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Abstract Monodisperse copolymer particles carrying

surface carboxyl groups in the range of 50–200 lm were

prepared by in situ UV polymerization of ethyleneglycol

dimethacrylate (EGDMA) with acrylic acid (AA) via a

microfluidic flow-focusing device (MFFD). The design of

the coaxial orifices in the MFFD enables the confinement

of the comonomer liquid thread to the central axis of the

microchannel, which can avoid the wetting problem of

comonomer liquid with the microchannel and can suc-

cessfully produce monodisperse copolymer microspheres

with coefficient of variance below 5%. The effects of

concentration of EGDMA and AA on droplet diameters

and the distribution of carboxyl group on particle surfaces

were examined. It has been found that, increasing the

concentration of AA would decrease particle sizes, but

increase the distribution of carboxyl group on particle

surfaces. Bioconjugation of the carboxylated copolymer

particles with the anti-rabbit IgG–Cy3 conjugates was

successfully demonstrated. By increasing the concentration

of AA accompanied with decreasing the particle sizes, high

efficiency of bioconjugation on carboxylated copolymer

particles was achieved. The rapid continuous synthesis of

carboxylated copolymer particles via a microfluidic device

provides a reliable control of particle sizes and composition

for massive production in biotechnological applications.

Keywords Flow-focusing device � Copolymer �
EGDMA/AA � Bioconjugation

1 Introduction

Recently, functional groups-carrying micron-size uniform

polymer particles have attracted attention in the area of

the biotechnological and biomedical applications, such as

affinity chromatography, immobilization technologies,

drug delivery systems, and cell culturing (Rembaum and

Toke 1998; Slomkowski 1998; Kawaguchi 2000; Seong

et al. 2003). Detection, immobilization, and separation of

DNA, cells, and proteins require particles carrying surface

functionalities, e.g., carboxyl, hydroxyl, amine, amide and

chloromethyl groups. Among them, the incorporation of

carboxyl groups has attracted large attention since the

carboxyl groups on particles surfaces can be easily acti-

vated for various applications. Polymer particles within the

size range of 50 nm–2 mm can be produced by various

manufacturing processes including suspension, emulsion,

and dispersion polymerizations, etc. (Arshady 1992, 1993;

Kesenci and Kin 1998; Zhang et al. 2005). However, these

methods are frequently time-consuming, and lack sufficient

control over particle size distribution and particle

compositions.

A microfluidic-based method (Nisisako et al. 2004,

2006, 2007; Dendukuri et al. 2005; Nie et al. 2005, 2006;

Seo et al. 2005a, b; Nisisako et al. 2006) for the rapid

continuous in situ photopolymerization of monomer drop-

lets emulsified in a microfluidic flow-focusing device

(MFFD) has been proposed and proven to enable the
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generation of extremely monodispersed polymer particles.

Typically, the 2D MFFDs composed by polydimethyl

siloxane (PDMS) microchannels on glass substrates were

extensively used to produce polymer particles. However,

wetting properties associated with both liquids and mi-

crochannels for current 2D MFFDs are a vital issue in the

generating process of monomer droplets. This indicates

that the wetting of the channel surfaces, i.e. hydrophobicity

and hydrophilicity, has a significant effect on the type of

dispersion that can be produced (Seo et al. 2005a). We

have found that the liquid thread of ethyleneglycol di-

methacrylate (EGDMA) in water solution tends to stick on

the channel wall without droplet breakup for the 2D MFFD

(Fig. 1b). This is due to the factor that EGDMA has a high

affinity with the hydrophobic PDMS channel surfaces.

