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Uniform and size-controllable QD-encoded poly(ethylene glycol) diacrylate (PEGDA) microbeads were

produced using a microfluidic device followed by in-situ photopolymerization. An S-shaped and gradually
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widening channel was designed to allow optimized UV exposure for photopolymerization and prevent

coalescence. The as-obtained PEGDA microbeads exhibited well-defined sphericity and excellent
monodispersity with coefficient of variation (CV) below 5 %, and the size varied from 7 um to 120 pum can be
selectively achieved by simply adjusting the experimental parameters. The fluorescence performance of the
QDs was well reserved without significant peak broadening or distortion. Seven barcode libraries were
realized with bright fluorescence and distinguished coding signals, which could be conveniently decoded by a
flow cytometer. Furthermore, a very facile strategy to conjugate biomolecules on the bead surfaces was
developed using polydopamine (PDA). A sandwich immunoassay of rabbit IgG was performed and the
applicability of the QD-encoded microbeads for suspension assay was demonstrated.

Introduction

The
discovery has led to urgent demand for a high throughput

rapid development of clinical diagnostics and drug
assay. This technology needs simultaneously detect multiple
analytes 3
technologies have been developed, mainly including planar

within a small sample.1 Many multiplexing
assay“'5 and suspension assay.6’7 The planar assay is a position
encoding method that immobilizes probe molecules on flat
solid supports. Although this planar
important impact on the analysis of ultrahigh-density, it has
rate,
flexibility. To address above problems, suspension assay based
on barcode particles for tracking analytes becomes an
attractive multiplex assay. It offers many advantages such as
faster binding kinetics, flexibility in target selection and high
quality of results. Three key issues are involved in the
suspension assay: (i) effective encoding schemes to generate a
sufficient number of accurate barcodes; (ii) the facile approach
of coupling probes to the surface of encoded microcarriers; (iii)
the conveniently decoding processes.s’9

Various coding schemes, including spectral barcode,
chemical barcode,13 graphical barcode,14 surface enhanced
Raman scattering (SERS) barcode® and so on, have been
proposed. Owing to the excellent decoding ability with the

technique has an

limitations on reaction quantitative detection and
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help of flow cytometers or fluorescence spectrometer, spectral
encoding is more popular for multiplexed detection than other
schemes. In the spectral coding process, the microspheres are
generally encoded by fluorescence elements with different
wavelengths and intensities to generate sufficient
identification codes. Organic dye-based barcodes have been
applied in commercial suspension array. However, organic
dyes suffer from several disadvantages such as multiple
excitation light sources, broad emission spectrum and
photobleaching. As an alternative, quantum dot (QD) exhibited
excellent optical properties such as narrow emission spectra,
broad excitation wavelength, tunable size and high quantum
yields.le'19 Especially, it can be easily decoded by modern flow
cytometer.12
candidates for commercial application of suspension assays.

Many approaches of preparing QD-encoded microbeads
have been developed, including swelling method,20 layer-by-
layer self-assembly method*"** and copolymerization.B’24
Despite the progress these methods have made for generating
QD barcodes, many challenges still remain, such as poor
loading capacity, complicated process and QDs leakage.
Recently, microfluidic technology has been used as an effective
approach to create barcode microspheres.zs'34 However, it has
been challenging to precisely control the size of the
microbeads over a wide range and a common method to
modify the bead surfaces for further application was still
needed.

How to conveniently conjugate probe (protein or DNA et al)
to the surface of encoded beads is an important issue.
Dopamine is the main ingredient secreted by the foot
antennae of marine organisms—mussel, which can be adhered

These characteristics enable QD promising
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to almost all wet surfaces of organic and inorganic materials
through oxidative self-polymerization. More importantly,
polydopamine (PDA), a kind of environment friendly
biopolymer, could provide ample active catechol and amine
groups for the attachment of biomolecules.®>*’ In this study,
we developed a facile approach for the preparation of QD-
doped barcodes using microfluidic technology. Size-
controllable and uniform microbeads were produced through
adjusting the flow conditions. Different QDs were incorporated
into PEGDA beads by simply mixing them together prior to
injection, and their fluorescent properties were investigated.
The resulted barcodes exhibit good spectral characteristics and
accurate coding capability. In addition, the PDA-modified
barcodes were used for the detection of rabbit-IgG and
decoded by flow cytometer. We expect the combination of
microfluidic generation of microbeads with PDA modification
strategy will provide a general approach for the development
of suspension array technology.

