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ABSTRACT: Monodisperse poly(2-hydroxyethyl methacrylate), p-HEMA, microspheres in size ranging from 16 to 340 (um) were syn-
thesized by in situ emulsion photopolymerization of HEMA monomer with polyethylene glycol diacrylate (p-EGDA) by means of a
three-dimensional microfluidic flow-focusing device. An aqueous solution of HEMA, p-EGDA as chain extender and UV-
photoinitiator serving as dispersed phase formed microdroplets in a continuous oil phase mainly consisting of n-heptane. A down-
ward coaxial orifices design in the device led to confinement of the reaction admixtures thread to central axis of the microchannels.
This design strategy could solve the wetting problem of dispersed phase with the microchannels leading to a successful production of
monodisperse microspheres with size variation of less than 4%. The effects of concentration of p-EGDA, surfactant, and flow rate
ratios on microsphere size were examined. It was observed that increasing the concentration of p-EGDA slightly increases the size
whereas increasing the flow rate ratios of continuous to dispersed phase effectively decreases the size of microspheres. The rapid con-
tinuous synthesis of p-HEMA based microspheres via the microfluidic route with reliable control over size, size distribution, and
composition opens new doors for mass production of biocompatible and degradable polymeric microspheres for enormous biotech-

nological applications. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40925.
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INTRODUCTION

Interest in miniaturization of biological and medical systems has
grown in recent years. The nano and/or micron size polymeric
particles can be used as smart delivery systems, which can carry
molecules and drugs to target sites directly. These particles can
also be used as essential components for artificial cells, bioreac-
tors, biosensors, chromatography, and information storage.
Drugs, hormones, proteins, nucleic acid, peptides, and antibodies
can be carried by micro and nanoparticles through various routes
of administration." Those applications primarily depend on
particle size, shape, morphology, and size distribution.*® It is
worth to note that the useful size range for many biomaterial par-
ticles is in the range of several micrometers to few nanometers.
For example, the ideal sizes for encapsulation or drug delivery
systems are in the microns range.”® Moreover, narrowing particle
size distribution has been shown to be important in controlling
drug release kinetics, reproducibility, and bioavailability” (differ-
ent size particles are accumulated differently in the body).

In general, biocompatible and biodegradable polymeric micropar-
ticles have become strong candidates for encapsulating and using in
drug delivery because of their ease of delivery, mechanical stability,
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mild processing conditions, high drug encapsulation efficiency, long-
term sustained release, slow degradability, and the ability to regulate
their drug release kinetics.'” In recent years, the demand for hydro-
philic media has rapidly increased with the development of biotech-
(p-HEMA)
microspheres are excellent media for applications in chromato-
graphic separation, immobilization of bioactive molecules, designing
bioreactor and biosensor, and drug delivery systems.'' The p-HEMA

nology. Porous poly(2-hydroxyethyl methacrylate)

has abundant hydroxyl groups on its surface which can be modified
into different functional groups to meet the requirement for different
chromatographic applications such as exchange chromatography,
hydrophobic interaction chromatography, as well as affinity chroma-
tography.'> Moreover, the p-HEMA has excellent biocompatibility
because of its hydrophilic functional groups, and therefore can be
used in immobilization of bioactive molecules."?

Recently, innovative developments of microfluidic systems based
systems (MEMS) technologies
have attracted great scientific and industrial attentions. A wide
variety of chemical and physical phenomena occur in a designed
microfluidic systems, which is fundamentally an area of research
drawn from classical physics to chemistry-fluid mechanics, such

on micro-electro-mechanical
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Figure 1. (A) Microfluidic device set up and constructed layers and (B) a typical photo of the engraved microchannels on bottom layer (PMMA sheet)

by laser. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

as electrostatics, thermodynamics, and statistical mechanics,
elasticity, and polymer chemistry. In microfluidic systems, fluids
flow in microchannels by diffusion-based laminar flow mecha-
nism due to low Reynolds numbers. The rapid mass and heat
exchanges in microchannels result in a higher throughput and a
faster reaction process as compared to conventional systems."*

Recently, the microfluidic-based generation of microparticles
has been extensively explored as an alternative versatile route
for production of microdroplets based on emulsion mecha-
nism.">™"® Microfluidic platforms are shown to be useful in gen-
eration of monodisperse microdroplet emulsion by predictable
breakup of immiscible coflowing streams forming discrete drop-
lets with consistent size in a variety of microfluidic geome-
tries.” In contrast to bulk emulsification methods, an emulsion
in a microfluidic device is made by precisely fabricating one
drop at a time which results in a highly monodisperse emul-
sion.”® Moreover, if the generated microdroplets are polymeriz-
able, it is possible to obtain thousands of polymer particles with
well-defined characteristics such as size, shape, and morphology.
With microfluidics it is also possible to form multiphase drop-
lets from which partial polymer spheres, Janus, ternary polymer
particles, polymeric beads, disks, and plugs can be fabricated.”!