Utilizing the material of polyurethane (PU) elastomer to

fabricate the 2D-MFFDs (Nie at al. 2005; Seo et al. 2005b)

or coating chemical compounds onto the channel surfaces

to modify the surface properties with hydrophilic proper-

ties (Okushima et al. 2004) can also probably solve this

problem. However, the complex synthesis of the PU elas-

tomer and contamination of chemical compounds limit the

practical applications in the massive production. In prin-

ciple, the wetting phenomenon could be solved by using a

2D-MFFD fabricated in naturally-hydrophilic material

such as glass and silicon, which have been used for

the formation of monodisperse oil-in-water emulsions and

polymeric microparticles (Nisisako et al. 2002, 2004, 2006,

2007). The possibility to produce copolymer microparti-

cles, which could change the wetting property, i.e.

hydrophobicity and hydrophilicity, depend on the como-

nomer composition has not yet been demonstrated using

the same device in the literature. To avoid wetting of the

channel wall by the dispensed phase, axisymmetric flow-

focusing device (AFFD) is a promising technique as the

inner dispensed phase is surrounded by the continuous

phase and never touches the wall (Loscertales et al. 2002;

Banderas et al. 2005; Jeong et al. 2005; Takeuchi et al.

2005; Utada et al. 2005; Oh et al. 2006). In our previous

study (Huang et al. 2006), we fabricated a monolithically

planar 3D MFFD utilizing three layers of SU-8 resist

structures to form coaxial orifices. We successfully dem-

onstrated the formation of highly monodisperse water-in-

oil (W/O) and oil-in-water (O/W) droplets as well as

micron-size cross-linked microspheres with no functional

groups utilizing the same device. However, such configu-

rations need a complicated multilayer fabrication technique

to form coaxial orifices. A clamped facility is also needed

to seal the channel for the closed channel configuration,

limiting the possibility for mass production. Besides, the

possibility to produce the bio-functionalized microspheres,

i.e. bioconjugation of the microspheres with antibody using

the planar 3D MFFD has not yet been demonstrated.

The synthesis of monodisperse copolymer microparti-

cles composed of triproplylene glycol diacrylate (TPGDA)

and acrylic acid (AA) using a 2D PU-based MFFD was

previously proposed (Lewis et al. 2005). However, only

limited composition of comonomer solutions, i.e. TPGDA

with CAA(wt.%) \ 8% was successfully used to produce

into droplets. For CAA(wt.%) [ 15 wt.%, the monomer

thread did not break up into droplets. This is due to the fact

that AA is a water-soluble monomer with the hydrophilic

property. Increasing the concentration (wt.%) of AA can

gradually change the property of comonomer solutions

from hydrophobic to hydrophilic property, which can lead

to the occurrence of wetting phenomenon. In terms of 2D-

MFFDs, it is difficult to utilize the same device for the

formation of copolymer microparticles composed of dif-

ferent compositions of the comonomer liquids which

can significantly change the liquid property. Besides, the

copolymer microparticles with insufficient concentration of

AA, i.e. CAA(wt.%) \ 8%, could significantly influence the

distribution of carboxyl group on particle surfaces as well

as the efficiency of bioconjugation.

In this study, we fabricated a planar 3D MFFD utilizing

PDMS with a simplified fabrication process, which can

produce monodisperse bio-functionalized copolymer par-

ticles composed of EGDMA with CAA(wt.%) = 0, 10,

20, 40% using the same device. High efficiency of bio-

conjugation on carboxylated copolymer particles was

successfully demonstrated by increasing the concentration

of AA. The proposed 3D-MFFD with coaxial orifices,

which can confine the comonomer liquid thread to the

central axis of the microchannel, can overcome the wetting

problems. The generation of copolymer particles from a

mixture of two monomers of EGDMA (a host monomer)

with the acrylic acid (AA) following by in situ UV poly-

merization was demonstrated. The monomer of acrylic acid

(AA) can provide the carboxylic groups onto the particles

surfaces. Particles carrying surface carboxylic groups are

ideal carriers for protein immobilization via reactions

between surface carboxylic groups on particles and amino

groups of proteins with minimal chemical modification of

the protein. The effects of concentration of EGDMA and

AA on droplet diameters and the distribution of carboxyl

group on particle surfaces were examined. Finally, the

bioconjugation of the carboxylated copolymer particles

was successfully achieved by first activating the carboxyl

groups and incubating with the anti-rabbit IgG–Cy3

conjugates.

2 Design concept

Figure 1 shows the pictures and schematic diagrams of

the 2D- and 3D-MFFDs utilizing PDMS to produce

460 Microfluid Nanofluid (2008) 5:459–468

123



monodisperse copolymer particles by means of in situ UV

polymerization in a closed microchannel, respectively.