Experimental
Microfluidic Devices

A silicon master was fabricated with SU8-2015 photoresists
using photolithography, and a microfluidic device was
obtained with polydimethylsiloxane (PDMS , RTV615,
Momentive, USA) embossing from the silicon master. After
solidification, the PDMS replica was bonded to a 25 mm by 75
mm glass substrate following oxygen plasma treatment of both
surfaces.

Preparation of QD/mPEG-SH Nanocrystals

Core-shell CdSe/ZnS QDs (3.5 mg/mL) with emission peak at
525 nm and 625 nm were purchased from Wuhan Jiayuan
Quantum Dots (China). They were coated with a mixture of
HDA and TOPO and dispersed in n-hexane. Methoxy PEG Thiol

(mPEG-SH, MW 5000, JenKem Technology Co., China) was
used to modify the above mentioned QDs. In brief, 5 mg of
mPEG-SH was added into 1 mL QD solution and mixed with
3mL of PEGDA solution, the mixture was kept at room
temperature for 12 h before use.

Preparation of the QD-embedded Microbeads

The disperse phase was the hydrophilic poly(ethylene glycol)
diacrylate (PEGDA, MW 250, Sigma-Aldrich) containing
appropriate QDs. And 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (98%, MW 224, Tci) at concentration of
5 mg/mL was added to the disperse phase as the
photoinitiator. The continuous phase was prepared by
dissolving 4 wt % of surfactants (EM 90, ABIL) in Hexadecane
(99%, Sigma-Aldrich). Disperse and continuous fluids were
introduced into the microfluidic device through a
polytetrafluoroethylene tube, rates were
controlled using two syringe pumps (LSP01-1A, Baoding Longer
Precision Pump Co.) and gastight syringes. Emulsion droplets
can be fabricated by adjusting the flow rates, and
monodispersed QDs-embedded microbeads can be produced

and the flow

2| J. Name., 2012, 00, 1-3

by photopolymerizing the monomer emulsion droplets in situ
using a UV lamp (365 nm, LED SPOT LIGHT SOURCE, FUTANSI.).
The final products were kept in a vacuum and dried in oven
overnight (50 “C, around 0.1 MPa) for further application.

Preparation of PEGDA-PDA Composite Spheres

Dopamine (DA, 99%, Alfa Aesar) with various concentrations
(0.5 mg/mL, 1Img/mL, 1.5 mg/mL, 2mg/mL and 4mg/mL) were
prepared by dissolving dopamine in Tris-HCI buffer solution (10
mM, pH = 8.5). Next, the PEGDA microspheres were added to
the dopamine solution and the mixture was stirred for 24 h at
room temperature. The as-prepared composite spheres were
washed several times using deionized water before further use.

QD-Encoded Microbead-Based Sandwich Immunoassays

There were mainly three steps for QD-encoded microbead-
based sandwich immunoassays. First, capture antibody goat
anti-rabbit I1gG (Beijing 4A Biotech Co., Ltd, China) was
immobilized on the surface of PEGDA-PDA microspheres
encoded with QD-625nm: 5 mg of QD-doped PEGDA-PDA
beads were suspended in 500 pL PBS solution (0.01M, pH 7.4)
followed by addition of 50 pL of goat anti-rabbit IgG (1 mg/ml
in PBS) , the mixture was incubated on a shaking table at room
temperature for 2 h. The beads were washed three times using
PBS and stored in 500 pL of blocking solution (1 % BSA in PBS)
overnight at 4 °C. Next, 200 uL dispersion of the above
microspheres (1 mg/uL) and 10 pL of target antigen (rabbit IgG,
1 mg/mL, Sigma-Aldrich) were mixed in PBS for 1 h. The beads
were washed three times with PBS and resuspended in 200 pL
of PBS. Finally, 10 uL of reporter FITC-labeled goat anti-rabbit
IgG (0.5 mg/ml, Southern Biotech, USA) was added into the
above solution. The mixture was incubated on a shaker for 1 h
and washed three times. The resulted beads were stored in
200 pL of PBS for flow cytometer analysis. The control group
was carried out in the same manner without addition of the
target antigen.

