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1. Introduction

Controlled drug delivery systems have gained significant
attention as a promising approach to overcome the limitations
of traditional drug delivery methods, such as short drug action

time, large fluctuations in drug concentra-
tion, and the risk of side effects.[1,2] By con-
trolling the rate of drug release, these
systems can minimize unwanted side
effects and improve disease management
by reducing the frequency of daily dosing.[3]

Various types of drug delivery systems have
been developed to enhance drug delivery
efficiency and control release, includ-
ing silica-based carriers,[4,5] PEGylated
micelles,[6] conventional liposomes,[7] mul-
tivesicular liposomes (MVLs), and poly
(lactic-co-glycolic acid) (PLGA) micropar-
ticles. Among them, PLGA microparticles
have been extensively studied in drug
delivery applications due to several
advantages.[8] First, they possess excellent
biodegradability, biocompatibility, and non-
toxicity, and have gained regulatory
approval from agencies such as the Food
and Drug Administration (FDA) and
European Medicines Agency (EMA).
Additionally, the robust polymeric structure

of PLGA provides mechanical strength, ensuring the protection of
the encapsulated drug and stability during storage and transport.[9]

Moreover, the physicochemical properties of PLGA can be tailored
by adjusting the lactic acid to glycolic acid ratio, enabling
control over degradation kinetics, mechanical properties, and
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Microparticles with multiple internal chambers hold great promise as drug
delivery systems due to their ability to sustain the release of drugs with short
half-lives. However, conventional batch methods used for their fabrication
have limitations in terms of encapsulation efficiency and particle size distri-
butions, while microfluidic methods suffer from low production efficiency.
Herein, a batch-microfluidic hybrid method is presented for fabricating
poly(DL-lactic-co-glycolic acid) (PLGA) polymeric microparticles with uniformly
distributed, multiple inner microchambers. A scalable batch method is utilized
for primary water-in-oil (W/O) emulsions, combined with a precise microfluidic
approach for generating controlled secondary emulsions. This approach
results in highly uniform PLGA microparticles with tunable size and improved
encapsulation efficiency. Additionally, the effect of polydopamine-based sur-
face hydrophilic modification of microfluidic channels on drug encapsulation
efficiency is investigated, achieving an efficiency of approximately 85%. The
prepared multichamber PLGA microparticles exhibit an extended-release
profile without initial burst release, demonstrating their potential for sustained
drug delivery in various biomedical applications.
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encapsulation of various therapeutic agents, including
hydrophilic, hydrophobic, and protein drugs.

However, most previous PLGAmicroparticles have concentric
internal structures, limiting loading capacity, and sustained drug
release.[10,11] In particular, loading low molecular weight
hydrophilic small molecules in PLGA microparticles poses chal-
lenges.[9] Additionally, PLGA microparticles often exhibit an ini-
tial burst release, which becomes more significant as the particle
size decreases.[9,12] Furthermore, PLGA microparticles prepared
using the well-known double emulsion process suffer from low
encapsulation efficiency and size heterogeneity.[13,14] These lim-
itations of PLGA microparticles can be addressed by incorporat-
ing multiple nonconcentric internal structures or multilayered
internal structures into PLGA microparticles.[15,16] MVLs, with
multiple nonconcentric internal compartments, offer several
advantages over other drug delivery systems. For instance, each
internal compartment of the MVLs can individually encapsulate
and release drugs, allowing for more sustained and controlled
drug release without initial burst release.[17,18] Moreover,
MVLs have a higher drug-loading capacity, enabling more effi-
cient encapsulation.[19] However, MVLs made from lipid bilayers
have the inherent limitation of weaker structural and mechanical
stability compared to PLGA microparticles.[20] Therefore,
developing PLGA microparticles with multiple internal struc-
tures, similar to MVLs, can mitigate the drawbacks of conven-
tional PLGA microparticles while retaining their advantages.
However, PLGA microparticles with MVL-like multiple internal
nonconcentric structures, high encapsulation efficiency, high
size uniformity, and long-term release have not been widely
reported and require further development.