For formation of copolymer particles, two immiscible

fluids (fluid A: continuous phase, fluid B: disperse phase)

were supplied to the MFFD through the 300 lm (W) 9

250 lm (H) rectangular microchannels. Fluid A was a

2 wt.% aqueous solution of sodium dodecyl sulfate

(SDS). Fluid B was the monomer mixture of EGDMA

with various concentrations of acrylic acid (AA). Four

different compositions of comonomer solutions, i.e. EG-

DMA with CAA(wt.%) = 0, 10, 20, 40% were used in this

study. To produce the copolymer particles, we added

4 wt.% of photoinitiator, 1-hydroxycyclohexyl phenyl

ketone (HCPK), with the monomer mixture (EGDMA/

AA). In the 2D-MFFD configuration, the liquid thread of

EGDMA in aqueous solutions tends to stick on the

channel wall without droplet breakup due to the high

affinity of EGDMA with the hydrophobic PDMS channel

surfaces (Fig. 1b). We also tested the comonomer solu-

tions for EGDMA with CAA(wt.%) = 0, 10, 20, 40%, and

the results showed the same tendency. Therefore, instead

of the 2D-MFFD, the proposed 3D-MFFD configuration

was used to generate monodisperse comonomer droplets

for EGDMA with CAA(wt.%) = 0, 10, 20, 40%. The 3D-

MFFD device consisted of two slabs of PDMS structures

bonded together to form the embedded coaxial orifices

(Fig. 1c and d). The embedded coaxial orifices leads to

the liquid thread of the fluid B surrounded by fluid A

without contact with channel surfaces (Fig. 1d). No

wetting was occurred as shown in Fig. 1c. At the flow-

focusing orifice, the flow accelerated and subsequently the

liquid thread of the fluid B broke into comonomer drop-

lets due to Rayleigh-Plateau hydrodynamic instability

under the competition of viscous and capillary forces (Lin

and Reitz 1998). Typical dimensions of the flow-focusing

orifice in our devices ranges from 50 to 200 lm. By

controlling orifice sizes, the production rate and size of

comonomer droplets can be varied. The production of

copolymer particles was achieved by in situ UV poly-

merization of the comonomer droplets in the 3D-MFFD.

We designed a multiple U-shaped channel to increase

the exposure time of the in situ polymerization of

the comonomer droplets. The time of photopolymerization

was controlled by droplet velocities in a multiple

U-shaped channel, generally from 5 s to several minutes.

After collection of copolymer particles, the bioconjuga-

tion of the carboxylated copolymer particles with the

anti-rabbit IgG–Cy3 conjugate were performed by first

activating the carboxyl groups and incubating.

3 Experimental

3.1 Fabrication process

Figure 2a shows the schematic diagram of the fabrication

process for the 3D-MFFD. The device consisted of two

slabs of PDMS structures, which were fabricated using

standard soft lithography. Two SU-8 molds (MicroChem,

USA) were made on silicon wafer using standard lithogra-

phy techniques. The SU-8 mold with two layers of SU-8

structures (top left) defined the sizes and shape of the

coaxial orifices. The thicknesses of the SU-8 layers were 50

and 60 lm. The other mold as a cover (top right) only

contained one layer of SU-8 structures with thickness of

60 lm. Two separate PDMS layers were cast from the SU-8

(a)

a a

A

(b) (c) (d)
2D-MFFD 3D-MFFD

PDMS

PDMS

EDC/
sulfo-NHS

Anti-rabbit-
IgG-Cy3

A

B

A

B

A

coaxial

Inner fluid orifice flow-focusing orifice

Fig. 1 a Schematic diagram of

MFFD for production of

copolymer particles via in situ

UV polymerization by co-flow

of aqueous (A) and comonomer

(B) phases, (b) an image of

wetting phenomenon without

droplet production occurred in a

2D-MFFD, and (c–d) an image

and cross section diagram of

breakup of liquid tread into

droplets in a 3D-MFFD. Fluid

A: DI water + 2 wt.% SDS,

Fluid B: monomer

(ethyleneglycol dimethacrylate,

EGDMA) + 0–40 wt% acrylic

acid (AA) + 4wt%

photoinitiator (HCPK,

1-hydroxycyclohexyl phenyl

ketone)
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molds, precisely aligned, and then permanently bonded to

