droplets and facilitate the
formation of microparticles through polymer precipitation. Most
importantly, DMC does not induce PDMS swelling, making it possible
to stably generate droplets for long periods of time (>8 h). PVA (2%,
w/v) in water was used as the continuous phase.

We used Ac-Dex, HPMCAS-HF, and PLGA polymers, dissolved in
DMC, to produce monodisperse droplets in the PDMS microdevice.
The polymer solubility in the solvent had no visible effect on the
particle morphology. However, an increase in the dispersed-phase
viscosity, which varied depending on the type of polymer, had a
pronounced effect on the droplet generation process. We found the
concentration ranges of 1—10 mg/mL for HPMCAS-HF and 1—-100
mg/mL for Ac-Dex to be suitable for the production of highly
monodisperse droplets. Ac-Dex was chosen because of its pH-
responsiveness, high solubility in DMC, and small increase in viscosity
with increasing its concentration. This allowed for the production of
Ac-Dex particles over a wider range of concentrations (1-100 mg/
mL) than for the other polymers used in this work. Also, Ac-Dex is
nontoxic to lung epithelial cells, thus making it a good material for
pulmonary drug delivery.'?

To control the release of the cargo from the formed microparticles
under different pH conditions, we used Ac-Dex, which degrades and
releases drugs under acidic conditions (pH < 6),”° and also HPMCAS-
HF, which dissolves under basic conditions (pH > 7.4)."*"* Thus,
when these microparticles were produced, the droplets were collected
at pH values that ensured the stability of the particles: pH > 7.4 for Ac-
Dex and pH < 5 for HPMCAS-HF.

For the production of hollow microparticles with encapsulated
drugs, we used 10, 50, and 100 mg/mL Ac-Dex or 10 mg/mL
HPMCAS-HF polymer together with 0.5 mg/mL CEL and SEN. The
polymer and drugs were dissolved in DMC. After droplet formation,
the DMC diffused out of the droplets, but the drug molecules, which
are insoluble in water, were trapped in the polymer matrix.

2.4. Numerical Study of the Particle Formation Process.
Under no-flow conditions, the mass transfer between a droplet and the
surrounding fluid is driven only by diffusion, and the mass-transfer
efficiency increases with decreasing droplet size, as the efficiency is
proportional to the ratio between the surface area and volume of the
droplet. Instead, under flow conditions (as in this study), convection
starts to play an important role in mass-transfer efficiency. The inertial
forces increase with the size of the droplet (in motion). Consequently,
this increases the effect of convection on mass transfer. To examine
the competition between diffusion and convection in the mass transfer
of the solvent (DMC) from a moving droplet, we developed a
computational fluid dynamics (CFD) model that predicts the mass-

transfer rates in two-phase flow (solvent droplets in water) in a
microchannel.

For the physical model, it is assumed that both phases (water and
solvent) are binary mixtures. At t = 0, the solvent (DMC) forms a drop
with a diameter of Dy, which starts to move driven by the flow of water
in a two-dimensional microchannel. Water is pumped from the
microchannel inlet at a given volume flow rate of Q = 20 yuL/h. The
width (W) of the channel is 30 ym, and the height (H) is 20 ym. The
length scale considered in the numerical solution is L = 10W. The
diffusion coefficient (k) of the solvent (DMC) is set equal to 3.5 X
107" m?/s. The density and viscosity of water at 25 °C are 1 g/ cm?®
and 0.9 mPa s, respectively, and the density and viscosity of oil DMC
at 25 °C are 1 g/cm® and 0.5 mPa s, respectively.

To describe the physical model mathematically, we used the mass-
transfer equation (eq 1), which includes diffusion and convection of
dilute species in both phases

oc -

3 V-(kVc)i-Ve (1)
To predict the unknown convective forces described in this equation,
eq 1 was coupled with the following momentum equations for
incompressible flow

o N - T -
— +u-uV|=-Vp+ V-u|Vi + (Vu + F

Vii=0 (3)

In these equations, p is the density of the fluid, 7 is the velocity vector,
p is the pressure, y is the viscosity, k is the coefficient of diffusivity of
the solvent, and c is the concentration of the solvent.

Yue et al.* examined the implications of diffusion on mass
conservation when using a phase-field model for simulating two-phase
flows. They observed that, even though the phase-field variable ¢ is
conserved globally, a drop shrinks spontaneously as ¢ shifts from its
expected value in the bulk phase. These changes were found to be
proportional to the interfacial thickness, and they suggested guidelines
for minimizing the loss of mass.