In this study, we propose a hybrid approach to fabricating
PLGA microparticles with multiple nonconcentric internal
chambers that are highly uniform in size. Our hybrid process
consists of two steps: first, we employ bulk mechanical stirring
to create a primary W/O emulsion, and then we utilize
microfluidics-based secondary emulsification to generate
PLGA microparticles with multiple microchambers. This
approach results in a high encapsulation efficiency exceeding
85% and excellent size homogeneity. By adjusting the flow rate
ratios (FRRs) of the microfluidic system, we can precisely control
the size of the PLGA microparticles. Furthermore, we

demonstrate that coating the microfluidic channel with polydop-
amine (PDA) enhances encapsulation efficiency. Finally, we
show that our PLGA microparticles can uniformly encapsulate
hydrophilic model drugs in multiple internal microchambers
and achieve extended-release profiles, demonstrating the poten-
tial of our approach for controlled drug delivery applications.

2. Results and Discussion

2.1. Stability of Primary W/O Emulsion and Its Effect to
Secondary Emulsification Process

Figure 1 illustrates the two-step emulsification process utilized to
produce highly uniform PLGA microparticles with multiple
inner chambers. The process involves primary bulk mechanical
emulsification, followed by secondary microfluidic emulsifi-
cation. During primary emulsification, W/O emulsions were
generated using either an ultrasonicator or a high-pressure
homogenizer. Specifically, a polymer solution of PLGA dissolved
in dichloromethane (DCM) was emulsified with a one-third vol-
ume of an aqueous solution containing calcein, a hydrophilic
model drug, using mechanical stirring. In this step, it is crucial
to maintain a stable primary emulsion without breakdown or coa-
lescence until the secondary microfluidic emulsification step
achieves the desired PLGA microstructures. In contrast to the
primary bulk method, microfluidic emulsification operates as
a continuous process, meaning that the timing of emulsification
completion differs for individual entities as the emulsions are
formed at distinct timepoints while traversing the microfluidic
device. Consequently, destabilization of primary emulsions
may lead to heterogeneity of microparticles. Therefore, we inves-
tigated the stability of the primary emulsion concerning the
PLGA concentration and emulsification method.

To assess the stability of the emulsion, we employed the emul-
sion stability index (ESI), which is a reliable metric that measures
the rate of phase separation over time. The ESI is determined by
calculating the ratio of the emulsified layer height to the total liq-
uid column height.[21] First, we evaluated the ESI of the primary
emulsion with different concentrations of PLGA after one min-
ute of ultrasonication. Figure 2a indicates that increasing the

Figure 1. Schematic illustration of the batch-microfluidic hybrid method for fabricating PLGA microparticles with multiple microchambers. a) Primary
batch emulsification is performed using either ultrasonication or high-pressure homogenization. b) Secondary emulsions are generated using a
microfluidic device.
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PLGA concentration resulted in a more stable emulsion, with the
highest ESI observed at 35mgmL�1. This positive correlation
between ESI and PLGA concentration implies that PLGA can
serve as an effective emulsifier for a W/O emulsion. As depicted
in Figure 2b, the interfacial tension decreased with an increase in
PLGA concentration. This reduction indicates that PLGA can
effectively act as an emulsifier for a W/O emulsion. Previous
research has established the vital role of emulsifiers in stabilizing
emulsions by creating an energy barrier against coales-
cence.[22,23] Despite the slightly hydrophilic nature of the
PLGA polymer used in this study due to its acid-terminated struc-
ture, its overall hydrophobic character allows it to function as a
W/O emulsifier.[24] Moreover, it is important to note that viscos-
ity plays a crucial role in emulsion stability. The decrease in inter-
facial tension facilitates the formation of smaller emulsions due
to the reduced stress required for droplet breakup (Figure 2c).
Consequently, this reduction in size leads to an increased viscos-
ity (Figure 2d), which inhibits droplet movement and lowers the
probability of collisions,[25] thereby enhancing the overall stability
of the emulsion.