form the embedded coaxial orifices after the surfaces

treatment with oxygen plasma. The bonding process was

operated under a microscope with an alignment error less

than 10 lm. Figure 2b shows the SEM image of the cross

section of the microfluidic channel with a rectangular

embedded orifice measuring 60 lm (W) 9 60 lm (H) 9

100 lm (L).

3.2 Materials

Monomers, ethylene glycol dimethacrylate (EGDMA), and

acrylic acid (AA) were purchased from Aldrich USA.

Other chemicals, sodium dodecyl sulfate (SDS), photoini-

tiator 1-hydroxycyclohexyl phenyl ketone (HCPK), and

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride (EDC) were obtained from Aldrich USA.

N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) was

purchased from Fluka USA. Fluorescent solutions of Cy3-

conjugated anti-rabbit IgG were purchased and prepared

from Chemicon International USA. Four different compo-

sitions of comonomer solutions, i.e. EGDMA with

CAA(wt.%) = 0, 10, 20, 40% were used in this study.

Viscosities of these comonomer solutions were measured

by using rotational rheometer (Brookfield Engineering

Laboratories, USA). Interfacial tension between the

comonomer liquids and a 2 wt.% aqueous solution of

SDS was measured by dynamic contact angle analyzer

(FTA200, First Ten Angstroms, USA). We injected the

comonomer liquid into the static aqueous solution to form a

suitably shaped pendant drop using a syringe with a tiny

needle. The FTA interfacial tension software was used to fit

the actual pendant drop profile. Interfacial tension of two

immiscible liquids was calculated according to Laplace–

Young equation. The physical properties of EGDMA with

CAA = 0–40% (wt.%) are given in Table 1. The tempera-

tures of these comonomer solutions are maintained at 25�C

for both viscosity and interfacial tension measurements.

Besides, the contact angles of comonomer solutions with

PDMS surfaces were also measured ranging from 42� to

72�. The results showed that the comonomer liquids have a

high affinity with PDMS surfaces.

3.3 Equipment

Liquids were supplied to the device through Teflon tubings

connected to syringes (1000 series, Hamilton Co., USA)

for the 3D-MFFD in the closed channel configuration. We

controlled the flow rates using independent syringe pumps

(KDS200, KD Scientific Inc., USA) to provide different

flow rates. After changing the flow rates, the device was

equilibrated for at least 10 min to ensure stable droplet

formation. Photos were recorded by a high-speed video

camera (Photron Fastcam-ultima APX, Japan) mounted on

an optical microscope (IX-71, Olympus Optical Co. Ltd,

Japan). Image processing software (Image-Pro plus, Media

Cybernetics Inc., USA) was used to determine droplet

Fig. 2 (a) Schematic diagrams of fabrication processes for the 3D-

MFFD, and (b) SEM image of the microfluidic channel with an

embedded rectangular orifice measuring 60 lm 9 60 lm

Table 1 Physical properties of

EGDMA with CAA = 0–40%

(wt.%)

EGDMA + CAA (wt.%) Viscosity l (cP) Interfacial tension with

DI water c (mN/m)

l/c Contant angles on

PDMS surfaces

0 6.5 5.7 1.14 42

10 5.7 5.1 1.12 48

20 4.8 4.4 1.09 57

40 3.4 3.2 1.06 72
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sizes. For synthesis of copolymer particles, we carried out

the in situ UV polymerization of the comonomer droplets

using an optical microscope (IX-71) equipped with a

100 W mercury lamp and a filter set for UV light irradia-

tion at 330–380 nm.

3.4 Procedures of Bioconjugation of copolymer

particles

The EDC/sulfo-NHS mixture of 3.9 mg EDC and 1.1 mg

sulfo-NHS dissolved in a 1 ml of 0.1 M sodium phosphate

buffer at pH 7.4 were prepared. EDC is the most popular

carbodiimide used in conjugating biological substances.