In the present study, to capture and track the interface between the
two phases, we used the level set method (LSM), which is a phase-field
model. In the LSM, a smoothed indicator function ¢ is transported
and reinitialized according to the equation

op _ Vo
(5 + u~Vrp) = yV-[thp - (1 - qa)w] @

where y and € are initialization parameters and ¢ has values between 0
and 1. At the interface, ¢ is equal to 0.5.

Finally, for the numerical solution of the system of partial
differential equation (eqs 1—4), the commercial finite-element code
Comsol Multiphysics 5.0 was used with the following boundary
conditions: (a) normal inflow velocity and constant concentration
equal to zero at the inlets, (b) constant pressure and zero diffusion flux
of the reactant at the outlet, and (c) nonslip conditions at the walls.
After mesh- and time-step-independence analyses had been performed,
a nonuniform triangular mesh with a maximum size equal to 0.1 ym
and a maximum time step equal to 2 us was used for all simulations.
Following the guidelines proposed by Yue et al.,** we found that, for a
thickness equivalent to 5 yzm, mass was still conserved in the numerical
solution. Therefore, the transition of the physical properties between
the two phases is given by the following equations

p=p +p,—p)e (s)
=+ (= p)e (6)
k=k+ (k, — k)o (7)

2.5. Characterization of the Microparticles. The morphology,
surface topography, and internal structure of the prepared micro-
particles were evaluated by scanning electron microscopy (SEM). For
the studies of internal structure, the microparticles were first
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Figure 2. Droplet size as a function of flow rate. The transitions between the dripping and jetting regimes is marked by vertical dashed lines. (a) The
flow rate of the continuous phase was set at 80 yL/h, and the flow rate of the dispersed phase was varied from S to 50 uL/h. (b) The flow rate of the
dispersed phase was set at 15 uL/h, and the flow rate of the continuous phase was varied from 20 to 180 uL/h.

Figure 3. SEM micrographs of Ac-Dex particles prepared with the same microfluidic device and flow rates of 80 and 20 xL/h for the continuous and
dispersed phases, respectively, but using different polymer concentrations of (a) 1, (b) 10, (c) S0, and (d) 100 mg/mL. The particles are
monodisperse, with a smooth surface and a hole. The holes are visible on only some of the particles, as the particles are randomly arranged on the

SEM holders.

suspended in Shandon M-1 embedding matrix (Thermo Scientific,
Waltham, MA). Next, a drop of suspension was frozen on aluminum
foil in dry ice, and the frozen drop was mounted on a cryostat sample
holder. Samples were sectioned with a thickness of 20 ym using a
Leica CM 3050 S cryostat (Leica Instruments, Wetzlar, Germany).
Both the intact microparticles and the sectioned ones were fastened to
a holder using double-sided carbon adhesive tape mounted on an SEM
support and platinum coated in a high-vacuum evaporator (Q150TS,
Quorum Technologies, East Sussex, U.K.). The images were recorded
using a Quanta 250 FEG SEM instrument (FEI Company, Hillsboro,
OR). The particle size was measured from the SEM images of
prepared microparticles from the same batch. In total, the diameters of
more than 150 particles were measured.

14825

2.6. Drug Loading and Release. To determine the amounts of
the drugs, SEN and CEL, in the encapsulated microparticles, high-
performance liquid chromatography (HPLC, Agilent Technologies,
Palo Alto, CA) was used with a Discovery C;g column (S ym, 150 X
4.6 mm, Supelco Analytical, Bellefonte, PA). The two drugs were
determined simultaneously with a mobile phase composed of water
(1% KH,PO,, pH 5.0) and acetonitrile (ratio of 45:5S, v/v). The flow
rate of the mobile phase was 2 mL/min. The wavelengths used for the
detection of CEL and SEN were 254 and 265 nm, respectively.

The produced microparticles with the two drugs encapsulated were
separated from the supernatant and washed three times with a Tween
80 solution (2%, w/v). The washed microparticles were dissolved in
methanol to release all of the drugs to calculate the drug encapsulation
efficiency and the drug loading degree. For drug release, the washed
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Figure 4. Ac-Dex particle size and uniformity. (a) Microparticle size distribution and (b) mean size with CV as a function of the Ac-Dex polymer
concentration. All microparticles were prepared using the same microfluidic device and flow rates of 80 and 20 uL/h for the continuous and
dispersed phases, respectively, but with different Ac-Dex concentrations. Error bars represent the mean + standard deviation (n > 150).