Characterization

The optical micrographs of the microbeads were captured
using a CCD camera mounted on an inverted microscope
(Olympus 1X2-UCB). The average size and the CV of the as-
generated microbeads were determined by measuring at least
100 particles on each frame using image analysis software
(Image-Pro Plus). The CV is defined by the following equation
of CV = 8§/d,, x100%, where & is the standard deviation, and d,,
is the average droplet diameter.

The fluorescence spectrums of QD-encoded microbeads were

analyzed by a spectrofluorophotometer (RF-5301PC,
SHIMADZU). The fluorescence images of the QD-doped
barcode were captured by a fluorescence microscope
(Olympus).

The scanning electron microscopy (SEM, S-4800, HITACHI)
were used to acquire the surface morphology of the
microbeads. The polymerization of PEGDA microspheres was
confirmed by Fourier transform infrared spectroscopy (FTIR,
Vertex-70, BRUKER). Thermogravimetric analysis (TGA) was

This journal is © The Royal Society of Chemistry 20xx
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performed on a simultaneous thermal analyzer (METTLER
TOLEDO, Switzerland) to confirm the content of PDA, all dried
powder samples were heated from 30 C to 700 C with the
rate of 10 ‘C/min under nitrogen environment. To perform
FTIR, SEM and TGA, the microbeads were transferred from oil
phase into n-hexane, followed by three cycles of centrifugation
(200 rpm for 3 min). The microbeads were dried under vacuum
overnight.

A flow cytometer (FACS Calibur, BD) was used to decode the
QD-encoding microspheres. The samples were suspended in
PBS solution. Green fluorescence was detected on the FL1
channel, yellow fluorescence and
collected on the FL2 channel and the FL3 channel, respectively.
Beads were analyzed at up to 10000 events for each sample. A
single light source at 488 nm was used to excite all
fluorescence colors.

red fluorescence were

Results and discussion
Microfluidic generation of PEGDA beads

The microfluidic device for microbead preparation consists of
two parts: a nozzle zone for the breakup of barcode droplets
and a UV exposure zone used to solidify the microbeads by in-
situ photopolymerization to ensure the monodispersity of
microbeads, as shown in Figure la. In the nozzle zone, the
disperse phase, PEGDA solution was connected to the
microfluidic device from inlet A using a syringe pump, and the
continuous phase hexadecane was injected from inlet B.
Because photopolymerization requires plenty residence time
and sufficient UV exposure, an S-shaped channel with
gradually increasing width is designed for efficient
photopolymerization and prevent coalescence. The formation
process of a microsphere is recorded by CCD camera (Figure b1l
— b8), and the particles were constructed through shearing the
disperse phase by two steady continuous phases. This design is
optimized for generating monodisperse PEGDA droplets and
subsequent photopolymerization to produce robust PEGDA
microbeads.

The factors that affect the droplets size mainly include the
flow rate of disperse and continuous phase and the channel
size. Here, the relationship between droplet diameter and flow
rate was investigated. When the flow rate of continuous phase
(Q.) was maintained at 30 uL/min and that of the disperse
phase (Qg) was set to 0.5, 1 and 2 pL/min, the droplet
diameter were 10 um, 18 um and 39 um, respectively, as
shown in Figure 2(a-c). The resulted microspheres show
narrow size distribution with CV below 5% and well-defined
sphericity, which meet the basic requirement for accurate QD
encoding by microfluidic technology. Figure 2e reveals that the
size of microbeads decreases with the increase of Q. when Qq
was maintained at 1 pL/min. In contrast, the size of
microbeads increases with the increase of the flow rate of
disperse phase when Q. was set at 30 uL/min (Figure 2f).