Sulfo-NHS is used to modify a carboxyl group to an amine-

reactive ester. The advantage of adding sulfo-NHS to

EDC reactions is to increase the stability of the active

intermediate (Sinz 2006) during the process of biological

conjugation. The bioconjugation of the copolymer particles

was achieved by first dispersing them in the 100 ll of

EDC/sulfo-NHS mixture to activate the carboxyl groups on

particle surfaces at room temperature for 1 h. Following

this step, 100 ll of the 10-3 mg/ml Cy3-conjugated anti-

rabbit IgG (Cy3–IgG) solution in 0.1 M sodium phosphate

buffer was added to attach (Cy3–IgG) to particles through

the carboxyl groups on particle surfaces at room tempera-

ture for 1 h. After depositing the copolymer particles and

removing excess Cy3–IgG solution, we resuspended them

in the deionized water, and observed the fluorescent dis-

tribution of the particle surfaces on a glass slide under a

microscopy.

4 Results and discussions

4.1 Formation of copolymer particle in the 3D-MFFD

To demonstrate the synthesis of copolymer particles in the

3D-MFFD, we used the monomer mixture (EGDMA/AA)

with CAA = 0 to 40% wt.%. No leakage was observed

within the range of flow rates tested. The swelling of PDMS

caused by the comonomer solutions was not apparent

during the experiments. Figure 3a shows the variation in

droplet diameters with the change of the ratio of flow rates

(Qc/Qd). By varying the flow rate of the continuous phase

(Qc) while keeping the flow rate of dispensed phase (Qd)

constant at 1 ll/min, comonomer droplets ranging from 95

to 155 lm were produced. The dimensions of droplets were

controlled by the ratio of flow rates (Qc/Qd) and the prop-

erties of monomer mixture [that is, its viscosity (l) and

interfacial tension (c) with a continuous phase]. At the

range of (Qc)/(Qd) = 10–60, we observed the mono-

disperse droplets were generated by breaking up the

comonomer thread in or behind the orifice without satellite

droplets produced. Although the comonomer liquid has a

high affinity with PDMS microchannels as shown in

Table 1, the comonomer fluid threads for EGDMA with

CAA = 0–40% can be clearly observed through the flow-

focusing orifice, and break into droplets (Fig. 1c). No

wetting phenomenon was occurred, indicating that the

affinity of the dispensed phase with the material of the

microchannels has no influence on droplet formation. The

droplets aligned as a chain of droplets near the central axis

without coalescence and passed through the U-shaped mi-

crochannels under UV light irradiation (Fig. 3b). Figure 3c

shows a photograph of the aggregation of the copolymer

particles after in situ UV polymerization. We measured the

size distribution of the formed copolymer particles (at least

90 particles) for EGDMA with CAA = 0–40% at the range

of (Qc)/(Qd) = 10–60 showing the coefficient of variance

(C.V.) less than 5%. C.V. is defined as the ratio between the

standard deviation of the diameter and the mean diameter.

A C.V. of less than 5% is the commonly accepted definition

of monodispersity. However, for (Qc)/(Qd) \ 10, we found

that the comonomer thread has a trend to wet the top/bot-

tom channel surfaces and adhere to the orifice causing the

droplets growing, so that the large droplets were produced

after the droplets broke up (Fig. 3d). This wetting phe-

nomenon was observed for all the cases of CAA = 0–40%

at (Qc)/(Qd) \ 10. It is due to the fact that the continuous

phase cannot effectively surround all the comonomer

thread after the disperse phase passed through the inner

fluid orifice at low ratio of flow rates. Besides, for (Qc)/

(Qd) [ 60, we found that a transition to the jetting mode

occurred (Seo et al. 2005b). The comonomer thread passing

through the flow-focusing orifice broke up into main pop-

ulation of droplets accompanied with small satellite

droplets (Fig. 3e). Although the droplet sizes smaller than

50 lm can be observed at higher ratio of flow rates, i.e. (Qc/

Qd [ 100), the polydispersed distribution of droplet sizes

did not satisfy the needs in biological applications. To

produce the monodisperse droplet sizes smaller than

50 lm, we reduced the rectangular orifice sizes with a cross

section of 30 lm (W) 9 30 lm (H) and operated at proper

ratio of flow rates. We successfully demonstrated the

generation of the monodisperse droplet sizes ranging from

10 to 90 lm. Figure 3f shows the production of the

monodisperse droplets with diameter of 20 lm operated at

a ratio of flow rates Qc/Qd = 140 and Qd = 0.4 ll/min.