Figure 5. SEM micrographs of Ac-Dex hollow microparticles. (a) Broken particle (3-um size), revealing the hollow cavity and thickness of the shell.
(b) Cryosectioning of a 7-um particle, with boundaries marked by a dashed line. The microparticles were prepared using the same microfluidic
device and flow rates but different polymer concentrations of (a) 10 and (b) 100 mg/mL.

particles were placed in S mL of the required pH buffer solution with
2% Tween 80. The drug release studies were conducted at 37 °C with
constant stirring at 150 rpm. For the HPLC measurements, samples of
200 uL were taken, centrifuged, and analyzed by HPLC. The volume
of removed medium was compensated by adding 200 uL of fresh
buffer solution. Samples were taken at S, 15, 30, 60, and 120 min for
each of the pH values tested (2.5, 5.0, and 7.4).

3. RESULTS AND DISCUSSION

3.1. Production of Microparticles. Dripping and jetting
are two common regimes employed to generate droplets.* For
the production of monodisperse droplets and, subsequently,
microparticles, the dripping regime is desirable because jetting
tends to produce polydisperse droplets and provides limited
control over droplet size.™ In this work, we operated the
PDMS microfluidic device in the dripping regime, as
determined experimentally using different flow rate parameters
(Figure 2). The acetylated dextran (Ac-Dex) solution (10 mg/
mL) in dimethyl carbonate (DMC) served as the dispersed
phase, and poly(vinyl alcohol) (PVA) solution (2%, w/w) was
used as the continuous phase. First, the flow rate of the
continuous phase was fixed at 80 yL/h, and the dispersed-phase
flow rate was adjusted by varying it from S to 60 uL/h (Figure
2a). As shown in Figure 2a, the system became unstable when

14826

the solvent flow rate was below 10 xL/h and induced jetting
(inset images) at flow rates above 30 uL/h. Subsequently, the
flow rate of the dispersed phase was fixed at 15 pL/h, and the
flow rate of the continuous phase was adjusted. We noticed that
the dripping regime changed to the jetting regime when the
continuous-phase flow rate was higher than 120 yL/h or lower
than 20 uL/h (Figure 2b and inset images). To maintain a
stable dripping regime for long periods of time (>1 h), we
chose flow rates far from the threshold values between the two
regimes: 20 and 80 uL/h for the dispersed and continuous
phases, respectively. Under these flow conditions, the size of
the droplets was 20 ym.

Although the initial droplet size was constant and defined by
the flow rates of the dispersed and continuous phases, the final
microparticle size was significantly affected by the amount of
dissolved polymer in the dispersed phase (DMC), as illustrated
in the scanning electron microscopy (SEM) images (Figure 3).
The size of the particles increased from 2.7 to 6.8 ym when the
concentration of the polymer Ac-Dex was increased from 1 to
100 mg/mL (Figure 4). The solidified particles were highly
uniform with a coefficient of variation (CV) as low as 2.3%
when higher concentrations of polymer were used (Figure 4b).
The monodispersity of the microparticles slightly decreased
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(a)
. =

Figure 6. Formation of hollow microparticles induced by solvent diffusion. (a) Solvent diffusion into the continuous phase, (b) polymer
accumulation at the solvent—water interface, (c) polymer solidification and phase separation, (d) solvent release and hollow particle formation, (e)

solvent droplet and polymer scaffold separation, (f) particle with a dimple.

Figure 7. SEM images of microparticles. Microparticles produced using 10 mg/mL concentrations of the polymers (a) Ac-Dex, (b) HPMCAS-HF,
and (c) PLGA. The Ac-Dex- and PLGA-based particles contained dimple(s) on the surface, whereas HPMCAS-HF formed hollow particles as

witnessed by the appearance of a hole.

(CV = 6%) at lower polymer concentrations, which can be
ascribed to the deformation of the microparticles because of
their thinner shells.