Moreover, efficient components and control of chemical reactions
at microliter to deciliter scales allow microfluidic devices to intro-
duce better control on synthesis and shape parameters. In these
methods, the microbubble or microdroplet size, size distribution,
flow behavior, and flow pattern need to be controlled, tuned, and
manipulated in a precise way.”*** According to the type of flow in
microchannels, the particle formation and synthesis methods can
be primarily divided into two main categories: that is, single phase
continuous flow synthesis and emulsion (two-phase) micro-drop-
lets/segmented flow synthesis. In both categories; reaction times,
temperatures, mixing efficiency, reactants and surfactant concen-
trations, contact conditions, viscosity, surface tension, and flow
rates are parameters which control particle quality.**

Another attractive unique feature of the microfluidic platforms
is ability to fabricate double, triple, and even higher order
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emulsions, where the size and number of the ordered and
encapsulated droplets can be easily manipulated in a precise
manner. Moreover, solid particles with controlled nonspherical
shapes can be fabricated in two steps; first generating uniform
droplets of the desired shape in a microfluidic platform and
then solidifying the content of the droplet. As the morphology
of droplets is determined only by the physical properties of the
fluids and operating conditions (device geometry and flow
rates), this method is a general way of synthesizing spherical
particles of a variety of materials with dimensions in microme-
ter scale. By increasing the flow rate or surface tension of the
dispersed phase, the volume of the droplet increases, and hence
the shape of droplet changes from spheres into nonspherical
shapes. The prepared droplets can then be solidified by light or
by UV photo-induced polymerization, thermally induced poly-
merization, or through a liquid-solid phase transition at
downstream.*»*

The aim of this research is to use a microfluidic device to syn-
thesize monodisperse biocompatible and biodegradable micro-
particles based on p-HEMA. The strategies consist of
microdroplet formation by a water-in-oil (W/O) emulsion
mechanism in a cross-junction flow-focusing microfluidic chan-
nel, pre-in situ UV photopolymerization of microdroplet after
the junction and consequently post UV curing of the prepared
microparticles in a sedimentation tank to consolidate the micro-
particles. The effects of composition of the dispersed phase, and
surfactants as well as the flow rate ratios on microparticle for-
mation are discussed here.

EXPERIMENTAL

Materials and Methods

Materials. 2-Hydroxyethyl methacrylate (HEMA) as monomer
and the main constituent of the dispersed phase, n-heptane as
continuous phase, hexadecanoic acid (Palmitic acid) as surfac-
tant, and 2-propanol were obtained from Merck (Germany).
Other constituents, polyethylene glycol diacrylate (p-EGDA
M,=575 g mol™ ') and 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (IRGACURE® 2959) as UV initiator were
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Figure 2. Surface profile/roughness of a typical microchannel obtained by
ImageJ software.

purchased from Sigma—Aldrich (Germany). Filter papers, Cat
No. 1442, were obtained from Whatman, Germany. A conven-
tional poly(methylmethacrylate), (PMMA), extruded sheet (Ray
Chung Acrylic Enterprise, China) was purchased from local
market.

Fabrication of Microfluidic Device. The proposed 3D flow-
focusing microfluidic device (3D-MFFD), 90° cross-junctions,
was designed by AutoCAD® and constructed on two PMMA
substrates with a CO, laser micromachining process (Guang-
dong Hans’s Yueming Laser Tech, CMA-960, Taiwan). The
microfluidic device had four layers namely (from top to bot-
tom) a metal cover layer, upper channel layer, lower channel
layer, and bottom metal layer [Figure 1(A)] which were fixed
together by screw binding. A round observation area with diam-
eter of 2 mm was designed at the channel width, after the
cross-junction on downstream, as UV irradiation window for in
situ photopolymerization. The screw binding and microfluidic
chip fabrication process are low cost, easy to clean, and cheap
to recycle.

