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Abstract Microparticles incorporated with quantum-dot
(QD) barcodes for multiplexed bioassays attract a great
attention due to their potential applications in drug dis-
covery, gene profiling and clinic diagnostics. However, the
existing QD barcodes lack a necessary optical stability to
ambient fluids or a repeatability of fluorescent profiles. We
developed a new QD barcode by loading an aqueous QD
mixture as a liquid core into a monodispersed polymer
microcapsule by a microfluidic method to avoid those
problems. We found that the QDs in the liquid cores were
able to maintain their original characteristics, especially the
linear relation between photoluminescence intensity and
concentration. In addition, we found that the fluorescent
profiles of the QD-loaded liquid cores were the same as
those of the QD mixtures before being loaded inside the
microcapsules. With these two properties, the QD barcodes
can be predefined directly by multiplexing the emission
peaks and concentrations of the QDs in the liquid cores.
Furthermore, the graphical information from fluorescent
images of the microcapsules, such as the sizes and numbers
of the QD-loaded liquid cores, offers another dimension
for barcoding to increase the coding capacity. We also
presented a microfluidic method to manufacture the
QD-barcoded microcapsules of size ~30 pwm. These pre-
definable QD barcodes with stable fluorescent profiles can
be used as a platform for various high-throughput screening
applications in different bioassay buffers.
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1 Introduction

Modern biological and medical research in gene expres-
sion profiling, drug discovery and clinical diagnostics
requires high-throughput, flexible and low-cost methods
for multiplexed assays. Microparticles labeled with specific
barcodes receive great attention for these applications, due
to their ability to carry different probe molecules to conduct
multiplexed assays by tracking their barcodes (Wilson et al.
2006; Cederquist et al. 2010; Birtwell and Morgan 20009).
The barcodes can be formed by graphical hollow (Pregibon
et al. 2007) or chromatic (Lee et al. 2010) patterns and
fluorescence emissions (Fulton et al. 1997; Kellar and
Iannone 2002), as well as using Raman spectra (Su et al.
2004), rare earth elements (Dejneka et al. 2003), metallic
patterns (Nicewarner-Pefia et al. 2001), photo crystals
(Zhao et al. 2009), DNA-based monomers (Lee et al.
2009), magnetic elements (Hayward et al. 2010) and
holograms (Birtwell et al. 2008). Particularly, the QD
barcodes can be created with a high coding capacity by
multiplexing fluorescence colors and intensity levels of
QD-incorporated microparticles (Han et al. 2001).

In the current state of the art, three methods are devel-
oped to incorporate the QDs into the microparticles for
barcoding: (1) embedding the QDs at the outer layers of
microparticles (Han et al. 2001; Gao and Nie 2004) as
illustrated in Fig. la; (2) coating the QDs over the outer
surfaces of microparticles by charged polyelectrolyte
layers (Wang et al. 2002; Rauf et al. 2009) as illustrated in
Fig. 1b; (3) doping the QDs inside the polymer micropar-
ticles (Zhao et al. 2011; Fournier-Bidoz et al. 2008)
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Fig. 1 Schematic illustration of the QD barcodes. a A microparticle
embedded with the QDs at the outer surface. b A microparticle coated
with the QDs over the outer surface. ¢ A microparticles doped with
the QDs inside the solid polymer matrix. d A QD-barcoded liquid-
core microcapsule in which a QD-loaded liquid core is protected by a
rigid polymer shell

as illustrated in Fig. l1c. The QD barcodes made by embed-
ding or coating the QDs at the outer surface of micropar-
ticles have drawbacks such as the leakage of QDs and the
changes of QD photoluminescence emissions in different
bioassay buffers (Lee et al. 2007). Taking advantages of
microfluidic techniques, monodispersed microparticles are
made from the QD-mixed polymer precursor in a high
production rate with low costs (Fournier-Bidoz et al. 2008).
The QDs are doped inside the microparticles in a high
volume fraction without leakage. However, due to the
shrinkage of solidified polymer precursor (Lee et al. 2007)
and Forster resonance energy transfer (FRET) of the
aggregated QDs in the polymer matrix (Vaidya et al. 2007),
the fluorescent spectra of these QD-doped microparticles
become different from those of the QD mixtures before
being doped inside the solid-state polymer matrix. The
microparticles doped with different QD mixtures may have
similar fluorescent profiles. As a result, the fluorescent
profiles of the QD-doped microparticles have to be inter-
rogated to check their specificities to form unique barcodes.
Moreover, the fluorescent profiles of the microparticles
doped with an identical QD mixture lack a necessary
repeatability because of these unpredictable changes of QD
photoluminescence emissions in the polymer matrix.