The increase in the microparticle size was insignificant (~3-
fold) compared with the 100-fold increase in the Ac-Dex
concentration. This observation can be explained by the hollow
structure of the particle (Figures 3 and S). At low Ac-Dex
concentrations, the hollow core occupies most of the volume
and has a thin shell, whereas particles produced at high Ac-Dex
concentrations have smaller cavities and thicker shells. SEM
analysis of the cryosectioned particles prepared with 10 and 100
mg/mL Ac-Dex (Figure Sab) confirmed that the particles
remained hollow and their shell thickness increased with
increasing initial concentration of polymer.

3.2. Hollow Microparticle Formation Mechanism. The
formation of hollow microparticles involves different mecha-
nisms and methods. The most common layer-by-layer
fabrication technique'” is based on the deposition of different
layers of polymer on a template microparticle, which has to be
removed at the end of process by chemical etching. Another
common method is based on the encapsulation of gas in the
inner phase of double emulsion,” where the outer phase
consists of a polymer solution that solidifies and forms a solid
shell. In this work, the hollow microparticle formation process
followed a different mechanism that, based on our results, can
be subdivided into the following steps: (a) droplet formation,
(b) solvent diffusion into the continuous phase and droplet
shrinkage, (c) semisolid or solid shell formation at the water—
solvent interface and phase separation, and (d) entrapped
solvent release. It is worth noting that, in our system, only
droplet generation occurs inside the microfluidic device. Yet,

immediately after droplet production, the moderate DMC
solubility in water (13.9%) drives solvent diffusion out of the
droplet into the continuous phase. Initially, the polymer
concentration in the droplet is uniform, and solvent diffusion
through the liquid—liquid interface is fast (Figure 6a). The
aforementioned solvent diffusion inevitably leads to droplet
shrinkage and an increase in polymer viscosity. This process
results in a semisolid or solid layer at the droplet interface,
where the polymer concentration is the highest (Figure 6b).
The solvent diffusion through the dense polymer region starts
to decrease exponentially,'® triggering a further increase in the
polymer matrix at the interface’” and slow phase separation
within the inner part of the particle (Figure 6¢).*® The polymer
continues to accumulate, making the shell thicker. At this stage,
the solvent droplet becomes effectively surrounded by a
semisolid polymer shell. During prolonged incubations, the
interplay between gravity'® and interfacial tension forces®
causes the inner solvent droplet to drift into one side of a
particle. This process eventually culminates in the breakup of
the outer shell and the release of the inner solvent through the
hole (Figure 6d; see also Figures 3 and S). However, when the
polymer concentration is low, phase separation can occur
before the polymer forms a solid shell (Figure 6e), which leads
to premature solvent release, as witnessed by the appearance of
a dimple on the particle surface (Figure 6f). The latter feature
was also recorded for particles produced with Ac-Dex (Figure
7a) and PLGA (Figure 7c) polymers.

One could expect that higher concentrations of polymer will
lead to thicker shells, making it harder for the trapped solvent
to escape and resulting in the formation of a smaller hole
(opening). Indeed, we found that encapsulation with higher
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Figure 8. Computer simulation results. (a) Ilustration of the mass transfer of the solvent (DMC) out of the droplet as a function of decreasing
droplet size Dy (relative to the microchannel width W), as expressed by the ratio D4/ W, from the initial value of 0.9 to a value of 0.4. The vector field,
streamlines, and contour of the concentration field illustrate the mass transfer in the vicinity of the droplet. (b) Decay of the normalized solvent
(DMC) concentration as a function of Dy/W ratio and time (T) normalized over the length scale of L = 10D4/W. To quantify the effect of the
droplet size on mass transfer, the mass of the solvent in the droplet [m(T) = / 127 dV] was calculated at each time step to give the dimensionless

mass {M(T) = [m(T)]/[m(T = 0)], where T is the dimensionless time [T = (t/L)V,yec];

velocity in the microchannel; and L is the length of the channel}.

i Vinle is the velocity at the inlet, which is also the average

concentrations of polymer (100 mg/mL) led to particles with
thicker shells (Figure 4) and smaller holes (Figure 3), thereby
providing additional support for the model outlined in Figure 6.
These results also suggest a simple approach to control of the
shell thickness. In principle, the use of even higher polymer
concentrations should result in the formation of solid
microparticles, similar to that reported recently.’® However,
because of the increased viscosity of the dispersed phase, the
dripping regime transitions into jetting, and the resulting
droplets become undesirably polydisperse.