To prepare channels in the required dimensions, a PMMA sheet
was used to find appropriate beam power and motion speed to
engrave channels of almost 150 and 250 (um), while the layout
comprises several straight channels with varying engraving
parameters. Finally, the channels fabricated using a constant
laser firing power 4 W and motion velocity of 2.5. A typical
sample of the engraved microchannels on the PMMA sheet is
shown in Figure 1(B). Afterwards, engraved sheets were cut and
then sonicated (SONOREX SUPER RK-106, Germany) in 2-
propanol for 5 min, rinsed with deionized water, and then dried
in an oven at 30°C for 12 h. Flow connections and simple injec-
tion syringe were bound by cyano-acrylate adhesives and micro-
fluidic chip layers were then tightened by screws.

As during microfluidic operation the flow rate of the feed
depends on surface texture of the micro channels which cer-
tainly influence process and quality of microspheres, the surface
profile/roughness of the microchannel is an important consider-
ation. For this purpose, the surface profile/roughness of a typi-
cal microchannel was investigated by ImageJ software and the
resulting image is presented in Figure 2. Based on this processed
image, it is seen that there are no significant defects (roughness
or harsh surface) on the surface of the microchannels to influ-
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Table I. Some Characteristics of the Used Materials®

Solubility
Density Viscosity parameter
Materials (gcm™9) (cP) (cal cm™3)0°
HEMA 1.07 59 23
p-EGDA 1.12 57 29.9
n-Heptane 0.679 0.42 7.5
p-HEMA 1.15 - 25-26

@The density and viscosity are reported by the manufacturer.

ence the fluid streams

generation.

A UV lamp (18W OSRAM DULUX S-BLUE UVA, Germany)
with light irradiation at 280-315 (nm) was used as the source
of in situ photo-initiation. To initiate the in situ photopolymeri-
zation of formed microdroplets, the light was focused by a glass
magnifier objective lens on the observation window in the
upper metal layer of the device. Moreover, an extra UV lamp
(9W OSRAM DULUX S-BLUE UVA, Germany) was used as
post UV photopolymerization source on a 25 X 2 (cm X cm)
aluminum tank where the semisolid microparticles sediment
and stay to completely solidify by further polymerization. A
cooling fan (Cooler Master Hyper XT3, Taiwan) was used on
the back of the microfluidic device, that is, the bottom metal
layer, for preventing the heat buildup in the channels during
the UV irradiation.

and procedure of microdroplets

To inject fluids, 1702RN (25 uL) syringe series (Hamilton), 0.5
(mL) insulin glass syringes were used to supply dispersed phase
and also 1, 2.5, and 5 (mL) glass syringes with Teflon tubing
were used to supply the continuous phase into the 3D-MFFD
channels. Flow rates were controlled using two independent
homemade syringe pumps to provide different flow rates.

Generation of Microdroplets in the Microfluidic Device

As shown in Figure 1(B), the microfluidic device fabricated
with PMMA sheets consists of two inlets of continuous fluids
with hydrophobic n-heptane solution and one inlet of hydro-
philic solution as a dispersed phase. The dispersed phase and
n-heptane solutions are immiscible because of their distinctive
properties being hydrophilic and hydrophobic, respectively;
therefore, they can easily form water-in-oil (W/O) emulsion in
the microfluidic channel (Table I). The dispersed phase con-
sisting of HEMA, chain extender, and photo-initiator was sup-
plied from the central cross-junction shaped microchannel,
and n-heptane with surfactant as continuous phase was
injected perpendicularly from two side microchannels, where
W/O emulsion was reproducibly formed by rupturing of
hydrodynamic instability under the experimental condition
[Figure 1(B)].

The formation of microdroplets at a junction is governed by
the competition between the viscous stress and the surface ten-
sion stress.”®* The capillary number (C,= Uu/y) is a value
showing the relative importance of these two factors, where U is
the flow rate of continuous phase, u is the viscosity of the

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40925

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

continuous phase, and y is the interfacial tension between the
hydrophilic and continuous phases. The C, can be modified by
varying Q,, the flow rate of the continuous phase, which results
from a change in U through the relationship, U= Q/A, where
A is the cross-sectional area of the microchannel. Therefore, cal-
culation of C, to depict stable and unstable emulsion micro-
droplet formation regimes and its dependency on the dispersed
flow rate in the present 3D-MFFD is not applicable. The cross
sectional area of the present cross channel could not be meas-
ured accurately due to the fact that the 3D-MFFD was prepared
by the laser ablation process. It is more reliable to explore and
depict regimes Q, versus Q/Q, ratio coordination instead of Q
versus C,. In this context, an optical measurement method and
its decoding strategy were applied to explore stable and unstable
regimes. To find the above-mentioned regimes for microdroplet
formation, an electronic homemade device was designed which
is introduced in the next section.