This journal is © The Royal Society of Chemistry 20xx
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Figurel. Schematic diagram of the flow-focusing microfluidic
device and the typical droplet formation process in channel. (a)
PEGDA droplets are produced in the nozzle zone, the disperse
phase PEGDA solution is injected from inlet A and the
continuous phase is imported from inlet B. The left inset is the
enlargement of nozzle zone, the black dots in disperse phase
represent QDs. The other part is the UV exposure zone with
gradually widening snake shape channel for the in-situ
polymerization of PEGDA droplets. The right inset shows the
solidifying process of PEGDA beads in channel. (b) Optical
micrographs of the generation process of a single droplet (Q. =
5 pL/min and Qg = 30uL/min). The scale bar is 100 pum.

100pm

UV-exposure not only polymerizes the monomer in the
droplets in-situ, but resulted in the shrinkage of the
microbeads. The dimensions of PEGDA microparticles were
about 5-10% smaller than the corresponding monomer
droplets after photopolymerization. FTIR spectroscopy was
used to monitor the in-situ photopolymerization of PEGDA
from liquid oligomer to robust insoluble microbeads in the
microfluidic device. The droplets were formed in the cross area
and then exposed to 365nm UV light in the S-shaped channel
for less than 1 s. The activated radicals initiated the
photopolymerization by attacking the carbon-carbon double
bonds (C=C) presented in two acrylate groups of PEGDA, finally
resulted in linear chain growth and cross-linked network. As
shown in Figure 3a, the conversion of C=C was confirmed by
comparing the peak of C=C stretch at 1630 cm™ before and
after photopolymerization. It revealed that the polymerization
process was rapid and the conversion of double bonds almost
completed. The higher level of conversion will increase the
amount of volume change and the mechanical stability of the
formed microspheres. The insets in Figure 3a show the typical
SEM images of the microparticles after and before UV

J. Name., 2013, 00, 1-3 | 3
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Figure 2. The typically optical images of PEGDA droplets and
effects of flow rates on droplet diameter. (a) — (c) are the
optical micrographs of uniform emulsions prepared by above
microfluidic device. (Q. = 30 uL /min; Q4 = 0.5 puL/ min, Qg =1
UL/ min and Q4 = 2 pL/ min, respectively). The scale bar is 50
um. (d) Size distribution of the produced microparticles in (a) —
(c). CV is below 5%. (e), (f) Dependence of average droplet
diameter on the disperse-phase flow rate Qg and the
continuous-phase flow rate Q. The droplet diameter
decreases with the increasing of Q. but increases with the
increasing of Qq. The average droplet size were determined by
measuring the sizes of approximately 100 droplets on each
frame.

exposure, respectively, which indicates the good sphericity of
the microbeads can only maintained after sufficient
polymerization. The SEM micrograph in Figure 3b confirms the
uniformity and fine globular shape of the PEGDA polymer
beads. So the resulted microbeads exhibit robust solid
structure, which is important for the decoding process using a
flow cytometer.

UVW.
\

) 1630 C=C
Without UV exposure!

—_
o
—

Transmittance(%)

1850 1&“0 T;Sll 1:I’ﬂﬂ 1'55] 1&00 1;5“ Iéﬂﬂ 1;50 1400
Wavenumber(cm™)

Figure 3. FITR and SEM images. (a) FTIR spectra of PEGDA
before and after UV exposure. The insets are the collapsed
PEGDA droplet without UV exposure and the robust PEGDA
microbead with abundant uv exposure to
photopolymerization. (b) SEM image of PEGDA microbeads

4| J. Name., 2012, 00, 1-3

verifying its robust structure. The bar scale is 40 um.

QD-doped barcode beads

Every QD-doped microsphere can be recognized as a small
library, because QDs with different emission wavelengths and
intensities are trapped into microspheres to generate a large
scale of barcodes according to the following formula: C = N™ —
1 (where C is barcode number, N is the number of intensity
levels and m is the number of color). However, most of the
developed incorporation methods suffer from
problems, including low coding capacity, long processing time
and the waste of loading materials. In this study, it is easy to
incorporate any color and intensity into the PEGDA bead by
simply mixing them together as the disperse phase. Since the
PEGDA is a hydrophilic polymer, the surface of CdSe/ZnS
core-shell QDs was modified with mPEG-SH. As shown in
Figure 4(a-c), single color QD-encoded microbeads were
produced by using 525 nm, 572 nm and 625 nm QD,
respectively. As we can see, QDs have been completely
encapsulated in PEGDA microbeads and all particles show
bright and uniform fluorescence.

several

Figure 4. The fluorescence pictures of single color barcode
microspheres. (a) — (c) The emission light of QD-embedded
beads are 525 nm (green), 572 nm (yellow) and 625 nm (red).