The particle formation process is mainly governed by two
factors: the diffusion rate of the solvent into the continuous
water phase and the convection generated by the inertial forces
of the droplet. The combination of these two factors
determines the overall mass-transfer rate of the solvent from
the inner to the outer phase. Evaluating the contribution of the
droplet size to the mass transfer experimentally is challenging
because it is difficult to separate the effect of diffusion from the
effect of convection during droplet movement. Therefore, we
also used a two-phase-flow computational fluid dynamics model
to perform a parametric study with varying droplet size Dy, to
better understand the roles of diffusion and convection in the
kinetics of particle formation.

The presence of the droplet in the middle of the channel
alters the Poiseuille flow close to the droplet, inducing two
recirculation patterns that can be seen using streamlines (Figure
8a). The velocity field generated by the droplet itself enhances
the average mass-transfer rate (of DMC) from the droplet into
water due to convection. This effect is proportional to the
droplet size (as expressed by the Dy/W ratio). In this work, the
initial experimental droplet size was 20 ym, corresponding to
an initial Dg/W ratio of about 0.7 (in a microchannel with W =
30 um). The concentration contours clearly illustrate the
gradients of the solvent concentration, quantifying the mass-
transfer rate of the solvent through the interface between the
two phases (Figure 8a).

Under the experimental conditions used, the mass transfer
always remained diffusion-limited, as expressed by the fact that
the decay of the normalized DMC concentration was faster for
smaller droplets (Figure 8b). However, as a result of convective
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forces, there is a peak-shape flux toward the front of the droplet
in the concentration contours (Figure 8a). This suggests more
efficient mass transfer of DMC from inside the droplet toward
this direction. On the other hand, the longer it takes for the
polymer to precipitate (at low initial polymer concentrations),
the smaller the droplet gets (due to solvent diffusion) before
precipitation, and the smaller the role of the convective forces
on mass transfer from the droplet. This implies that the
formation of smaller particles (low initial polymer concen-
tration) is even more diffusion-limited than that of larger
particles (high initial polymer concentration), which might be
the reason for slightly worse monodispersity (i.e., greater CV)
observed for microparticles prepared using low initial polymer
concentrations. Therefore, for larger particles, the mass transfer
of the solvent from the droplet is more uniform, thus providing
higher monodispersity of the microparticles.

It is worth noting that these results are independent of the
type of polymer, solvent, and surfactant tested, as long as the
solubility differences are similar to those used in the setup
presented herein. In this work, the robustness of the
microparticle preparation setup was confirmed by the use of
three different polymers (HPMCAS-HF, Ac-Dex, and PLGA)
(Figure 7). Additionally, two different surfactants (PVA and
Pluronic F127) and two solvents (DMC and ethyl acetate)
were also tested, but had no influence on the particle shape and
size (results not shown). Moreover, the simple design of the
microfluidic device provides the possibility for easy scale-up of
the system, for example, by applying the design suggested by
Nisisako et al.>'

3.3. Drug Encapsulation and Release. Complex diseases
such as lung cancer are often treated with combinations of
different drugs.’> For example, some reports have shown that
CEL and SEN can act as an effective drug combination in
certain cancer treatments.> >’ Because of their synergistic
effects, smaller drug doses are required, thus minimizing
adverse side effects. To test the drug release of CEL and SFN
from the particles, we simultaneously encapsulated both drugs
in Ac-Dex and HPMCAS-HF microparticles. CEL and SFN are
both poorly water-soluble anticancer drugs (maximum
solubilities in water of 3.8—15.9 and 4.7-9.3 ug/mL for CEL
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and SFN, respectively). On the other hand, they are highly
soluble in DMC (~20 and ~0.5 mg/mL for CEL and SFN,
respectively).

The encapsulation efliciency, which is defined as the ratio
between the amount of drug encapsulated in the microparticles
and the total amount of drugs added to the polymer solution,
was high (96—97%) for both CEL and SFN (Table 1). At lower

