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Abstract: Coaxially aligned microfluidic devices were fabricated using a round silica microcapillary and a square glass
capillary with different inner diameters (200 and 300 um). The inner wall of the square glass capillary was modified with
poly(vinyl alcohol) (PVA) through plasma treatment to provide a hydrophilic surface. The microfluidic device consisting
of the glass capillary with the smaller inner diameter demonstrated uniform oil droplet formation, compared to that with
the larger inner diameter. The production of uniform droplets and microspheres originated from the coaxial alignment of
the silica microcapillary with the square glass capillary. The glass substrate treated by plasma and PVA modification
exhibited a hydrophilic surface, resulting in more stable uniform droplet formation for 6 h. The microfluidic device with
PVA-coated glass capillary can be potentially used as a platform for the reproducible and reliable production of uniform
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oil droplets for a long period of time.
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Introduction

Microfluidics has been proved to be an important platform
technology in a variety of research fields, such as biology,
chemistry, physics, electronics, and medicine."” The unique

advantages of the microfluidic approach are reductions in
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operation system, reagent amount, and required energy, as well
as design flexibility and portability.” Thanks to those benefits,
the microfluidic application field has been expanding to chem-
ical reaction, cell-based assay, biological analysis, organ-on-a-
chip, etc. Many types of materials have been used for the fab-
rication of microfluidic devices, including poly(dimethylsi-
loxane), glass, wafer, and polymer.*'" Despite wide popularity,
those materials have the critical drawback of limited hydro-
philicity. Therefore, many methods were developed to modify
the inner wall of the microchannels in microfluidic devices.
Plasma treatment and subsequent silanization was the most
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often used technique for the surface modification. The surface
property of the microchannels was controlled by the type and
amount of the silanes in a relatively simple way. Chemical vapor
deposition, layer-by-layer coating, and polymer grafting meth-
ods were also utilized to improve the hydrophilicity of the
microchannels. However, most methods were limited in terms
of the long-term reliability for droplet generation."

Among many applications, the microfluidic production of a
uniform emulsion for drug delivery systems can be considered
an application that is close to industrialization. However, unsta-
ble jetting flow behavior and undesirable microchannel clog-
ging in the microfluidic device are major issues for the reliable
and reproducible production of uniform emulsions."*""* Micro-
channel design and surface modification should be properly
conducted to address these issues. For example, coaxial align-
ment of the microchannels is necessary for stable droplet for-
mation in a capillary-based microfluidic approach. In addition,
the surface of the microchannel should be modified by con-
sidering the chemical and physical properties of the fluid to
flow. Much research has been conducted on the surface mod-
ification procedure to change the hydrophilicity of the micro-
channels.”” Besides plasma treatment, various hydrophilic
molecules, such as silanes, dopamine, polysaccharides, poly-
ethylene glycol, and poly(vinyl alcohol), were modified onto
the surface of the microchannels through physical adsorption/
coating and chemical coupling/grafting.'®*

In this work, we fabricated a simple microfluidic device by
inserting a silica microcapillary into a square glass capillary.
The outer diameter of the silica capillary was slightly less than
the inner diameter of the glass capillary, facilitating coaxial
alignment of the capillaries. The droplet formation behavior at
the tip of the silica microcapillary was monitored to ensure
long-term reliability and reproducibility. In addition, the inner
wall of the glass capillary was modified by poly(vinyl alcohol)
(PVA) through plasma treatment and baking method. The micro-
fluidic device with the PVA-modified glass capillary demon-
strated more stable droplet formation for longer time. We believe
that the microfluidic device with coaxial alignment and PVA-
modified surface can be a platform for the stable and con-
tinuous production of uniform emulsion droplets.

Experimental

Materials. Poly(vinyl alcohol) (PVA, Sigma—Aldrich) was
used to modify the inner surface of the square glass capillary,
as well as for the surfactant for the continuous phase. Poly(Z-

lactic acid) (PLA, Resomer LR 704 S, Evonik) was used as the
polymer for the microspheres. Oil Red O (Aldrich) was used
as a hydrophobic dye for the oil phase. Dichloromethane
(DCM, Sigma—Aldrich) served as an organic solvent for PLA.
Fused silica microcapillary (50 ym LD. x 150 um O.D.) was
purchased from Polymicro Technologies (Phoenix, AZ, USA).
Square glass capillaries with different inner diameters of 200
and 300 um were purchased from Vitro Tubes (Mountain
Lakes, NJ, USA).

