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ABSTRACT Both disease diagnosis and therapeutic treatments
require real-time information from assays capable of identifying
multiple targets. Among various multiplexed biochips, multiplexed n
suspension assays of quantum dot (QD)-encoded microspheres are

highly advantageous. This arises from the excellent fluorescent

properties of the QDs incorporated into these microspheres, thus
allowing them to serve as “QD barcodes”. QD barcodes can be prepared a:
through various approaches. However, the formulation of improved :, R -

synthetic techniques that may allow more efficient preparation of QD

MESE Approach for QD Barcodes
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barcodes with better encoding accuracy still remains a challenge. In this report, we describe a combined membrane emulsification—solvent evaporation (MESE)

approach for the efficient preparation of QD barcodes. By combining the advantages of the MESE approach in controlling the barcode sizes with accurate

encoding, a three-dimensional barcode library that integrates the signals of the forward scattering, fluorescence 1, and fluorescence 4 channels was established

via flow cytometry. The five indexes of hepatitis B viruses were chosen as diagnostic targets to examine the feasibility of the QD barcodes in high-throughput

diagnosis. On the basis of showing that singleplex detection is feasible, we demonstrate the ability of these QD barcodes to simultaneously and selectively

detect a multitude of diverse biomolecular targets.
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suspension immunoassay

he development of both disease di-
Tagnosis and therapeutic treatment

requires real-time information from
multiple targets, such as genes and pro-
teins, to establish a universal identification
of biological entities. Multiplexed biochips,
which facilitate parallel target recognition,
provide the most promising way to achieve
this goal. Among the two families of main-
stream multiplexed arrays, which include
planar arrays and suspension arrays, multi-
plexed suspension arrays of encoded micro-
spheres offer various advantages. These
advantages include fast binding kinetics,
flexibility in target selection, and well-
controlled binding conditions. Consequently,
these systems have received significant atten-
tion since the first commercial multiplexed
suspension array was developed by Luminex
Co?
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The barcoding of microspheres used in
suspension arrays is the core technology
supporting multiplexed suspension arrays.
As demonstrated by the Luminex system,
microspheres can be encoded with fluores-
cent organic dye molecules of various wa-
velengths and intensities to create a library
of barcodes allowing parallel detection of
multiple targets.> However, there are only a
limited number of spectrally well-resolved
organic dyes that do not interfere with com-
monly used biological markers,"* which
limits the number of available barcodes.
Moreover, multiple excitation lasers are
typically required if the dyes have different
excitation wavelengths, which increases
both the cost and the bulk of the decoding
instrumentation. Various strategies involving
barcodes have been proposed to overcome
the limitations of organic dyes for coding.
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Spectroscopic (e.g., quantum dot, upconversion nano-
crystal, and Raman signature-based barcodes),® '°
graphical,'""'? magnetic,'* physical (e.g., physical char-
acteristics including size and refractive index),’*'® and
molecular (e.g., DNA)'® signatures have all been ex-
plored. As natural substitutes for organic dyes to create
barcodes, quantum dots (QDs) provide excellent and
unique optical properties. These properties include
narrow and symmetrical emission spectra, broad ex-
citation wavelengths (e.g., QDs with different emis-
sions can be excited by a single wavelength excita-
tion source), tunable emission wavelengths, and high
brightness.'” All of these advantages position QDs as
ideal candidates for the creation of diverse barcodes
for suspension assays. The spectroscopic encoding
of microspheres based on the colors and intensities
of QDs has been seen as the most promising ap-
proach, owing to its flexible barcoding and conve-
nient decoding.'®'?