Finally, the flow patterns of the system in Q/Q, and Q, coordi-
nates were depicted to investigate the condition for generation
of monodisperse and stable microdroplets. No leakage was
observed within the range of flow rates at which the process
was tested. Moreover, the swelling of 3D-MFFD device caused
by the dispersed phase and continuous phase solutions was not
apparent during the experiments.

Synthesis of Microspheres

The process was performed by dispersed phase containing
HEMA/p-EGDA in three different composition ratios (0, 4, and
8 wt % of p-EGDA) and UV photo-initiator (0.75 wt %). The
flow rate of the dispersed phase was fixed at 0.4 (uL min ')
while the continuous phase flow rates were varied from 3 to 10
(uL min~"). The synthesis of microparticles was done in the
stable regimes based on the explored flow patterns data. After
changing the flow rates, the device was equilibrated for at least
1 min to ensure stable droplet formation and then UV exposure
applied on the device for 1 min. The microfluidic device outlet
was suspended in a rectangular tank containing at least 50 (mL)
of continuous phase. The semipolymerized microparticles were
left in this bath for at least 15 min while exposing to the second
UV lamp to ensure complete post UV photopolymerization.
The microparticles were separated by a filter paper and washed
several times with pure n-heptane and then dried in an oven
for 5 min at 30°C.

Analytical Instruments and Methods

To investigate microdroplet formation in stable and unstable
forms, a homemade light intensity measurement device based
on microcontroller was designed. The instrument consisted of a
laser emitting diode, Patchcore optical fiber, and a photoreceiver
sensor connected to microcontroller AVR-Atmel system [Figure
3(A)]. The design concept was based on light emitting to the
surface of glass based microchannel, which was connected to
downstream of the main 3D-MFFD, and measuring the light
intensity at other side of the channel by a photoreceiver sensor.
The collected intensity by the photoreceiver was translated to
the changes in fluid turbidity based on differences between light
transparency of the continuous phase and the semipolymerized
microparticles while passing in front of the sensor.
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Shortly, the light intensity decreases when a semipolymerized
microparticle crosses the sensor surface while continuous phase
has no effect on the light intensity during the process. There-
fore, each microparticle can be detected when light intensity
decreases. Moreover, the sequence of light intensity fluctuation
can be translated into the microparticle moving speed and/or
size. In other words, instability of microparticle formation and
either size deviation can be detected when there are no light
intensity fluctuations. Typical examples of the microcontroller
data, stable and unstable regimes, are illustrated in Figure
3(B,C), respectively.

Photos were recorded by a digital camera (Canon 500D, Japan)
mounted on an optical microscope (BX400, Olympus Optical,
Japan). The size distribution of microsphere was analyzed using
Image] software (available at http://rsb.info.nih.gov/ij/). The
average diameter, D,,, and size distribution of the microsphere
along with coefficient of variance (C.V., defined as the standard
deviation in the measured diameter divided by the average
diameter) were calculated from measured values of at least 50
prepared microspheres. The C.V. value, defined as eq. (1), is
used to characterize the size distribution of the synthesized
microspheres. Where d; is the diameter of the ith microsphere,
d is the volume-mean diameter, and N is the total number of
measured microspheres.

(3 (d—ay /)"
d

During the operation when a blockage was encountered the fol-
lowing procedure was performed to remove the materials in the
microchannels: the device was quickly disassembled., the micro-
channels and the orifice were washed by a water jet, the micro-
channels were cleaned by a micrometric metal wire, and finally
the microfluidic device’s layers were immersed in water at an
ultrasonic bath for at least 15 min for cleaning.