Fabrication of the Microfluidic Device. A silica micro-
capillary (5 cm in length) was inserted into a square glass
capillary and placed on slide glass. The silica capillary (inlet
for the discontinuous phase) was inserted into a 24G needle,
followed by sealing with an epoxy adhesive. The 18G needle
was placed at the part where the glass capillary and the sil-
ica capillary were inserted, then fixed using an epoxy adhe-
sive. The 18G needle connected with Tygon®™ tube (1/32 in
I.D. x 3/32 in O.D.) was used as an inlet for the continuous
phase.

PVA Modification. A slide glass was treated with plasma
(PDC-32G-2, Harrick plasma Inc., USA) for 90 s and then an
aqueous solution (1 wt%) of PVA (M, 13000-23000) was
dropped onto the surface of the plasma-treated slide glass, fol-
lowed by baking in an oven for 30 min at 110 “C. The contact
angle was analyzed after washing the slide glass with hot water
(70 C) for 30 min. The PVA modification of the inner wall of
a square glass capillary was conducted by soaking the square
glass capillary in the aqueous PVA solution after plasma treat-
ment under the same condition for the slide glass.

Production of PLA Microspheres. PLA solution (1 wt%)
in DCM and an aqueous phase with PVA (2 wt%) were used
as the discontinuous and continuous phases, respectively. Both
phases were introduced into the microfluidic device by syringe
pumps (NE-1000, New Era Pump Systems Inc., USA). The flow
rates for the continuous phase varied from 0.2 to 2.0 mL/min,
while the flow rate of the discontinuous phase was fixed at
0.02 mL/min. The resultant oil droplets from the microfluidic
device with different square capillaries were collected on a
concave glass and analyzed by optical microscopy (BX-43,
Olympus, Japan). The average sizes of the droplets and cor-
responding microspheres were calculated using Image)®
(National Institutes of Health, USA) (n = 100). The coefficient
of variation (CV) was calculated from the ratio of the standard
deviation to the average value. Droplet formation at the tip of
the silica capillary was observed by digital microscopy (DM0205,
Boli Optics, USA) to obtain time-lapse images.
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Results and Discussion

Figure 1(a) shows a schematic of the simple capillary-based
microfluidic device. The microfluidic device with two channels
was fabricated by inserting a round-shape silica microcapillary
into a rectangular glass capillary. The silica microcapillary had
an inner diameter of 50 um and an outer diameter of 150 um.
Glass capillaries with a slightly larger diameter (200 and 300
um) than the outer diameter of the silica microcapillary were
used to investigate the effect of coaxial alignment on droplet
formation behavior. The discontinuous and continuous phases
were introduced through the silica microcapillary and glass
capillary, respectively, using two syringe pumps. The con-
tinuous phase flew through the space between the silica micro-
capillary and the glass capillary in the microfluidic device. The
discontinuous phase was pinched off at the end of the silica
microcapillary, resulting in oil droplets. Figure 1(b) and 1(c)
show schematic cross-sectional views of the microfluidic device
consisting of the silica microcapillary within the rectangular
glass capillary. As shown in Figure 1(b), the axis of the silica
capillary was placed at nearly the center of the glass capillary
with inner diameter of 200 pum, due to the small gap (50 um)
between the outer diameter of the silica microcapillary and the
inner diameter of the glass capillary. However, it was hard to
align the axis of the silica microcapillary at the center of the
glass capillary with inner diameter of 300 um.

(a) Continuous phase

Ill
Silica capillary ,J |_| Square glass capillary

Discontinuous phase

L

Slide glass

(b) (),

200 pm
300 pm

A\

Figure 1. (a) A schematic of the microfluidic device consisting of
the silica microcapillary and square glass capillary. Cross-sectional view
of the microchannels in the microfluidic device consisting of square
glass capillary with inner diameter of (b) 200 um; (c) 300 pum.