The droplet sizes smaller than 50 lm, approaching 10 lm,

can be generated, but the control of flow rates to produce

stable monodisperse droplets becomes difficult due to the

smaller orifice sizes. For a particular ratio of flow rates, we

found that an increase in CAA from 0 to 40 wt.% resulted in

a notable decrease in the droplet diameters. Figure 3g

shows the effect of composition of the EGDMA/AA mix-

ture on droplet dimension at (Qc)/(Qd) = 30 and 60 as well
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as the ratio of viscosity (l) and interfacial tension (c),

respectively. By fixing the ratio of flow rates, the sizes of

comonomer droplets has an appropriately linear decrease as

increasing CAA (wt.%) from 0 to 40%. We attributed this

effect to that the increase of CAA (wt.%) can cause the

decrease of comonomer viscosity and interfacial tension

with the continuous phase (Table 1). The ratio (l/c) of

viscosity and interfacial tension also showed an appropri-

ately linear decrease as increasing CAA (wt.%) from 0 to

40% as shown in Fig. 3g. The decrease of droplet dimen-

sion corresponding to the decrease of the ratio (l/c) can be

explained via a capillary number Ca = lv/c, where v is the

characteristic velocity of the aqueous phase. Increasing Ca

results in the decrease of the droplet diameters, accordingly

(Seo et al. 2005a). At a fixed characteristic velocity (v), the

ratio (l/c) dominates the decrease of the droplet diameters.

The results are consistent with the previous report for

synthesis of copolymer particles (TGDMA/AA) in PU-

based 2D MFFD (Lewis et al. 2005). Besides, as increasing

CAA (wt.%) from 0 to 40%, we found that more time was

needed to completely solidify the comonomer droplets. For

the case of CAA (wt.%) [ 40%, the incompletely solidified

particles had a trend to adhere to the microchannel surfaces

causing the microchannel clogging.

4.2 Bioconjugation of copolymer particles

with anti-rabbit IgG–Cy3 conjugates

Figure 4a and b shows a typical photographs and fluores-

cent images of the IgG–Cy3 conjugated copolymer

particles. A control experiment for the polymer particles

with CAA = 0%; i.e. EGDMA only, was conducted to prove

that IgG–Cy3 attached to the copolymer microsphere sur-

faces via reaction between carboxyl group on particle

surfaces and amino group of protein. No fluorescence was

observed for the polymer particles (EGDMA only) after

performing the biocongugated processes. For the copolymer

particles with CAA = 10%, we can clearly observe the

fluorescent signal from the particle surfaces indicating that

the carboxylic groups on the surface of the copolymer
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Fig. 3 (a) Variation in droplet

diameter plotted versus the ratio

of flow rates of aqueous (Qc)

and monomer (Qd) phases. Qd is

fixed at 1 ll/min. (b) An image

of comonomer droplets flowing

in the multiple U-shaped-

channel used for in situ UV

polymerization. (c) Typical

image of EGDMA/AA

microspheres after in situ UV

polymerization. (d) Typical

image of the comonomer thread

adhering to the orifice without

breakup of a droplets for

(Qc)/(Qd) \ 10. (e) Typical

image of the comonomer thread

break up into main population

of droplets accompanied with

small satellite droplets for

(Qc/Qd [ 60). (f) Typical image

of the production of the

monodisperse droplets with

diameter of 20 lm operated at a

ratio of flow rates Qc/Qd = 140,

and the rectangular orifice sizes

with a cross section of

30 lm (W) 9 30 lm (H).