We developed a new QD liquid-core barcode by loading
an aqueous QD mixture as a liquid core into a transparent
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polymer shell to form a microcapsule, as illustrated in
Fig. 1d. The microcapsules used for barcoding are
templated from water-in-oil-in-water (W/O/W) double-
emulsion droplets (Okushima et al. 2004; Nie et al. 2005;
Utada et al. 2005) in a microfluidic liquid-core barcode
generator, which consists of a T-shape junction and a
flow-focusing junction to form the liquid cores and the
double-emulsion droplets, respectively. Compared with the
barcodes made by embedding or coating the QDs at the
outer surfaces of microparticles, the liquid-core barcode
has a stable fluorescence profile in different bioassay buf-
fers, since the QDs in the liquid core are separated from the
ambient fluids by the rigid polymer shell. Compared with
the barcode made by doping the QDs inside the micro-
particle, the liquid-core barcode can be predefined directly
by the composition of the QD mixture, because the QDs in
the liquid core maintain their original characteristics including
the linear relation between QD photoluminescence intensity
and concentration. Therefore, the liquid-core barcodes can be
simply formed by multiplexing the QD emission peaks and
concentrations in the liquid cores of the microcapsules. Fur-
thermore, the graphical information from the fluorescent
micrographs such as the sizes and numbers of the QD-loaded
liquid cores in individual microcapsules offers another
dimension for barcoding to increase the coding capacity.

2 Experimental
2.1 Design of liquid-core barcode generator

The microfluidic network of the liquid-core barcode gen-
erator is illustrated in Fig. 2a. The microcapsules are
formed in a three-step process. Firstly, droplets of the
aqueous QD mixture are generated at the T-shape junction
and suspended in a flow of a polymer precursor of eth-
oxylated trimethylolpropane triacrylate (ETPTA) (Fig. 2b).
Secondly, the QD-mixture droplets are engulfed by glob-
ules of the ETPTA polymer precursor to form the W/O/W
double-emulsion droplets in a flow of sodium dodecyl
sulfate (SDS) solution at the flow-focusing junction
(Fig. 2¢). Finally, the ETPTA globules are cured by UV
light as the polymer shells to form the microcapsules in a
serpentine channel (Fig. 2d). The aqueous QD mixture, the
polymer precursor of ETPTA and the SDS solution are the
inner-phase fluid, the middle-phase fluid and the outer-
phase fluid of the W/O/W double emulsion, respectively.
To form the W/O/W double emulsion, the serpentine
channel downstream of the flow-focusing junction is pat-
terned to be hydrophilic and the other channels are
hydrophobic. To suspend the double-emulsion droplets
spherically in the flow of SDS solution, the serpentine
channel should be made with a square cross section.
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2.2 Fabrication of liquid-core barcode generator

Firstly, a mold of the microfluidic network was made on a
piece of silicon wafer by photolithography of SU-8 pho-
toresists. Two alignment marks were made on the silicon
wafer by deep reactive-ion etching (Fig. 3a). Then, a SU-8
microstructure of the microfluidic network was made at a
height of 25 pm on the silicon wafer with the two align-
ment marks as the first layer of the mold (Fig. 3b). Another
SU-8 microstructure of the serpentine channel was made at
a height of 175 pm above the first-layer microstructure
with the two alignment marks to form the second layer of
the mold (Fig. 3c).

Secondly, the microfluidic network was made by soft
lithography of polydimethylsiloxane (PDMS) (Sylgard
184, Dow Corning, USA). PDMS base was mixed with its
curing agent in a ratio of 10:1 (w/w) and degassed before
being poured on the mold. After curing at 80 °C for 4 h in
an oven, the cured PDMS cast was peeled off from the
mold (Fig. 3d). To assemble the liquid-core barcode gen-
erator, the cured PDMS cast was bonded covalently to a
PDMS thin film coated on a piece of acrylic (PMMA)
substrate by oxygen plasma (Fig. 3e). Then, the generator
was placed in the oven at 80 °C for 3 days to reverse the
original hydrophobic surface of PDMS.