Za), A4778 A 535, 2023

To evaluate the effect of the difference in the inner diameter
of the glass capillary, an organic solution of PLA in DCM and
an aqueous solution of PVA were introduced into the micro-
fluidic device as the discontinuous and continuous phases,
respectively. Figure 1(a) and 1(b) show the optical images of
the generated oil droplets and PLA microspheres after solvent
evaporation with respect to flow rate of the continuous phase
and the inner diameter of the glass capillary. All the resultant
oil droplets and microspheres exhibited uniform size distri-
bution. At the small diameter of the glass capillary, the sizes of
both oil droplets and microspheres were decreased with the
increase in the flow rate of the continuous phase. The PLA
microspheres of a size of 20.51+0.34 um were produced at the
flow rate of 2.0 mL/min of the continuous phase, which are
suitable for sustained drug delivery carriers. Notably, the coef-
ficient of variation (CV) values of the oil droplets at the use of
the glass capillary with inner diameter of 300 um ranged from
1.96 to 5.70%, which were larger than those of the samples
(from 1.81 to 3.69%) prepared using the glass capillary with
inner diameter of 200 um. The difference in CV value was due
to the silica microcapillary not being coaxially aligned to the
glass capillary, as schematically shown in Figure 1(c).

Figure 2 shows that uniform droplets were produced even
with the use of the glass capillary with inner diameter of 300
pm. However, an inevitable issue for commercial applications is
that non-uniform emulsions sometimes form, implying the
problem of reproducibility. High reproducibility is considered
one of the unique advantages of the droplet generation using a
microfluidic approach, as well as size uniformity.”*** To eval-
uate the reproducibility, we fabricated ten microfluidic devices
using the glass capillary with different inner diameters (total
twenty devices), and observed droplet generation behavior at
the tip of the silica microcapillary at an initial stage (for 30 min).
Figure 3 shows the optical images of droplet formation at the
tip of the silica microcapillary and their corresponding oil
droplets at the use of the glass capillary with 200 and 300 pm of
inner diameter. In most cases, the microfluidic device with a
small glass capillary continuously produced uniform droplets
at the tip of the silica capillary in dripping mode (Figure 3(a)).
However, non-uniform oil droplets were produced twice out of
ten trials. Even worse, five out of ten microfluidic devices with
the larger glass capillary failed to generate uniform oil droplets.
As shown in Figure 3(b), the oil phase often flew along the
inner wall of the large glass capillary and the oil droplets were
generated at the end of the extended oil stream in jetting mode,
resulting in non-uniform droplets.
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Figure 2. Representative optical images and average sizes of the resultant oil droplets and PLA microspheres prepared using the microfluidic
device consisting of square glass capillary with inner diameter of (a) 200 pum; (b) 300 pum.

(a)

Figure 3. Droplet formation at the tip of the silica capillary in the microfluidic device consisting of square glass capillary with inner diameter
of (a) 200 um; (b) 300 um, with respect to time. Scale bars are 500 pm.

Generally, a microfluidic approach demonstrates the con- ment and small precipitated polymer debris prepared during
tinuous production of uniform droplets in a reliable and repro- droplet formation.>** The unstable jetting mode and channel
ducible manner for a long period.”** However, undesirable jetting clogging issues should be addressed for practical applications,
and clogging were often observed due to non-coaxial align- such as sustained drug carriers.”’” In addition, water-miscible
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cosolvents (e.g., ethanol, methanol, and acetone) were often
incorporated into the discontinuous DCM phase to enhance
drug solubility.”®** Therefore, the droplet generation behavior
was observed using a mixture of DCM and acetone as the dis-
continuous phase. The DCM phase without acetone was gen-
erated into uniform droplets in a typical dripping mode. In
contrast, when the DCM/acetone (8:2) phase was introduced
into the microfluidic device with 200 um glass capillary, non-
uniform droplets were produced in jetting mode even at the
early stage, which is due to the water miscibility of acetone.
Therefore, a mixture of DCM and acetone (8:2) was used as
the discontinuous phase in a model system.