Next, we investigated the impact of ultrasonication treatment
time on the ESI of the primary emulsion. After fixing the PLGA
concentration at 35mgmL�1, we observed that the emulsion’s
stability improved with increasing ultrasonication time, as shown
in Figure 3a. This improvement is attributed to the reduction
in emulsion size, which leads to a larger interfacial area and
subsequent increase in emulsion viscosity (Figure 3b,c).[21]

Furthermore, the smaller emulsions have a reduced gravitational
force, which reduces the likelihood of coalescence events.[26]

Even slight destabilization of the primary emulsion can
significantly impact the final emulsion’s uniformity. To evaluate
the stability of the primary emulsion prepared by ultrasonication
(5min treatment), we monitored its morphology over time
after injection into a microfluidic channel. As time progressed,
we observed an enlargement of primary emulsion size
(Figure 4a–c), resulting in an increased interdroplet distance,
reduced colloidal interactions, and ultimately decreased
emulsion viscosity.[27] This trend is supported by the
Krieger–Dougherty equation (Equation (1)), which describes
the relationship between emulsion viscosity and maximum
packing fraction.[28]

η ¼ ηc 1� ϕ

ϕm

� ��2
(1)

where η is the viscosity of the emulsion, ηc is the viscosity of the
continuous phase, ϕ is the phase volume of the dispersed phase,
and ϕm is the maximum packing fraction. As primary emulsion
size increases, the maximum packing fraction also increases,
leading to a reduction in emulsion viscosity. In the secondary
emulsification process, the primary emulsion acts as a dispersed
phase. Therefore, a decrease in dispersed phase viscosity
requires a smaller shear force to break it up, enabling the formu-
lation of smaller secondary emulsions[29] (Figure 4a,b,d,e). As the

Figure 2. Effect of PLGA concentration on the stability of primary emulsion formed by ultrasonication. a) Temporal evolution of ESI, b) interfacial tension
between the water and oil phases, c) emulsion size (z-average) and polydispersity index (PDI), and d) emulsion viscosity, as a function of PLGA con-
centration. Sonication time was fixed at 1 min. ESI, interfacial tension, z-average, and PDI data were collected in triplicate (n= 3) and are presented as the
mean� standard deviation.
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injection process further continued, an uneven dispersed phase
was introduced (Figure 4c), further contributing to heterogeneity
in the final emulsions (Figure 4f ). Overall, even minor instability
in the primary emulsion can disrupt the final emulsion’s unifor-
mity by reducing viscosity, introducing an uneven dispersed
phase, and other factors. Although determining the necessary
duration of emulsion stability is beyond the scope of this study,
it is clear that the ultrasonication method may not be suitable for
this system due to the limited feasible time for homogenous sec-
ondary emulsion. In contrast to sonication, the emulsions pre-
pared using a PLGA concentration of 35mgmL�1 with a
high-pressure homogenizer displayed remarkable stability for
a duration of over 100min (Figure 3a). This enhanced stability
can be attributed to the improved monodispersity (PDI) of the
emulsions, as evidenced in Figure 3b. It is worth noting that
higher monodispersity leads to a lower maximum packing frac-
tion and consequently increases the viscosity of the emulsion.[30]

As a result, the increased viscosity of the samples prepared using
a high-pressure homogenizer exhibited enhanced stability
(Figure S1, Supporting Information). Based on these findings,
we proceeded to fabricate particles under these optimized con-
ditions for the subsequent stages of the study, ensuring efficient
and stable production of secondary emulsions.

2.2. Microfluidic Device with Hydrophilic Coating for Secondary
Emulsion

Microfluidic techniques enable precise control of emulsification
compared to batch emulsification, which often results in polydis-
perse and uncontrollable structures due to limited control of liq-
uid dispersion.[31–33] The use of microchannels with micrometer
dimensions allows for predominated laminar flow, where flow
behavior and mass transfer are significantly determined by
viscous force and surface tension.[34–36] Emulsion formation
in microfluidic systems typically involves three main stages:
filling, necking, and pinching off.[37] As the dispersed phase
flows through the cross-junction, it encounters the continuous
phase, and an immiscible droplet with a narrow neck begins
to grow. The droplet grows until a balance between interfacial
tension and shear force exerted by the continuous phase is
achieved. Once this balance is reached, the droplet breaks off,
leading to the formation of the emulsion.

Microfluidic techniques allow for precise control of shearing
on the dispersed liquid phase, which is a key mechanism in
microfluidic emulsification.[38–40] However, a mismatch in
wetting properties between the channel wall and the continu-
ous phase can hinder the stable production of emulsions.[41]

Figure 4. Stability of primary emulsion prepared by ultrasonication and its impact on secondary emulsification. a–c) Optical microscopy images of
primary emulsions taken (a) immediately after injection, (b) 10 min after injection, and (c) 20 min after injection. d–f ) Optical microscopy images
of corresponding secondary emulsions produced from the primary emulsions.