CV.= (1)

RESULTS AND DISCUSSION

Initially, a pure oil phase was used as continuous phase during
the synthesis process, but it was impossible to generate stable
and separated microdroplets. In the absence of surfactant in the
continuous phase, a semi-continuous dispersed phase stream
was formed within the oil phase which introduces unstable
microdroplet formation and coagulation of in sifu polymerized
microparticles. Therefore, a nonionic surfactant (Palmitic acid)
was added to the oil phase at 3% (w/v) to reduce the surface
tension between both the phases to facilitate stable microdroplet
formation in emulsion and to prevent subsequent coalescence
prior to the in situ polymerization and post curing. According
to the results of optical data analysis, it was confirmed that by
utilization of surfactant, the droplets moved in an ordered way
along the microfluidic channel without coalescence and did not
stick together in the post curing tank. At the further runs even
by adequate surfactant, tail-shaped microparticles were formed.
It was found that the formation of the tail-shaped micropar-
ticles was due to the position of the UV exposure near to the
cross junction. In this condition, the microdroplets were poly-
merized while they were not released their breakup stress to
form spherical microparticles, therefore the tail-shaped

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40925
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Figure 3. (A) Schematic of optical measurement strategy, the light intensity fluctuation of stable regimes results in monodispersed microspheres synthesis

(B) and unstable regimes which result in polydispersed and non-unique microspheres synthesis (C), respectively.

microparticles were formed [Figure 4(K)]. To overcome with
this problem, position of the UV exposure window was changed
to a farther point from the cross junction. In this way photopo-
lymerization can be performed while the microdroplets were
formed fully spherical shape without any shape non-uniformity.

Moreover, semispherical microparticles were obtained in the hori-
zontal platform setup. Considering the noticeable density differ-
ence between the dispersed and continuous phases and the low
Reynolds numbers streams, migration of microdroplet to the
upper layer and the bottom of microfluidic channels can occur.
Subsequently, semispherical particles are prepared if the men-
tioned microdroplets to be cured in sifu. Based on material prop-
erties of the continuous and dispersed phases used in this study
(Table 1), dispersed phase is denser than the continuous phase;
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therefore, in situ photopolymerization of the generated micro-
droplets results in semispherical microparticles formation. Con-
versely, due to unequal UV irradiation to the microdroplets
during in situ photopolymerization semispherical droplets can be
formed. A square aluminum foil was installed at exposure point
to reflect UV on the microdroplets for providing a homogeneous
photopolymerization condition. Therefore, it was found that the
horizontal synthesis process due to higher density of dispersed
phase and also no reflector usage resulted in semispherical micro-
particle formation [Figure 4(L)]. Finally, vertical alignment of
microfluidic device by downward flow of fluids was set up to
remove the above-mentioned problems during microdroplet for-
mation and in situ photopolymerization processes. Also, the
semipolymerized microparticles were directed into the horizontal
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Figure 4. Typical images of the prepared samples at different conditions. Further information by sample code is available in Table II. The scale bar is

200 (um). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

sedimentation tank for post photopolymerization process. Some
typical prepared microsphere samples at the stable regimes are
shown in Figure 4.

Flow Rate and Interfacial Effects on Microparticles
Formation

When the surfactant is introduced into the continuous phase
below 3% (w/v), high interfacial tension between two immisci-
ble fluids leads to generation of irregular microdroplets during
in situ polymerization and coalescence of microparticles in the
post curing sedimentation tank. The concentration of surfactant
was optimized (at least >3%, w/v) to generate stable micro-
droplets having spherical shape and a narrow size distribution.

For flow rate ratios (continuous to dispersed) of 2.5-35 and at
dispersed phase flow rates within 0.2-1.8 (uL min '), two kinds
of flow patterns are clearly detected after the junction (see Fig-
ure 5): stable microdroplets formation (filled and semifilled
areas) and unstable flows and non-unique microdroplets forma-
tion (unfilled area). Based on the explored flow patterns of the
pure HEMA as dispersed phase [Figure 5(A,D)], for Q/Q;<5
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and QJ/Q < 7.5 and for orifice size of 177 and 269 (um), it is
seen there is a tendency for wetting of the top and/or bottom
of the microchannel surfaces and adherence to the orifice result-
ing in growth of droplets and formation of large and non-
uniform microdroplets. Moreover, microchannel blocking
occurs when the flow rate of dispersed phase is higher than 1.3
(uL min~"). The stable and monodisperse emulsions can be
generated in limited range of 5< QJ/Q;<25 and 7.5<Q/
Q;< 30 when the flow rate of dispersed phase varies from 0.2
to 1.3 (uL min~ ') and 0.2 to 1.6 (uL min~") for orifice size of
177 and 269 (um), respectively (filled areas as a stable regimes).
As the flow rate ratio of continuous to dispersed phase
increases, the region of stable microdroplet formation decreases
and as a result formation of stable and uniform microdroplets
cannot be obtained at the higher flow rate ratios. Moreover, at
the higher concentration of the surfactant (5%, w/v) no signifi-
cant changes in the flow patterns are obtained (i.e., semifilled
areas). As a result, it can be concluded that surfactant concen-
tration has very small effect on the process conditions, stable
regimes, and microdroplet formation.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40925
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Figure 5. Flow patterns of stable regimes, the left and right hand patterns are for orifice size of 177 and 269 (um), respectively. Filled and semifilled areas