Actually, the flow of discontinuous phase along the inner
wall of the outer capillary often originates from the attractive
interaction between the discontinuous phase and the inner wall
of the capillary.*®**' Therefore, surface modification was uti-
lized to address this issue. PVA was chosen as a molecule for
the surface modification because it is one of the most often
used materials as a surfactant for the continuous phase in the
oil-in-water emulsion. In addition, PVA can provide a thicker
hydrophilic layer than silanes due to its larger molecular weight.
Figure 4 shows a schematic diagram of the procedure of the
modification of a glass substrate. A slide glass was treated with
plasma and aqueous PVA solution was then dropped onto the
plasma-treated glass surface, followed by baking in an oven.*
After washing with hot water, the contact angle was measured
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Figure 5. Variation in water contact angle of the untreated, plasma
treated, and plasma/PVA treated glass substrates with respect to time.
The plasma/PVA treated glass substrates were soaked in distilled
water (DW) or DCM phase.

to ensure the PVA modification. The treated slide glass was
soaked in water or DCM, and the water contact angle was then
measured for 12 h. As shown in Figure 5, the untreated slide
glass had a contact angle of approximately 65°, irrespective of
time. The contact angle of the slide glass just after plasma
treatment was 7.7°, but sharply increased to 32.7°. The slide
glass treated by plasma and PVA modification showed a low
contact angle of less than 30° over 12 h. A similar tendency
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Figure 4. Schematic of the PVA surface modification procedure of the (a) glass substrate; (b) glass capillary.
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was also observed in DCM soaking. This result confirmed the
stable PVA modification onto the glass substrate for a long
period in both aqueous and organic phases.

Generally, non-uniform oil droplets are generated in a hydro-
phobic microfluidic device because the oil phase tends to flow
along the hydrophobic inner walls due to the hydrophobic inter-
action between the oil and the inner wall. The oil droplets are
generated from the surface of the inner wall, not at the end of
the microchannels for the oil phase. Therefore, the inner wall
of the microfluidic device should be modified by hydrophilic
molecules to prevent the hydrophobic interaction. To verify the
effect of PVA modification, droplet generation behavior in the
microfluidic device with 200 um glass capillary was observed
up to 6 h using a mixture of DCM and acetone as the dis-
continuous phase. The square glass capillary was treated in the
plasma chamber and then soaked in aqueous PVA solution,
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followed by baking in oven. After washing with hot water sev-
eral time, the PVA-coated glass capillary was used for the fab-
rication of the microfluidic device. Figure 6(a) shows that the
stream of the oil phase (mixture of DCM and acetone) was
elongated along the glass capillary with respect to time and
DCM/acetone droplets were unstably produced in a jetting mode
at the untreated microfluidic device. In contrast, the microfluidic
device with the PVA-coated glass capillary exhibited stable drop-
let generation in dripping mode (Figure 6(b)). Figure 6(c) and
6(d) show the average size of the oil droplets and CVs, respec-
tively. There was no significant difference in droplet size. The
CV value of the oil droplets in the microfluidic device without
PVA modification was increased up to 21.0%. However, the
oil droplets produced in the microfluidic device modified with
PVA exhibited high uniformity with CV less than 3%. This
result suggests that the PVA modification the inner wall of the

T =240 min
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Figure 6. (a, b) Droplet formation at the tip of the silica capillary in the microfluidic device consisting of square glass capillary with inner diameter
of (a) 200 um; (b) 300 pm, with respect to time. White arrows refer to the jetting length; (c) The average size; (d) CV values of oil droplets pre-
pared in the microfluidic devices with untreated and plasma/PVA treated glass capillaries.
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glass capillary was maintained for a relatively long time (up to
6 h), resulting in uniform droplet formation.

Conclusions

The reproducible production of uniform droplets is a most
important issue, which should be achieved for commercial
applications. Here, we successfully demonstrated the stable
and reproducible production of uniform oil droplets using a
microfluidic device with a silica microcapillary and a square
glass capillary (200 um in diameter) modified with PVA. The
small gap between the silica microcapillary and the square
glass capillary facilitated the coaxial configuration of the cap-
illaries. In addition, the PVA modification of the inner wall of
the glass capillary prevented the discontinuous phase from
flowing along the inner wall of the glass capillary. The cap-
illary-based microfluidic device can provide a potential strategy
for the mass production of uniform microspheres in a reliable
and reproducible manner.
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