Figure 3. Comparison of different emulsification methods at a PLGA concentration of 35 mgmL�1. a) Temporal evolution of ESI, b) emulsion size and
PDI, and c) emulsion viscosity for different emulsification methods. ESI, z-average, and PDI data were collected in triplicate (n= 3) and are presented as
the mean� standard deviation.
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This imbalance can also cause the adhesion of emulsions onto
the channel surface, resulting in nonuniform sizes, irregular
shapes, and leakage of entrapped molecules. To address these
issues, we modified the channel surface of the microfluidic
device with a hydrophilic PDA coating and evaluated its efficacy.
Surface modification using PDA resulted in a significant
difference in contact angles, as shown in Figure 5a,b. The contact
angle of the bare glass was approximately 52°, while the
PDA-treated surface exhibited a much lower angle of about
33.1°, demonstrating sufficient hydrophilic nature, attributed to
the presence of catecholamine groups (N–H and O–H) in
PDA.[42–44]

Various studies have investigated surface hydrophilic treat-
ments, such as plasma and corona treatments, for microfluidic
devices made of hydrophobic materials such as polydimethyl-
siloxane. However, one common issue with these methods is
the aging phenomenon, where the hydrophilic property decays
over time, leading to a recovery of hydrophobic nature and
reducing the effectiveness of the treatment. To address this
issue, we evaluated the duration of surface hydrophilicity
achieved by PDA coating and plasma treatment by measuring
the water contact angle over time. As shown in Figure 5c,d, the
initial contact angle of the plasma-treated glass surface was
significantly low (�2.1°), indicating superhydrophilicity.
However, the contact angle monotonically increased with time
and reached �52° after 5 h, suggesting that its hydrophilicity
significantly decayed over time. In contrast, the PDA-treated
substrate maintained a stable low contact angle over
an extended period of time, demonstrating considerably
long-lasting hydrophilic characteristics compared to the
plasma treatment surface.

2.3. PLGA Microparticles with Multiple Microchambers
Fabricated via a Microfluidic Emulsification

To produce PLGA microparticles with multiple microchambers,
the primary emulsion of the dispersed phase was injected into a
microfluidic chip along with an aqueous solution containing
polyvinyl alcohol (PVA) of the continuous phase at predeter-
mined flow rate ratios (FRRs) (see Table S1, Supporting
Information for flow conditions). FRR is defined as the outer
(continuous) phase flow rate divided by the inner (dispersed)
phase flow rate. At the cross-junction of the microfluidic chip,
the two phases merged to form PLGA emulsion with microme-
ter-sized droplets, which were then subjected to the evaporation
of residual DCM solvent to form multichamber PLGA micropar-
ticles. Figure 6 depicts the PLGA microparticles obtained after
microfluidic emulsification. The micrographs reveal that the
PLGA microparticles were uniformly sized and generated suc-
cessfully. Under specific conditions of 35mgmL�1 PLGA con-
centration, 2% PVA, and FRR of 4.5, 32.5 μm, PLGA
microparticles were formed with high size homogeneity
(32.5� 1.3 μm) (Figure 6a). Moreover, fluorescence microscopy
revealed a uniform distribution of the hydrophilic calcein model
drugs within the PLGA microparticles (Figure 6a), demonstrat-
ing that the microparticles had uniform, nonconcentric inner
microchambers. The size of microparticles is crucial in deter-
mining the loading capacity of biomolecules, transport behavior,
and their release kinetics. In our approach, we were able to con-
trol the size of the resulting PLGA microparticles by adjusting
the FRRs (Figure 6c,d). As the total flow rate was maintained con-
stant during the secondary emulsification, increasing the FRR
led to a decrease in the dispersed phase flow rate and an increase