Thirdly, the hydrophobic PDMS serpentine channel
was patterned to be hydrophilic by UV-initiated graft

polymerization of poly(acrylic acid) (PAA) (Schneider
et al. 2010). A photoinitiator (PI) solution of 10 % (v/v)
2-hydroxy-2-methylpropiophenone (Daracure 1173) in
acetone was flushed through the microfluidic network
(Fig. 3f). After 10 min, the PI solution in the channels was
removed by air and the channels were dried by vacuum for
10 min. Then these channels were filled with a monomer
solution of 10 % (v/v) acrylic acid (AA) in deionized water
(Fig. 3g). To graft PAA at the PDMS inner wall, the ser-
pentine channel was exposed to UV light from a mercury
lamp of a microscope (LV-100, Nikon, Japan) (Fig. 3h).
The region above the other channels was covered by a
piece of aluminum foil to avoid UV exposure. Finally, the
microfluidic network was flushed by ethanol for 30 min
and water at pH 10 (adjusted by 1 M NaOH solution) for
another 30 min to remove the unreacted AA (Fig. 3i).

2.3 Liquid-core barcode formation

The inner-phase fluid was prepared by dispersing carboxyl-
functionalized CdTe QDs (PlasmaChem, Germany) in
deionized water. The QD emission peaks are at 550, 600
and 650 nm, respectively. The molar concentrations of the
QDs were measured and calibrated based on Lambert—
Beer’s law with an empirical equation of determining the
CdTe QD extinction coefficients at their first excitons (Yu
et al. 2003). The QD absorbances were measured by a
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Fig. 3 Schematic illustration of
the fabrication of liquid-core
barcode generator. a Two
alignment marks were made on
a silicon wafer by DIRE.

b First-layer SU-8
microstructure of the
microfluidic network was made
on the silicon wafer. ¢ Second-
layer SU-8 microstructure of the
serpentine section was made
above the first-layer (c)
microstructure. d Soft
lithography of PDMS on the
mold. e The cured PDMS cast
was bonded covalently to a
PDMS thin film coated on a
PMMA substrate by oxygen
plasma. f The channels of the
microfluidic network were (e)
flushed by PI solution for
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UV-VIS spectrophotometer (UV-2450, SHIMADZU,
Japan). The middle-phase fluid was the ETPTA polymer
precursor added with 2 % (w/v) photoinitiator of Daracure
1173 and 4 % (w/v) surfactant of sorbitan monooleate
(Span 80). The outer-phase fluid was prepared by adding
2 % (w/w) SDS in deionized water. The three fluids of the
W/O/W double emulsion were injected into the liquid-core
barcode generator by three syringe pumps (F-100, Chemyx,
USA) independently. The ETPTA globules of the double-
emulsion droplets were cured to form the microcapsules in
the serpentine channel by UV light from a mercury lamp
equipped to an inverted microscope (Eclipse Ti, Nikon,
Japan).
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2.4 Characterization

The droplet generation processes at the T-shape junction
and the flow-focusing junction were observed and recorded
by a high speed camera (Fastcam APX-RS, Photron, Japan)
mounted to the inverted microscope. The bright-field
micrographs of the microcapsules were captured by a
monochromatic CCD camera (RETIGE EXi, Qimaging,
Canada) mount on the microscope. The fluorescent
micrographs of the microcapsules were captured by the
monochromatic CCD camera with three narrow bandpass
optical filters (Thorlabs, USA) under UV excitation
(325~375 nm). The center wavelengths of these optical
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filters are at 550, 600 and 650 nm, respectively, with
FWHM of 10 nm. The fluorescent spectra of the QD-bar-
coded microcapsules were recorded by a laser scanning
confocal microscope (LSM710, Carl Zeiss, Germany) with
the hyperspectral imaging function.

3 Results and discussion
3.1 Microfluidic operation

The monodispersed microcapsules with the liquid cores
were templated from the W/O/W double-emulsion droplets
in the liquid-core barcode generator. This microfluidic
method allows the formation of the microcapsules within
narrow size distributions (less than 3 %) for both of the
liquid cores and the polymer shells. These monodispersed
microcapsules can create more barcodes than the polydis-
persed microparticles encoded by a ratiometric algorithm
(Eastman et al. 2006; Lee et al. 2007). The sizes of the
liquid cores and polymer shells can be controlled inde-
pendently by the flow rates of the double-emulsion. As
shown in Fig. 4, the double-emulsion droplets of size
34.2 um were formed with the liquid cores in two different
sizes by changing the ratio of the inner-phase flow rate (Q;)
to the middle-phase flow rate (Q,,), while the out-phase
flow rate (Q,) was set constantly. Furthermore, the num-
bers of liquid cores in individual double-emulsion droplets
can be controlled by the ratio of the droplet generation
frequency at the T-shape junction to the double-emulsion
generation frequency at the flow-focusing junction. As
shown in Fig. 5, each double-emulsion droplet was formed
with two liquid cores. The microcapsules made with the
liquid cores in different sizes and two liquid cores are
shown in Fig. 6.