Since their conception in 2001 by the Nie group,’
QD barcodes have been prepared through various ap-
proaches>?°~32 According to the order of the microsphere
synthesis and QD encoding steps, these approaches can
be categorized as two strategies, including the “micro-
sphere first” strategy and the “microsphere combined
encoding” strategy. Two approaches have been devel-
oped for the microsphere first strategy, including the
“swelling approach”>?°~2? and “layer-by-layer (LBL)
assembly”,>>~?> which involved embedding QDs within
the interiors of microspheres or depositing QDs onto the
surfaces of microspheres, respectively. However, these
two approaches usually result in surface-level loading of
QDs onto the polymer.>?? Consequently, the QDs are
exposed to the environment, which may destabilize their
fluorescence intensities.”’ The fluorescent intensi-
ties of QD barcodes can be significantly improved by
the “solvent evaporation approach” proposed by us.?
However, the fluorescent stabilities of the QD barcodes
fabricated through this strategy remain limited, and
this procedure requires that the QDs be encapsulated
deep within the polymer matrix. On the basis of this
consideration, the microsphere combined encoding
strategy was developed to allow the encapsulation of
QDs within the interiors of the microsphere barcodes
during the microsphere fabrication stage.?” ~3° However,
this strategy usually did not improve the fluorescence
properties or the size distributions of the resultant micro-
spheres. Recently, Chan et al. implemented the micro-
sphere combined encoding strategy by using linear
polystyrene (PS) in a concentration-controlled flow focus-
ing (CCFF) technique to obtain narrowly dispersed
QD-in-PSMA (where PSMA denotes poly(styrene-co-maleic
anhydride)) microspheres.®' This technique greatly pro-
moted the applications of QD barcodes>"*? However, a
limitation of this technique is that it requires a specia-
lized continuous flow focusing apparatus, and micro-
spheres smaller than 4 um cannot yet be prepared.
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Moreover, the productivity (3 x 10° microspheres/mL
per hour) of this technique is not high enough to meet
the requirements of commercial mass production. The
formulation of more efficient synthetic techniques
needed to advance QD barcode production still re-
mains a challenging task.

In the present work, we show that the problems
noted above can be resolved by the development of a
combined membrane emulsification—solvent evapora-
tion (MESE) approach. Shirasu porous glass (SPG) mem-
brane emulsification was chosen for this approach be-
cause it is very effective in improving the uniformity of
emulsions, thus providing good size control for the
emulsion droplet fabrication.** 3> Consequently, the
sizes of the resultant QD-encoded microspheres can
be readily controlled by adjusting the membrane pore
size.3® By introducing the forward scattering (FS) signal
of flow cytometry, which corresponds to the barcode
size into the encoding of microsphere barcodes, we
take full advantage of the MESE approach in flexibly
controlling the barcode size. This allowed us to estab-
lish a three-dimensional barcode library that integrates
the signals of the FS, fluorescence 1 (FL1), and fluores-
cence 4 (FL4) channels of flow cytometry. Furthermore,
the five indexes of hepatitis B viruses (HBV) were chosen
as diagnostic targets to examine the effectiveness of the
QD barcodes for high-throughput diagnosis.

RESULTS AND DISCUSSION

As illustrated in Scheme 1, the MESE approach com-
prises two steps: (1) emulsification of the dispersed
phase into the continuous phase by using a SPG mem-
brane, and (2) a subsequent solvent evaporation step to
obtain the solid QD barcodes. In the first step, the organic
phase containing QDs and polymers serves as the dis-
persed phase and is pushed by nitrogen pressure through
the SPG membrane pores into the emulsifier-containing
aqueous phase. In comparison with the CCFF technique,
this approach provides a significant efficiency improve-
ment. Taking the barcode generation of using 1 um pore
SPG membrane as an example, the efficiency could be
improved more than 1000-fold, with a droplet generation
efficiency of ~2 x 10'° droplets/mL per hour. As shown
by the optical microscopy images of the emulsion dro-
plets obtained via SPG membrane emulsification in Figure
S1 of the Supporting Information, there was no obvious
difference between the QD-free emulsion droplets and
the emulsion droplets that incorporated QDs. The laser
confocal fluorescence (LCF) and scanning electron micro-
scopy (SEM) images of the resultant 520 nm QD barcodes
(obtained by encapsulating 520 nm CdSe/CdS/ZnS QDs)
are shown in Figure S2 of the Supporting Information. The
two-step MESE approach shown in Scheme 1 provided an
effective method to generate robust barcodes with
homogeneous QD encapsulation, smooth surfaces, and
narrow size distributions. First, in comparison with other
emulsification methods, SPG membrane emulsification
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Scheme 1. Schematic illustration showing the preparation of QD barcodes with surface carboxyl groups by the MESE
approach. These steps include (a) introduction of the QD-bearing dispersed phase droplets into the aqueous phase via
passage through a SPG membrane to form QD-encapsulating emulsion droplets, (b) dispersal of the emulsion droplets into
the aqueous phase via magnetic stirring during the emulsification process, (c) solvent evaporation treatment to form QD
barcodes, (d) hydrolysis treatment to yield QD barcodes bearing carboxyl groups on their surfaces. In this approach, the
compositions of the dispersion phase and the continuous phase are, respectively, a QD/polymer-containing organic phase

and an emulsifier-containing aqueous phase.