(g) Variation in droplet diameter

at Qc/Qd = 30 and 60 as well as

the ratio of viscosity (l) and

interfacial tension (c) with

respective to the composition of

the EGDMA/AA mixtures,

respectively
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particles can provide the functional groups for the immo-

bilization of biomolecules (Fig. 4a). Bioconjugation of

EGDMA/AA particles with anti-rabbit IgG–Cy3 conjugates

was successfully demonstrated. However, non-uniform

distribution of fluorescence on the copolymer particle sur-

faces was observed for EGDMA with CAA = 10%. We

attribute to the factors of EGDMA with a low CAA and the

water-soluble AA diffusing from the monomer mixture into

the aqueous phase. Therefore, we attempted to increase the

composition of CAA from 10 to 40% to improve the distri-

bution of fluorescence on the copolymer particle surfaces as

shown in Fig. 4b. Uniform distribution of fluorescence on

the copolymer particle surfaces was observed. Figure 4c

shows the surface fluorescent distribution and diameter

variation of the bioconjugated copolymer particles on the

effect of the composition CAA. The surface fluorescent

distribution of the bioconjugated copolymer particles was

calculated as the coefficient of variance (C.V.). The C.V.

defined as the ratio of the standard deviation to the mean of

the pixel intensity values on copolymer particle surfaces,

and at least 60 particles were examined. The decrease of the

C.V indicates the improvement of the uniform fluorescent

distribution on the copolymer particle surfaces. By

increasing the concentration of CAA from 10 to 40%

accompanied with decreasing the microsphere sizes, high

efficiency of bioconjugation on carboxylated copolymer

particles was achieved.

To simply examine the penetration depth of antibodies

(IgG–Cy3 conjugates) within the copolymer particles, we

deposited a series of 0.1 ll comonomer droplets of EG-

DMA with CAA = 10, 20, 40% onto a glass slide. After the

procedures of UV polymerization and bioconjugation with

anti-rabbit IgG–Cy3 conjugates as described in Sect. 3.4,

the hemispherical copolymer particles with diameter of

800 lm were produced on a glass slide. We focused on the

plane at the bottom surface of hemispherical copolymer

particles, and observed the fluorescent distribution using an

inverted microscopy with the depth of field about 10 lm

(Fig. 5a). For the hemispherical copolymer particles with

CAA = 10%, only weak fluorescent light near the bottom

surface edge of the copolymer particles was observed

(Fig. 5b). The penetration depth of anti-rabbit IgG–Cy3

was approximately about 10 lm measuring from the edge

of the bottom surfac. However, the penetration depth of

anti-rabbit IgG–Cy3 within the hemispherical copolymer

particles significantly increased from 40 to 100 lm for

EGDMA with CAA = 20 and 40%, respectively (Fig. 5c,

d). The results explicitly indicate that the fluorescent-

labeled antibodies are not only conjugated on the external

surface of the copolymer particles, but can also penetrate

into the copolymer particles. We attribute this phenomenon

to two contributing factors: (a) the content of AA buried

within copolymer particles and (b) the poly(EDGMA-

co-AA) network size. First, this should be pretty straight-

forward that increasing the AA concentration results in a

higher content of AA buried within the copolymer particle.

As the anti-rabbit IgG–Cy3 diffuses inside the copolymer

particle, a higher content of the anti-rabbit IgG–Cy3

conjugates is immobilized via AA functional groups

within copolymer particles. Second, increasing the AA

concentration results in the increase of the poly(EDGMA-

co-AA) network sizes, which can increase the possibility of

the anti-rabbit IgG–Cy3 diffusing into the copolymer

particles.

To examine the cross-linked network structures of the

poly(EDGMA-co-AA) network, we sliced and observed
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Fig. 4 Schematic and typical

fluorescent images of the

copolymer particles conjugated

with IgG–Cy3 for

(a) CAA = 10 wt%, and

(b) CAA = 40 wt%.

(c) Variation in surface

fluorescent distribution and

diameters of the bioconjugated

copolymer particles with

respective to the composition of

CAA (wt.%)
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within the hemispherical copolymer located near the par-

ticle surfaces by means of a scanning electron microscope.