Figure 5. Wetting properties of PDA-coated surfaces. a) Water contact angle on a bare glass surface. b) Water contact angle on a glass surface treated
with PDA. c) Time-dependent contact angles of a water droplet on plasma-treated and PDA-coated surfaces, and d) corresponding optical images of the
droplet on each surface. Contact angle data were collected in triplicate (n= 3) and presented as the mean� standard deviation.
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in the continuous phase flow rate. This resulted in an accelerated
detachment of droplets from the dispersed phase due to
increased shear force, leading to a decrease in PLGA particle
size. For instance, by increasing the FRR from 4.5 to 12, we
could adjust the particle size from 32.5 to 5.6 μm. In addition
to size controllability, uniformity is also critical for biomedical
applications. A narrow size distribution is necessary to ensure
that the encapsulated biomolecules exhibit similar release pro-
files, providing better control over drug delivery or other thera-
peutic strategies.[45,46] The microfluidic emulsification process
employed in this study enabled the production of monodis-
persed honeycomb-structured microparticles with a low

coefficient of variation (CV) in size, as shown in Figure 6c
(see Figure S3, Supporting Information for detailed size distri-
butions). The monodispersity of the microparticles is attributed
to the precise control of the droplet generation process in micro-
fluidic channels, which allows the production of particles with
minimal size variation.

The microfluidic process has the added advantage of achieving
higher encapsulation efficiency compared to traditional batch
emulsification processes. Encapsulation efficiency refers to the
percentage of the active ingredient or payload that is encapsu-
lated within the microparticle during preparation. In our study,
we calculated encapsulation efficiency using the formula

Encapsulation efficiency ð%Þ ¼ Total calceinweight�Unencapsulated calceinweight
Total calceinweight

� 100 (2)

We compared the encapsulation efficiency of conventional
batch-produced PLGA microparticles with those prepared using
the microfluidics-assisted hybrid approach. For the batch
method, we performed secondary emulsification using a homog-
enizer at 11 000 rpm for 1min. The encapsulation efficiency of
batch-produced particles was about 29% (Figure 7a), which is
consistent with a previous report.[47] In contrast, the PLGA
microparticles produced by pristine microfluidic devices (with-
out PDA coating) showed an improved efficiency of approxi-
mately 55%. This is because conventional mechanical stirring

processes exert high and irregular shear stress on the emulsion
droplets, leading to heterogeneity in size and low encapsulation
efficiency. However, the precisely controlled and gentle environ-
ment provided by microfluidic devices allows for the formation
of more uniform droplets, reducing the risk of coalescence and
rupture.[48] In microfluidic emulsification, the controlled
generation of droplets through shearing by the continuous phase
allows for the stable and efficient transport of hydrophilic m
olecules to the inner region of the droplets, resulting in
enhanced encapsulation efficiency. Ultimately, this enhanced

Figure 6. Multichamber PLGA microparticles fabricated by the batch-microfluidic hybrid approach. a) (i) Optical microscope, (ii) fluorescence micro-
scope, and (iii) merged images of themultichamber PLGAmicroparticles. The fluorescence indicates the hydrophilic calcein uniformly loaded in the PLGA
microparticles. b) Size distribution of the multichamber microparticles (n= 88). c) Diameter and coefficient of variation of the PLGA microparticles as a
function of FRR values. Note: Different letters represent significant differences. (p< 0.001; FRR 4.5: n= 46, FRR 6: n= 44, FRR 7.5: n= 46, FRR 9: n= 38,
FRR 10.5: n= 38, FRR 12: n= 40). The corresponding size distribution data are presented in Figure S3, Supporting Information. d) Optical microscopy
images of the PLGA microparticles produced under different FRR conditions.
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encapsulation efficiency leads to reduced waste of valuable ther-
apeutic compounds and a more cost-effective production
process.

When utilizing a PDA-coated microfluidic device, the encap-
sulation efficiency was further increased to approximately 81%.
This finding highlights the significance of hydrophilic surface
modification of microfluidic channels in enhancing the encapsu-
lation efficiency of multichamber PLGA particles. This improved
efficiency can be attributed to the reduced interaction between
the channel wall and the dispersed phase of droplets, which pro-
motes stable droplet formation and minimizes droplet breakage
events. The strong affinity between the unmodified channel and
the dispersed phase of droplets leads to droplet attachment and
entrapment onto the channel wall. This attachment, coupled with
the shear flow in the microchannel, can result in significant drop-
let deformation, droplet breakage, and subsequent leakage of the
inner aqueous cargo (Figure 7b).[49,50] The high hydrophilicity of
the channel surface also contributes to the stable preservation of
emulsions. Therefore, the combination of emulsification using
surface-modified microfluidic devices and accurate flow control
provides a reliable technique for manufacturing microparticles
with nonconcentric multiple inner structures that have adjust-
able size, uniformity, and improved encapsulation efficiency.