proceeds under milder conditions. The low shear force
employed during membrane emulsification helps to
maintain the original fluorescence properties of the
QDs and thus allows accurate encoding of the micro-
spheres. Considering the complex situation involved in
the fabrication of nanocrystal—polymer composite mi-
crospheres due to the interactions between the surface
ligands of the nanocrystals and the polymer matrix,>”3#
the present study provides the first report on generating
QD-encoded microspheres via SPG membrane emulsifi-
cation. Subsequently, during the solvent evaporation
step, PSMA polymers gradually become solidified from
the surface to the interior as the solvent evaporates. The
exterior-to-interior progression of this solidification pro-
cess ensures the complete and homogeneous encapsu-
lation of the QDs. Inspired by Chan's work,*' PSMA was
selected for this investigation as a model polymer to
demonstrate the MESE approach, as this polymer serves
both to protect the QDs and also to provide functional
groups. The anhydride groups can easily be hydrolyzed
to form carboxyl groups, which are frequently used to
immobilize biomolecules

Considering the advantages of the MESE approach,
we tried to combine a physical signature (i.e., size) with
spectroscopic encoding, to create a more diverse bar-
code library equipped with three variables in contrast
with currently existing libraries that only utilize spec-
troscopic signatures.’ 33" As mentioned above, SPG
membrane emulsification allows flexible control of
emulsion droplet sizes. In this approach, a membrane
with the appropriate pore size can be chosen accord-
ing to the size desired for the droplets, which thus
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facilitates the size encoding of the barcodes. In addition,
the mild conditions utilized for the MESE approach also
facilitate the accurate encoding of microspheres by
allowing one to adjust the concentration of the QD
solution during the first step. Figure 1 demonstrates
individual microscopy images and corresponding
emission spectra of 12 QD barcodes, in which the
microspheres were encoded by utilizing three size
levels and four intensity levels. Through the combina-
tion of size and fluorescent signatures, we established
a 12 barcode library by using only one kind of QD
(520 nm CdSe/CdS/ZnS QDs). The size control of the
barcode microspheres was accomplished by using three
different membranes with the pore sizes of 1.0, 3.0, and
4.9 um. Meanwhile, the fluorescence intensity signature
was implemented by using QD solutions with various
concentrations in the MESE approach. Theoretically, the
number of barcodes would increase exponentially with
the addition of more variables to the encoding process;’
therefore, the content of the library can be expected to
expand further by increasing the variable levels.

The size-tunable emission wavelength and narrow
emission spectra facilitate the spectroscopic encoding
of the QD barcodes. Here we synthesized CdSe/CdS/
ZnS and CdTeSe/CdS/ZnS QDs with five distinct emission
wavelengths ranging from 480 to 680 nm (see Figure S3
in the Supporting Information). By utilizing these five
different color-emitting QDs, we realized one-color and
two-color encoding of the QD barcodes. Figure 2ab
shows the individual images and corresponding emis-
sion spectra for each of the one-color and two-color QD
barcodes. For two-color encoding, the relative intensities
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Figure 1. Individual microscopy images and corresponding emission spectra of 12 types of 520 nm QD barcodes, in which the
microspheres were encoded by utilizing three size levels and four intensity levels. Images (a1—a4), (b1—b4), and (c1—c4)
show the three families of barcodes prepared using 4.9, 3.0, and 1.0 um pore diameters of SPG membranes, respectively.

of the two emission peaks were controlled by adjusting
the relative ratios of the two kinds of QDs in the original
QD-PSMA solution. As revealed by our study, the fluo-
rescence spectra of the QD barcodes deviate slightly
from that of the QD-PSMA solution (see Figure S4 in the
Supporting Information). This deviation likely originates
from the shrinkage of the barcodes during the solvent
evaporation step. Taking the 520 nm barcode fabricated
using the 49 um membrane as an example, the di-
ameters of the QD-PSMA droplets shrink from 16.7 to
6.6 um for the resultant solid barcode during the solvent
evaporation step, which corresponds to a 15-fold shrink-
age of volume. Distance-dependent optical effects, such as
Forster resonance energy transfer (FRET), will occur during
this process. In addition, the photoluminescence of one
QD overlapped with the absorption profile of another QD.
The combination of these factors may have caused the
changes observed in the final relative intensity levels of the
individual QD emissions. However, despite this deviation,
the validity of the MESE approach for accurately encoding
QD barcodes can still be verified by the unique spectro-
scopic signatures displayed by each two-color barcode.
The most critical property of a QD barcode is its
stability against changes to the external environ-
ments.2>*! We therefore monitored the photolumines-
cence intensity of a 6.6 um QD barcode encoded with
520 nm QDs against various temperatures (ranging
from 4 to 80 °C) and a wide range of pH conditions
(ranging from pH 1 to 13). The results demonstrated
that the barcodes prepared by the MESE approach
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were stable against almost every perturbation that we
introduced (see Figures S5 and S6 in the Supporting
Information). This stability was achieved because the
QDs are homogeneously dispersed throughout the
polymer matrix rather than embedded close to the
surface of the barcodes. After solving issues relating to
the production efficiency, the encoding accuracy, and
the stability of QD barcodes, we attempted to explore
an appropriate approach to realize their applications in
multiplexed detection.