Fig. 4 Size control of the liquid core by flow rates. a Formation
of the double-emulsion droplets with the liquid cores of size 15.0
pm. Q; =001 mLh™", 0, =005mLh™" and Q, =4 mL h™".
b Formation of the double-emulsion droplets with the liquid
cores of size 23.3 pm. Q; = 0.03 mL h™!, Q,, = 0.03 mL h™' and
Q,=4mLh!

3.2 Optical properties of QD-loaded liquid core

For the method of doping the QDs inside the polymer
microparticles, the quantum efficiencies of QDs decrease
after being doped inside the solid-state polymer matrix
(Sheng et al. 2006). We loaded the QDs in the liquid cores
of microcapsules to maintain their original characteristics.
The suspension medium of QDs in the liquid core remains
the same as deionized water after the microcapsule for-
mation. The UV-induced polymerization of ETPTA avoids
the longtime heating that is required in doping the QDs in
the solid-state polymer matrix by thermal polymerization
or solvent removal. This longtime heating may reduce the
QD photoluminescence intensities significantly. Although
the UV-induced polymerization is an exothermal reaction,
the continuing aqueous outer-phase flow can cool down the
cured polymer shells immediately. Under UV illumination,
the QD-loaded liquid cores show highly contrasted bright
spots in their fluorescent micrograph, as shown in Fig. 7a.
The fluorescence intensities across a microcapsule along
line A—A’ in Fig. 7b follows an intense parabola profile at
its central core area and indicates that the ETPTA shell has
a low autofluorescence. The autofluorescence of the cured
ETPTA is about4 % of the fluorescence intensity of the liquid
core loaded with the QDs emitting at 600 nm in concentration
of 0.5 uM. The fluorescence intensities of QD-loaded liquid
cores are linearly proportional to the molar concentration of
QDs in the liquid cores as shown in Fig. 8. The concentration
interval of 0.1 uM is high enough to create a discernible
intensity level for the QDs emitting at 600 nm. The fluores-
cence intensities of the QD-loaded liquid cores were highly

double emulsion with two liquid core

L N
47.3 um

Fig. 5 Formation of the double-emulsion droplets with two liquid
cores. 0; = 0.02mL h™!, 0,, =007 mL h™ ' and Q, =3 mL h™!

a)

(b)

Fig. 6 a Bright-field micrograph of the monodispersed microcap-
sules with the liquid cores in two different sizes. b Bright-field
micrograph of a microcapsule with two liquid cores. All the scale
bars are 10 pm in length
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Fig. 7 a Fluorescent micrograph of the microcapsules. The liquid
cores contain the QDs emitting at 600 nm. Each microcapsules
o contains one small core. Each microcapsule f§ contains one big core.
Each microcapsule y contains two cores. The scale bar is 10 pm in
length. b Fluorescence intensities across a microcapsule o along line
A-A’ follows a parabola profile

repeatable for an identical batch of microcapsules and
unchanged when the microcapsules were suspended in water,
ethanol or PBS buffer.

It should be noted that the possibility of distance-
depended FRET between the QDs of different colors
increases with the total concentration of the QDs in the
liquid core. We made five batches of microcapsules con-
taining five different QD-loaded liquid cores to investigate
this issue. The five aqueous QD mixtures to form the liquid
cores were prepared by mixing the QDs with the emission
peaks at 550 and 600 nm, respectively. The concentrations
of the QDs emitting at 550 nm increased from 1 to 5 pM
with an increment of 1 uM for the five QD mixtures. The
concentrations of the QDs emitting at 600 nm were 0.5 M
constantly. The fluorescence intensities of the liquid cores
at 550 and 600 nm were recorded as a bar chart in Fig. 9.
The linear model fits the fluorescence intensities of the
liquid cores at 550 and 600 nm with adjusted coefficients
of determination (adjusted R?) of 0.98 and 0.99, respec-
tively, which indicates that the fluorescence intensities
of liquid cores keep the linear relation with the QD
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Fig. 8 Fluorescence intensities of the QD-loaded liquid cores as a
function of the concentrations of QDs emitting at 600 nm in the liquid
cores. The fluorescence intensities of the QD-loaded liquid cores are
linearly proportional to the concentrations of the QDs in the liquid
cores

concentrations in the liquid cores. The slightly linear
increments of the fluorescence intensities of the liquid
cores at 600 nm were attributed to the spectral overlapping
from the QDs emitting at 550 nm in increasing concen-
trations. No obvious interference of photoluminescence
emissions between the QDs with the two emission peaks
was observed when the total concentration of the QDs was
less than 5.5 pM. The fluorescent profile used to identify
the barcode has a one-to-one correspondent relation to the
composition of the QD mixture in the liquid core. This
allows the barcode formation to be highly simplified as a
multiplexing process for the QD emission peaks and con-
centrations in the liquid core, which does not require the
interrogation of the specificity of the fluorescent profile for
each QD liquid-core barcode. The fluorescence profiles of
the QD barcodes in the microcapsules can be predefined
directly by the compositions of the QD mixtures in the
liquid cores.