2.4. Release Behavior of Model Drugs Encapsulated in PLGA
Microparticles

Next, we investigated the release kinetics of hydrophilic drug
molecules (calcein) encapsulated within PLGA microparticles.
To compare the release kinetics of PLGA microparticles with
different internal structures, we prepared three distinct types:
single-chamber PLGA microparticles with low-size uniformity,
multichamber PLGA microparticles with low-size uniformity,
and multichamber PLGA microparticles with high-size unifor-
mity, ensuring internal structural variation and size homogene-
ity. Single-chambered PLGA microparticles were prepared using
a batch method with sequential homogenization. Primary and
secondary emulsification were conducted using a high-speed
homogenizer. The resulting PLGA microparticles exhibited a

single, large internal chamber (Figure 8a-i), with an average
diameter of 5.4 μm and relatively low monodispersity
(Figure 8b-i). Multichamber PLGA microparticles with
low-size uniformity were also prepared using a batch method.
Primary and secondary emulsification were carried out using
a high-pressure homogenizer and a high-speed homogenizer,
respectively. These microparticles exhibited multiple uniformly
distributed internal chambers (Figure 8a-ii), but their sizes were
highly polydisperse (Figure 8b-ii). Finally, the multichamber
PLGA microparticles with high-size uniformity were prepared
using the batch-microfluidic hybrid method. The resulting
microparticles featured uniformly distributed internal micro-
chambers (Figure 8a-iii) and demonstrated high-size uniformity
(Figure 8b-iii).

The single-chamber PLGA microparticles displayed a high
release rate with a significant initial burst release (Figure 8c).
Previous studies have reported that the release profile of
small-sized polymeric microparticles is biphasic.[51] Initially,
hydrophilic molecules are released through diffusion or convec-
tion. Small-sized particles typically exhibit an initial burst release
due to their high surface-to-volume ratio.[52,53] Subsequently, as
water uptake occurs, transport via water-filled pores dominates
the second release phase, which happens instantaneously for
single-chamber particles.[12,54] In contrast, the multichamber
PLGA microparticles fabricated using the batch method
exhibited a lower release rate compared to the single-chamber
microparticles. This is attributed to the multichamber structures,
which facilitate staggered transport of hydrophilic molecules by
creating multiple diffusion barriers. These barriers require
substances to diffuse across each individual polymer shell.[55]

However, they still exhibited a significant initial burst release,
primarily due to their high polydispersity. The polydispersity
of small microparticles greatly influences rapid release, primarily
due to the high proportion of smaller particles.[51,56] In strong
contrast, the multichambered PLGA microparticles prepared
using the hybrid method exhibited a sustained release profile
for over 180 h without any initial burst release. This sustained
release behavior is facilitated by both their multichambered
structures and high monodispersity.

Figure 7. Effect of PDA-coated microfluidic device on the secondary emulsification. a) Drug encapsulation efficiency of the different preparationmethods:
batch, hybrid using a pristine microfluidic channel, and hybrid using a PDA-coated microfluidic channel. The data was collected in triplicate and presented
as the mean� standard deviation. b) Optical microscopy images showing collapsed PLGA microparticles in a pristine microfluidic channel without PDA
coating.
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3. Conclusion

In conclusion, we have presented a hybrid approach combining
batch mechanical stirring and microfluidic emulsification tech-
niques for the fabrication of uniform PLGA microparticles with
nonconcentric, uniformly distributed, and multiple inner micro-
chambers. This approach enabled the production of PLGA
microparticles with controllable size, high monodispersity,
and improved encapsulation efficiency. The use of precise flow
rate ratios duringmicrofluidic emulsification and the hydrophilic
modification of microfluidic channels with PDA-enhanced
encapsulation efficiency. The multichamber PLGA micropar-
ticles exhibited sustained release profiles without initial burst
release. Our results demonstrate the potential of this hybrid
method for various biomedical applications. This study opens
up new avenues for research on multichambered polymeric
microparticles, which could have applications in tissue engineer-
ing, diagnostics, and targeted drug delivery.