indicate stable regimes when surfactant contents are 3% (w/v) and 5% (w/v), respectively.

The flow patterns of the dispersed phase when 4 and 8 wt % of
p-EGDA, as chain extender, were added to the dispersed phase
are shown in Figure 5(B,C,E,F). It is seen that by addition of p-
EGDA to the dispersed phase, the border of the stable regime
shifts to higher flow rate ratios and to lower dispersed flow rates
as compared to the neat dispersed phase consisting of HEMA. In
this condition initiation of the stable regimes needs at least Q/
Qs>7.5 and Q/Q,> 10 to form stable microdroplets for orifice
size of 177 and 269 (um), respectively.

At the high flow rate of the continuous phase or very high Q/Q,,
a transition from stable to unstable regime or an elongational
flow behavior occurs. If the values of C, or Q/Q, gradually
increase at a constant Qg a critical capillary number is reached
where the dispersed phase begins to elongate and breakup with-
out any order. This is the onset of the transition from the stable
microdroplet formation phase (filled and semifilled areas
regimes) to unstable microdroplet formation phase (unfilled area
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Figure 6. (A) Satellite microspheres prepared by HEMA/8 wt % p-EGDA
at Q;=0.8 (uL min~') and QJ/Qu= 15, (B) satellite microspheres pre-
pared by HEMA/8 wt % p-EGDA at Q;=0.5 (uL min ') and Q/
Q=122.5, and (C) particle size distribution of sample-I based on Image]J

software. The scale bar is 200 (um). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Mean Diameter, C.V., and Rate of Production of the Prepared Microspheres (Determined Based on Figure 7)

Rate of production

Sample code HEMA (wt %) p-EGDA (wt %) Orifice size (um) Q//Qq ratio Mean diameter (um) C.V. (%) (microparticle/s)®
A 100 0 269 20 230.15 1.64 1

B 92 8 269 25 198.75 1.21 1.6

C 96 4 269 25 181.4 1.32 2.1

D 92 8 177 7.5 17017 3.02 2.6

E 96 4 177 12.5 109.37 1.56 9.7

F 92 8 177 17.5 68.06 2.74 40.4

G 96 4 177 17.5 58.53 2.33 63.5

H 100 0 177 17.5 4312 2.38 158.8

| 92 8 177 22.5 41.25 213 181.5
J 100 0 177 22.5 16.27 3.78 2957.8
@Based on theoretical calculation (volume of dispersed phase flow rate divided by the volume of microparticle).

regime). Therefore, monodisperse microdroplets cannot be gen-
erated beyond the stable regime borders.

Moreover, at the borders of the stable to unstable regimes a
transition to a jetting mode occurs.” In this condition, the dis-
persed phase passing through the flow-focusing orifice break off
into main population of microdroplets while some of them
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Figure 7. Variation of mean diameters of the prepared microspheres ver-
sus the flow rate ratios, (A) orifice size of 177 (um) and Q, fixed at 0.4
(uL min "), (B) orifice size of 269 (um), and Q fixed at 0.4 (UL min ).
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accompany with small or big satellite microdroplet [Figure
6(A,B)]. The satellites microparticle diameter is found to be
larger when synthesis process is done at lower dispersed flow
rates and flow rate ratios when moving on the transition line.

The mean diameters and C.V. of the prepared microspheres as a
function of the flow rate ratios at different compositions of the
HEMA/p-EGDA were summarized in Table II. Figure 7(A,B)
shows the effect of composition of the HEMA/p-EGDA mixture
and flow rate ratios on microspheres size at Q;= 0.4 (uL min~ ")
for orifice dimensions of 177 and 269 (um), respectively. It is
found that at the stable regimes and fixed dispersed phase flow
rate, microspheres size decreases by increasing of the flow rate
ratios. Moreover, the decreasing trends of the microspheres diam-
eter by flow rate ratios for orifice size of 177 (um) are more pro-
nounced than that of the orifice with the higher size (269 um).