3.3 Barcode formation and identification

Previous methods to identify the QD barcodes use spec-
trometers (Han et al. 2001) or flow cytometers (Giri et al.
2011) to record the fluorescent spectra or intensities of the
QD-incorporated microparticles. We proposed a simple
image-based decoding method for our liquid-core barcodes
by capturing the fluorescent micrographs of the micro-
capsules at the respective QD emission peaks. We made a
batch of barcoded microcapsules, in which the QD mixture
in the liquid cores consisted of the QDs emitting at 550,
600 and 650 nm in concentration of 0.3, 0.2 and 0.1 uM,
respectively. Three other batches of microcapsules con-
taining the single-color QDs emitting at these three
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fluorescent spectrum of this encoded microcapsule is
recorded as shown in Fig. 10a. This spectrum-recoding
process is relatively time-consuming, which requires about
7~8 min by hyperspectral imaging. In addition, the
decoding process requires a deconvolution algorithm to
separate the individual emission spectra of each color QDs
from the overlapped spectrum (Lee et al. 2007). For our
image-based decoding method, the fluorescence intensities
of the barcoded microcapsule and the intensity-reference
microcapsules at the three QD emission peaks were
recorded as a bar chart in Fig. 10b. The composition of the
QD mixture in the barcoded microcapsule, which is also
used as the barcode, can be calculated easily according to
these intensity-reference microcapsules. The calculated
composition of the QD mixture is 0.31, 0.18 and 0.14 uM
for the QDs emitting at 550, 600 and 650 nm, respectively.
The relatively large error for the concentration of the QDs
emitting at 650 nm may come from the variations of QD
photoluminescence intensities and instrumental errors (Han
et al. 2001), which causes the actual number of discernible
barcodes to be less than the theoretical estimation of (n"'-1)
(n is the number of intensity levels and m is the number of
colors). Here, the image-based decoding method shows its
advantage in enhancing the coding capacity. Besides the
fluorescent profiles, the fluorescent micrograph of the

wavelength /nm

Fig. 10 a Fluorescent spectrum of the encoded microcapsule with the
liquid core containing a QD mixture prepared by the QDs emitting at
550, 600 and 650 nm in concentrations of 0.3, 0.2 and 0.1 pM,
respectively. b Bar chart of fluorescent intensity of the encoded
microcapsule and the intensity-reference microcapsules

microcapsules can provide the graphical information of the
sizes and numbers of the QD-loaded liquid cores in indi-
vidual microcapsules, as shown in Fig. 7a. The graphical
information of the liquid cores offers another dimension to
form the barcodes, which can increase the coding capacity
by at least one order of magnitude.

4 Conclusions

In summary, we reported new QD barcodes made by
loading QDs in the liquid cores of the monodispersed mi-
crocapsules. Since the QDs in the liquid cores maintain
their original characteristics, especially the linear relation
between photoluminescence intensity and concentration,
the barcode formation can be simplified as a multiplexing
process for the QD emission peaks and concentrations in
the liquid cores. The fluorescent profiles used to identify
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the barcodes can be predefined directly by the composi-
tions of QD mixtures before the formation of barcodes. In
addition, the graphical information from the micrographs
of the microcapsules about the sizes and numbers of the
QD-loaded liquid cores further enhances the coding
capacity. The barcodes of the microcapsules are formed by
combinations of the fluorescent profiles of the QD-loaded
liquid cores and the graphical information of the sizes
and numbers of the liquid cores, which can be identified
easily from the fluorescent micrographs of these micro-
capsules. The microfluidic method we presented can form
the QD-barcoded microcapsules in small sizes of ~30 pm,
which is necessary for the barcodes to conduct the multi-
plexed assays in small-volume samples (Braeckmans and
De Smedt 2010). These small barcoded microcapsules
having stable fluorescent profiles in different bioassay buf-
fers can be used as a platform for various high-throughput
screening applications.
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