4. Experimental Section

Fabrication of Microfluidic Devices: First, a silicon wafer was polished on
both sides to a thickness of 100 μm. One side was coated with AZ GXR601
photoresist (AZ electronic materials) and spin-coated at 2,000 rpm. Then,
microfluidic channels were patterned in the photoresist layer on the wafer
using a photolithographic process and a mask aligner (MDA-400S, MIDAS,
Korea). Subsequent reactive ion etching (RIE-10NR, SAMCO, Japan) was
used to create microfluidic channels through the 100 μm-thick silicon wafer.
Two glass wafers, each 300 μm thick, were prepared to seal the top and
bottom of the silicon channel. One of the glass wafers was patterned to
have inlet and outlet channels through photolithography and chemical etch-
ing with a 50% HF solution (HF:DW= 2:1, v/v). The glass-silicon-glass
assembly was then completely sealed using the conventional anodic bond-
ing method with an anodic bonding device (Tbon-100, AST, Hong Kong) at
a temperature of 400 °C and voltage of 100 V. Finally, the assembly was cut
along the division lines using a precision dicing saw (DAD562, Disco,
Japan). The detailed geometry and dimensions of the fabricated microfluidic
chip can be found in Figure S4, Supporting Information.

PDA Coating of the Glass Substrate and Microfluidic Channel:
Polydopamine hydrochloride was obtained from Sigma-Aldrich (Ontario,

Figure 8. Release kinetics of model drugs encapsulated in PLGA microparticles with different internal structures and size uniformity. a) SEM images
showing: (i) single-chamber PLGA microparticles fabricated by a batch method, (ii) multichamber PLGA microparticles fabricated by a batch method,
and (iii) multichamber PLGA microparticles fabricated by a hybrid method. b) Optical microscopy images (top) and corresponding size distributions
(bottom) of: (i) batch-fabricated single-chamber PLGA microparticles, (ii) batch-fabricated multichamber PLGA microparticles, and (iii) hybrid-fabricated
multichamber PLGA microparticles. c) Time-dependent release profile of hydrophilic calcein molecules encapsulated in the three different types of PLGA
microparticles.
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ON, Canada), and a solution was prepared by dissolving it in 1X PBS buffer at
a concentration of 5mg mL�1 and adjusting the pH to 8.5. To coat the glass
substrate, the substrate was immersed in the PDA solution for 24 h. After
coating, the substrate was rinsed with PBS (pH= 7.4) and deionized water.
To coat the microfluidic channel with PDA, the prepared solution was injected
into the channel at a fixed flow rate of 1mL h�1 using a syringe pump for 24 h.

Contact Angle Measurement: A contact angle analyzer (SmartDrop Lab,
FemtoBioMED, South Korea) was used to measure the static contact angle.
A 1 μL drop of DI water was placed on the surface using a micropipette.

Preparation of the PLGA Microparticles: To prepare the multichamber
PLGA microparticles, the first step involved creating W/O emulsions.
PLGA (acid terminated, lactide:glycolide 50:50, Mw 24 000-38 000) was
purchased from Sigma-Aldrich. A polymer solution was prepared by dis-
solving 5–35mgmL�1 of PLGA in DCM (Daejung Chemicals & Materials,
Korea). The resulting polymer solution (2.5mL) was then emulsified using
either an ultrasonicator (VC 505, Sonics & Materials, USA) or a high-
pressure homogenizer (Nano DeBEE, BEE International Inc., USA).
Prior to emulsification, the polymer solution was mixed with an aqueous
solution (2.5mL) containing 0.2mM calcein (Tokyo Chemical Industry).
Ultrasonication was carried out at 20% amplitude for a predetermined
time within a chilled reservoir to prevent solvent evaporation and mini-
mize chemical degradation. High-pressure homogenization was operated
at 50MPa with four cycles, equipped with a cooling line. To compare the
batch andmicrofluidic methods for secondary emulsification, two different
processes were employed. In the batch method, a second aqueous solu-
tion containing 2% PVA (10mL) was added to create secondary emulsions
using a T25 basic homogenizer (IKAWorks, Willmington, NC) operating at
11 000 rpm for 1 min. In the microfluidic method, the dispersed and con-
tinuous phases were injected into separate inlets of the microfluidic chip at
predetermined flow rates. The total flow rate was fixed at 10mL h�1. After
the emulsification processes, DCM was removed using a rotary vacuum
evaporator at room temperature. The resulting microparticles were
washed three times with DI water via centrifugation, and the supernatant
solution was collected for encapsulation efficiency measurement. The col-
lected microparticles were then resuspended in 1X PBS buffer and lyophi-
lized for further investigation. Single-chamber PLGA microparticles were
prepared using a batch method with sequential homogenization. Both