Effect of Components on Microparticles Formation

As mentioned in the previous section, wetting phenomenon was
detected for Q/Qu;<5 (pure HEMA as dispersed phase). Such
wetting phenomenon was almost seen for all the cases of C,.
5Gpa = 4 and 8 wt %. By increasing C,_pgpa the borders of the
stable regimes shifted to the higher flow rate ratios as shown in
Figure 5(D-F). In this condition, breakup of the dispersed
phase becomes harder when C, ggpa increases which might be
due to viscosity effect of the dispersed phase. It is obviously due
to the fact that the continuous phase cannot effectively sur-
round, push, and break up the dispersed phase after they passed
through the inner fluid orifice at low flow rate ratios particu-
larly when viscosity of dispersed phase increases. Therefore,
higher flow rate ratios are needed to break up dispersed phased
into microdroplets.

For the applied flow rate ratios, it is found that an increase in
Cp-egpa from 0 to 8 wt % results in an increase in the micro-
spheres diameter (Table II). By fixing the flow rates of the dis-
persed phase and flow rate ratios, the size of microspheres
increases linearly with increasing C,.ggpa from 0 to 8 (wt %).
The effect can be attributed to the fact that the increase of
Cp-rGpa (Wt %) increases dispersed phase viscosity and interfa-
cial tension with respect to the continuous phase (Table I).
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After size distribution measurement of the prepared micro-
spheres (at least 50 particles), a coefficient of variance (C.V.) less
than 4% is obtained (the results are summarized in Table II).
The C.V. is defined as the ratio between the standard deviation
of the diameter and the mean diameter. The C.V. of the micro-
spheres increases by increasing of the flow rate ratios. In other
words, broader particle size distribution is detected when process
is performed at higher flow rate ratios or at higher continuous
phase flow rates in the stable regime. A C.V. of less than 5% is
the commonly accepted definition of monodispersity. Particle
size distribution diagram of a prepared microspheres, HEMA/8
wt % p-EGDA [Figure 4(I)], at the flow rate Q;= 0.4 uL min~ !
and flow rate ratio of 22.5 are shown in Figure 6(C). The image
shows narrow particle size distribution and also C.V. of 2.13%
which confirms high monodispersity index.

Based on the findings from this study it can be concluded that dis-
persed phase viscosity plays a prominent role on microspheres
diameter as well as on the flow rate ratios. Thus, the mean diame-
ter of the microspheres can be gently manipulated by controlling
flow rate of continuous phase and viscosity of the dispersed phase,
ranging from 16 to 340 (um) in these experiments. In addition,
the prepared microspheres in the stable regime of microdroplet
formation show high monodispersity (C.V. < 4%) which is accept-
able for many biological applications. Moreover by increasing C,,.
EGpa (Wt %) from 0 to 8%, it is found that lower time is needed to
completely solidify the microdroplets to microspheres. This is
mainly due to effect of the density distribution of the p-EGDA
used as crosslinking agent or chain extender.

CONCLUSION

Many experiments were conducted to document the formation
of two-phase W/O dispersions in microchannels fabricated with
the flow-focusing configuration based on laser direct writing on
PMMA sheets. The applied microfluidic technique was simple
but efficient enough to generate p-HEMA based microspheres
with high degree of monodispersity. Microspheres were synthe-
sized in vertical alignment due to noticeable differences between
densities of dispersed and continuous phases. It was observed
that the formation of monodisperse microdroplets, stable
regimes, occurs over a wide range of flow rates of dispersed
phase and flow rate ratios obviously depending on the continu-
ous phase composition, flow rate ratios, orifice size, and surfac-
tant content of the continuous phase. Using continuous
microdroplet formation instable regimes and in situ photopoly-
merization, microspheres were synthesized with sizes from 16 to
340 (um) and C.V. < 4% which is fairly acceptable for many bio-
logical, drug delivery, and chromatography applications. It was
concluded that flow rate ratio plays a more prominent role on
microdroplet size formation in both the orifice sizes, 177 and
269 (um). Addition of p-EGDA to the continuous phase
increased microspheres diameters compared to the pure HEMA.
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