Table 1. Average Drug Encapsulation for Both Drugs
Loaded in the Microparticles

diameter encapsulation loadin,
particle (um) efficiency (%) degree (%)
100 mg/mL Ac-Dex 6.8 + 0.1 97 + 1 0.5 +02
50 mg/mL Ac-Dex 53 +0.1 S +1 1.0 £ 0.2
10 mg/mL Ac-Dex 41+ 0.1 85 +2 42 + 03
10 mg/mL HPMCAS-HF 42 +£0.1 75 £ 4 2.6 +£04

polymer concentrations (10 mg/mL Ac-Dex or HPMCAS-HF),
the encapsulation efficiencies decreased to 75—85%, suggesting
that, even though lower amounts of drug are encapsulated using
lower polymer concentrations, the trapping of the drug
molecules within the polymer matrix is still efficient. On the
other hand, the loading degree, which is defined as the weight
ratio of the loaded drug to the total mass of produced polymer
particles with the drugs encapsulated, is inevitably lower for
particles prepared with high polymer concentrations and, thus,
comprising a greater mass (Table 1). In this work, a loading
degree of 0.5% was measured for particles prepared from 100
mg/mL Ac-Dex, but, in theory, higher loading degrees are
straightforward to achieve by adding higher concentrations of
the drug in the dispersed phase (the only limiting factor being
the drug solubility in the solvent).

The Ac-Dex and HPMCAS-HF polymers are pH-responsive,
and by changing the shell of the hollow microparticles, it is
possible to tailor the drug release under different pH
conditions. As shown in Figure 9a, the drug release from Ac-
Dex hollow microparticles prepared with 100 mg/mL Ac-Dex
in DMC solution was less than 10% after 4 h of incubation at
pH 7.4 and pH 5.0. As expected, the drug release rate increased
when the polymer concentration was decreased. From the
microparticles produced with 50 mg/mL Ac-Dex solution,
~20% of the cargo was released (Figure 9b), whereas 30% of
the cargo was released from the microparticles prepared with 10
mg/mL Ac-Dex solution after 4 h of incubation (Figure 9c). To
accelerate the degradation of Ac-Dex and, thus, the drug
release, we reduced the pH value of the buffer to 2.5. Under
these conditions, the polymer experienced complete degrada-
tion”® and caused a burst drug release and full release of the
encapsulated drugs in less than S min. Using HPMCAS-HF
hollow microparticles suspended in pH 5.0 buffer, 90% of the
drugs was released after 60 min (Figure 9d), whereas at pH 7.4,
the drugs had a burst release, and all of the drugs was
immediately released in less than S min, because of the high
dissolution rate of the polymer.

These results show that, regardless of the polymer
concentration and the pH value of the release medium used,
no significant differences were observed in the release profiles
of both CEL and SFN (Figure 9), indicating that the release of
the cargo from the hollow microparticles is mainly controlled
by the polymer matrix dissolution. The drug release from the
Ac-Dex and HPMCAS-HF microparticles can be controlled by
different environmental pH values and by changing the
polymer concentrations used to produce the microparticles.
Thus, we anticipate that, by using a microfluidics approach
similar to that presented here, it will be possible to fabricate
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Figure 9. Release profiles of CEL and SFN from microparticles prepared with different polymer concentrations: (a) 100 mg/mL Ac-Dex, (b) SO mg/
mL Ac-Dex, (c) 10 mg/mL Ac-Dex, and (d) 10 mg/mL HPMCAS-HF. Error bars represent the mean =+ standard deviation (n = 3).
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hollow microparticles for drug-delivery and biomedical
applications.

4. CONCLUSIONS

We have demonstrated a simple and robust way to produce
monodisperse hollow microparticles with controlled size using
a flow-focusing PDMS-based microfluidic device. The for-
mation of particles smaller than 10 ym was initiated by solvent
diftusion followed by shell formation upon polymer solid-
ification. Numerical calculations showed that, despite the
presence of convective recirculation around the droplet, the
mass-transfer rate of the solvent dissolution from the droplet to
the surrounding phase was still dominated by diffusion. Control
of the particle size and the rate of drug release was
demonstrated by the production of particles with different
types of polymers and polymer concentrations. The encapsu-
lation efficiency in Ac-Dex polymer microparticles was high
(96—97%) for both model anticancer drugs, CEL and SFN,
when a high polymer concentration was used (100 mg/mL),
whereas at a lower polymer concentration (10 mg/mL Ac-Dex
or HPMCAS-HF), the encapsulation efficiency decreased to
75—85%. Both drugs were released simultaneously as a result of
polymer matrix dissolution, making the particles suitable for
multidrug delivery. Moreover, by controlling the shell thickness
and the size of the hollow core, it should be possible to adjust
the mass density of the particles and provide an additional level
of control for improved pulmonary drug delivery. Finally, the
nontoxic materials, small size (<7 ym), and hollow structure of
the microparticles provide a highly promising approach for
preparing pulmonary drug-delivery systems and controlled drug
release.
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