In Figure 5a, the solid lines show fluorescence spectrum
(normalized) of single color QD-encoded barcodes
corresponding to Figure 4(a-c), in which QD-loaded beads
show distinguished optical characteristics. The dotted lines
represent fluorescent spectroscopy of the pure QDs dispersed
in deionized water. The widths of spectrums are almost
unchanged during doping process except that the emission
maximum of QD-525 nm slightly red shifts 10 nm after trapped
in microspheres. Although the emission maximum of QD
slightly red shifted in microspheres compared with their
fluorescence spectrum in aqueous solution, it doesn’t show
any effect on subsequent multiple coding. Figure 5(b-d) show
individual images of four unique barcodes containing two color
QDs with different intensities, using 572 nm and 625 nm QD. In
principle, the fluorescence intensity of each QD-doped
barcode is proportional to the molar concentration of every
QD in disperse phase. This principle offers the theoretically
possibility to create a huge number of barcodes through
controlling concentrations in disperse phase solution. Here, in
order to obtain the significant coding signals, we employ
relative intensities to encode, and three different intensity
levels were selected in the process, namely 1, 2 and 4.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Seven barcode libraries. (a) The single color QD for encoding. The solid lines represent the spectrums of the single color
barcodes. The dotted lines show the spectrum of original QDs diluting in water. The insets show the fluorescence microscope
images of barcodes doped QD-525 nm, QD-572 nm and QD-625 nm. (b) — (e) Representative spectra of QDs-encoded beads
containing two types of QDs 572:625 nm to create 1:4, 1:2, 2:1 and 4:1 coding signals. The insets are corresponding fluorescence

images.

Through simply adjusting the QDs concentration in disperse
phase, the barcode of 1:4, 1:2, 2:1 and 4:1 were successfully
prepared with using the QDs combination of 572 nm and 625
nm. The resulted barcodes carried a serial of precise and
distinct signals and did not exhibit spectral overlap and
fluorescence resonance energy transfer phenomena, this may
attribute to the surface of QD modified with mPEG-SH and QDs
are compatible and dispersible in PEGDA solution. Therefore,
the microfluidic strategy is effective to generate high quality
fluorescent barcoded microbeads for multiplexed sensing
applications.

Preparation and characterization of PEGDA/PDA composite
microspheres

The microspheres used as the carrier for coding elements
usually require carboxyl or amine groups on their surface,
which can covalently attach protein or DNA with EDC and NHS
as activators. Here, we developed a facile strategy to this end
by coating PDA on the surface of PEGDA. The polydopamine
coating layers have abundant active catechol and amine
groups on their surface, which can facilitate secondary
reactions without additional activators in this procedure. The
surface morphologies of the PEGDA sphere and PEGDA-PDA
sphere were recorded by SEM. Figure 6a shows the pure
PEGDA spheres; its surface was nearly smooth. And Figure 6(b-
f) show the PEGDA-PDA spheres prepared using different PDA
concentrations, namely, 0.5, 1, 1.5, 2 and 4 mg/mL,
respectively. One can find that the surface roughness increases
with the increasing of PDA concentration. The PEGDA spheres
modified with PDA under concentration of 2 mg/mL were
selected for further characterization and attachment of

This journal is © The Royal Society of Chemistry 20xx

proteins.

Figure 6g shows the TGA results of PEGDA spheres and
PEGDA-PDA composite spheres, which reveals their thermal
stability. The pristine PEGDA spheres began to lose weight at
about 310 ‘C and completely decomposed at around 430 C.
The residue weight percent of the pure PEGDA spheres should
have reduced to 0% at a high temperature under anaerobic
circumstances, but a little oxygen helped them burn away.
After PEGDA beads were coated by a PDA layer, the PEGDA
spheres started to lose weight at 370 ‘C and around 10 %
residue substance were preserved as a result of the protection
of PDA layer. This result also demonstrated the successful
modification of PDA on PEGDA spheres.