primary and secondary emulsification steps were carried out using a
T25 basic homogenizer at 11 000 rpm for 1 min.

Characterization of the Primary Emulsions: The interfacial tension
between the calcein solution and the solvent phase was measured using
a pendent drop method (Smartdrop Plus, Femtobiomed, South Korea). In
this method, DCM, in which PLGA was dissolved, was injected into a cal-
cein solution to form a droplet. Images of the pendant drops were cap-
tured at the point of maximum volume, when the drop shape remained
unchanged, and were subsequently analyzed using the SmartDrop soft-
ware. The size of the primary emulsions was determined using dynamic
light scattering (DLS) with a Zetasizer (ZS90, Malvern Panalytical Ltd, UK).
To perform the measurement, the primary emulsion was diluted 1,000
times with DCM. The Z-average and PDI were calculated using cumulant
analysis in the Malvern software. Each measurement was conducted in
triplicate. The viscosity of the emulsion was determined by obtaining
the steady-shear flow curve using a stress-controlled rheometer
(AR1500ex, TA Instruments, UK) at a range of shear rates from 5 to
100 s�1 at 25 °C. The measurement was carried out using a cone-plate
geometry (diameter= 4mm; gap= 50 μm), and silicone oil was applied
around the edge of the probe to prevent solvent evaporation.

Characterization of the PLGA Microparticles: The PLGA microparticles
were characterized by obtaining microscopic images using a Nikon
Eclipse Ti-S inverted microscope (Nikon Corp.) equipped with a high-
speed camera (Motion Xtra N3, REDLAKE). The mean size and size dis-
tribution of the microparticles were determined by analyzing microscopic
images using a custom MATLAB code (Figure S2, Supporting
Information). The morphological examination of the particle structure
was conducted using a field emission scanning electron microscope
(FE-SEM) (Sigma, Carl Zeiss, UK). To obtain cross-sections of the lyophi-
lized particles, samples were cut with a razor blade and a small amount of
the sample was carefully spread onto adhesive tape. The sample was then
coated with Pt using a sputter coater (EM ACE200, Leica, Austria).
Encapsulation efficiency was evaluated by centrifuging 5mL of the sample
solution for 15min at 6000 RCF, and harvesting unencapsulated
calceins. The concentration of calceins was measured using a fluorospec-
trophotometer (SCINCO, FluoroMate FS-2, Korea). The encapsulation
efficiency (%) was calculated using the following formula

Encapsulation efficiency ð%Þ ¼ Total calceinweight� Unencapsulated calceinweight
Total calceinweight

� 100 (3)

In Vitro Release Profile of Calcein from PLGA Microparticles: 50mg of
lyophilized microparticles were resuspended in 10mL of buffer in a 4mL
glass vial. Each sample was incubated at 37 °C with magnetic stirring at
300 rpm. At predetermined intervals, the sample was centrifuged at
12 000 rpm for 10min, and the supernatant solution was collected and
replaced with an equivalent volume of fresh buffer. The concentration of cal-
cein in the collected supernatant was determined using a fluorescence spec-
trophotometer (SCINCO, FluoroMate FS-2, Korea). The cumulative
percentage of calcein release was calculated by normalizing the released
weight of calcein with the total weight of calcein encapsulated in the particles.

Statistical Analysis: The data in figures or tables are presented as the
mean� standard deviation. One-way analysis of variance (ANOVA) was
applied to determine the statistical significance of the observed differen-
ces. This analysis was conducted using Jeffreys’s Amazing Statistics
Program (JASP), an open-source statistical software package known for
its reliability and robustness in data analysis. Statistical significance
was set at p< 0.001.
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Supporting Information is available from the Wiley Online Library or from
the author.
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