Figure 6a and b shows the SEM images of the cross-linked

poly(EDGMA-co-AA) network structures within the

hemispherical copolymer particles for EGDMA with

CAA = 10 and 40%, respectively. Compared with EGDMA

with CAA = 10%, the cross-linked network structures for

CAA = 40% are apparently less dense than that of

CAA = 10% inside the copolymer particles. The results

indicate that increasing the AA concentration results in the

decrease of the cross-linked density, i.e. larger network

mesh size, which can increase the possibility of the anti-

rabbit IgG–Cy3 diffusing into the copolymer particles. The

detailed structure and degree of polymerization of the

poly(EDGMA-co-AA) network within the copolymer

particles with respect to varying AA compositions as

demonstrated in the present study are complicated and is

beyond the scope of this paper, but the effect of the mixing

ratio of the comonomer liquids of EGDMA and AA on the

network density may be comparable with the previous lit-

erature (Jiu J et al. 2002) in the cross-linked density. They

found that the increased ratio of copolymer gel of hydroxyl

ethyl methacrylate (HEMA) and EGDMA where the latter

worked as the crosslinker can decrease the cross-linked

density characterized by Fourier Transform Infrared

Spectrometer (FT-IR). Therefore, as the AA concentration

is increased, higher content of AA will be buried within the

copolymer particles and larger network mesh sizes of the

poly(EDGMA-co-AA) network will also be generated,

resulting in a higher degree of anti-rabbit IgG–Cy3

immobilization within the copolymer particles. Increasing

the concentration of CAA from 10 to 40% exhibits high

efficiency of bioconjugation on carboxylated copolymer

particles, which is consistent with the previous results

shown in Fig. 4. Besides, the increase of AA concentration

could probably alter the mechanical stretch of the co-

polymer particles due to the change of the cross-linked

network structures. No deformation of the copolymer par-

ticles was observed after many times of collision between

particles and under high flow rates. It seems to have no

detrimental impacts on the potential uses in biotechnology

applications, but more detailed study is needed.

5 Conclusion

We produced monodisperse copolymer (EGDMA/AA)

particles carrying surface carboxyl groups using a planar

3D-MFFD in a closed microfluidic system. As the dis-

pensed phase does not contact the channel walls, we can

produce monodisperse comonomer droplets with a C.V. of

less than 5% without any surface modifications of the

channel walls. In situ UV polymerization of comonomer

droplets was performed to form the copolymer particles.

By controlling device configuration and pumping flow

rates, we believe that it is possible to form monodisperse

copolymer particles ranging from few microns to few

hundred-micron sizes in the proposed 3D- MFFD. Bio-

conjugation of EGDMA/AA particles with anti-rabbit

IgG-Cy3 conjugates was successfully demonstrated. By

Fig. 5 (a) Schematic diagram

of the penetration depth

measurements of anti-rabbit

IgG–Cy3 conjugates within the

hemispherical copolymer

particles produced and on a

glass slide. (b–d) Typical

fluorescent images on the

bottom surface of the

hemispherical copolymer

particles conjugated with

IgG–Cy3 for

(b) CAA = 10 wt.%,

(c) CAA = 20 wt.%, and

(d) CAA = 40 wt.%,

respectively. (Scale bars
indicate 100 lm)

466 Microfluid Nanofluid (2008) 5:459–468

123



increasing the concentration of CAA (wt.%) accompanied

with decreasing the microsphere sizes, high efficiency of

bioconjugation on carboxylated copolymer particles was

achieved. Our proposed approach is not limited by the

selection of comomoner liquids of EGDMA/AA used in

this study. Other polymer/copolymer particles, such as

TPGDA, TPGDA/AA or TPGDA mixed with amino ethyl

methacrylate (AEMA) for functionalization of the particles

with-NH2 groups, can be produced, if interfacial tension

and the ratios of fluid viscosities allow for its formation.

The rapid continuous synthesis of carboxylated copolymer

particles via a microfluidic device provides a reliable

control of particle sizes and composition for massive pro-

duction in biotechnological applications.
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