Flow cytometry analysis of QD-encoded bead-based

immunoassays

Using flow cytometer to decode QD-coded microbeads is a
versatile approach to obtain their spectroscopic and size
signals. Figure 7a and 7b indicate that the PEGDA
microspheres have a narrow size distribution. Figure 7c is the
fluorescence intensity comparison of PEGDA microspheres and
QD-encoded microspheres and it indicates that QD-trapped
beads are about 200 times brighter than PEGDA beads. The
uniform size and bright fluorescence enable the QD-encoded
PEGDA to be used for coding. A two-parameter scatter plot (in
Figure 7d) containing the fluorescence signals of QD-572 nm
and QD-625 nm were obtained, in which the dots in the lower-
left corner is PEGDA beads without QDs and the others
represent the signal from PEGDA beads encoded by two color
QDs with different concentration ratios. These remarkably
distinguishable plots demonstrate the possible to use the
resulted barcodes for high throughput detection.

J. Name., 2013, 00, 1-3 | 5
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The feasibility of the resulted QD-encoded microspheres for
suspension array was confirmed in a sandwich immunoassay
for rabbit IgG (in Figure 8a). Goat anti-rabbit IgG used as
capture antibody was tagged onto the surface

—PEGDA
—— PEGDA-PDA

100 200 300 400 500 600 700 800
Temperature(C)

Figure 6. SEM images of PEGDA and PEGDA-PDA microspheres.
(a) The pristine PEGDA microsphere. (b) — (f) The PEGDA-PDA
composite beads modified with various concentrations of PDA:
0.5 mg/ml, 1 mg/ml, 1.5 mg/ml, 2 mg/ml and 4 mg/ml,
respectively. (g) TGA curves of original PEGDA sphere (the
black line) and PEGDA-PDA composite sphere (the red line).

of barcodes through the reaction of PDA and amine groups of
the protein and BSA were attached on microbeads as non-
specific binding control. The target molecule was rabbit 1gG
and the report molecule was the goat anti-rabbit 1gG labeled
by FITC. Here, the emission wavelength of QD-encoded
microspheres was 625 nm, the barcodes were decoded by FL3
channel and FITC fluorescence was detected by FL1 channel. In
Figure 8b, the fluorescence intensity comparison of BSA
control group and FITC group in FL1 are significantly different,
in which all the fluorescence intensities of QD-encoded beads
were constant. The intensity of FITC group is higher than the
BSA control group in Figure 8c. These results confirm the
flexibility of PDA and indicate that immunoreactions between
the capture antibodies on the surface of QD-encoded beads
and antigens really occurred in this experiment.

6 | J. Name., 2012, 00, 1-3
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fluorescence intensity comparison.
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Conclusions

In conclusion, we have developed a microfluidic approach to
generate QD-encoded PEGDA barcodes with controlled sizes
and accurate encoding signals. An S-shaped and gradually
widening channel is designed to ensure sufficient UV exposure

time for in-situ photopolymerization and prevents coalescence.

The size range of the resulted PEGDA microbeads varied from
7 um to 120 um and show well-defined sphericity and
excellent monodispersity with CV below 5 %. The mPEG-SH
modified QDs were easily incorporated into the PEGDA beads
by mixing them prior injection. The fluorescence performance
of the embedded QDs is well reserved without significant peak
broadening or distortion. Seven barcode libraries were realized
and they presented bright fluorescence and distinguished
coding signals and they could be conveniently decoded by a
flow cytometer. In addition, PEGDA microspheres were
modified with polydopamine (PDA), and this strategy offers a
convenient way to conjugate capture molecules on the bead
surface. A sandwich immunoassay for rabbit IgG detection was
demonstrated. We envisage those fluorescence microbeads
could find wide applications including multiplexed suspension
assay in the future.
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Graphical Abstract:

A simple microfluidic device is designed to generate monodispersed QD-encoded PEGDA
microbeads. PEGDA/PDA composite microspheres are prepared to easily couple protein on their
surface. A sandwich immunoassay of rabbit IgG is performed to indicate that PDA on the bead

surface facilitate efficient attachment of biomacromolecules.
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