As a versatile approach to detect both spectroscopic
and size signatures, flow cytometry has been estab-
lished as an effective technique for detecting multi-
plexed assays.*® Although an expanded number of avail-
able QD barcodes is appealing, the specific detection
requirements of a given instrument must be considered
when evaluating the performance of a QD-barcode-
based immunoassay. Actually, in a flow-cytometry-based
immunoassay, a QD barcode library including numerous
barcodes with distinct spectroscopic signatures may not
be able to provide the same number of available
barcodes in flow cytometric histograms.*® There are
two essential requirements for QD barcodes to be
detectable via flow cytometry: (1) the emission of a
barcode must be located within the detection chan-
nels of the flow cytometer, and (2) the code corre-
sponding to each barcode should be distinguishable
within the flow cytometric histograms. The fluorescence
detection channels of the flow cytometer used in our
study were 525 + 15,575 + 15,610 + 15,675 £+ 15, and
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Figure 2. QD barcodes (6.6 um) labeled with single- and dual-color encoding. Microscopy images and corresponding
photoluminescence spectra of 6.6 xm QD barcodes containing (a) single-color encoding and (b) two-color encoding (the two
emission wavelengths are 520 and 610 nm). Fluorescence microscopy images were recorded using a laser confocal
microscope. Two detectors were utilized here, including channel 2, which was set for wavelengths ranging from 509 to
560 nm, and channel 3, which was set for wavelengths longer than 560 nm.

755 £+ 15 nm (FL1 to FL5, respectively). Figure 3a is a
diagram summarizing the five classes of one-color QD
barcodes used in our study. As indicated by the figure,
the 480 nm barcode was not detectable by the flow
cytometer because it could not be excited by either of
the two excitation light sources (488 and 633 nm). On
the other hand, the 580 or 610 nm barcodes were also
not suitable for preparing a flow-cytometry-based im-
munoassay because they could be detected simulta-
neously by two channels (FL2 and FL3). The comparison
between barcode emissions and detection channels
indicated that the 520 and 680 nm barcodes were both
suitable for preparing a flow-cytometry-based barcode
library. It should be noted that, by using QD barcodes,
we only required a single 488 nm laser to excite all of
the QD barcodes due to their broad excitation wave-
lengths. This feature would be very helpful for decreas-
ing the amount of equipment required and thus reducing
testing costs.

By combining the size signature (which is correlated
to the signal intensity of the FS channel) together with
the fluorescence signatures, a three-dimensional bar-
code library combining the signals in the FS, FL1, and
FL4 channels can be established via flow cytometry. On

WANG ET AL.

the basis of this idea, a triple-parameter dot-plot was
obtained (as shown in Figure 3b), in which each dot re-
presents the signal from one type of QD barcode de-
tected by the flow cytometer. As illustrated in Figure 3c,
we have designed a shorthand nomenclature when
referring to these barcodes that takes into account the
wavelengths, relative intensities, as well as the sizes of
the barcodes. This shorthand nomenclature consists of
a letter and four digits, in which the letters A, B, and C
denote the three barcodes fabricated by 1.0, 3.0, and
4.9 um SPG membranes, respectively. Meanwhile, a
four-digit number uses the hundreds digits of the wave-
lengths and the relative intensity. The first and third
digits of this number are used to represent the wave-
length, while the second and fourth numbers repre-
sent the intensity. For example, the number 5161 refers
to a barcode containing 520 and 680 nm QDs at
relative intensity levels of 1 and 1, respectively. By
using two colors at four intensity ratios, combined
with three size levels, we generated 30 individual QD
barcodes with distinct signals, which are displayed in
Figure 3c. Therefore, code A(B or C)5160 to 5460
corresponds to 520 nm QD barcodes with fluorescence
intensities ranging from the lowest to the highest levels,
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Figure 3. Relationship between fluorescence spectra of five single-color QD barcodes and the five detection channels of the
flow cytometer (a). Barcode library showing three-dimensional dot map plots obtained via flow cytometry (b). Schematic

illustration of the shorthand nomenclature (c).

respectively. Meanwhile, code A(B or C)5061 to 5064
correspond to 680 nm QD barcodes with fluorescence
intensities ranging from the lowest to highest levels,
respectively.

Available barcodes promised the feasibility of sus-
pension multiplex assays. In the present work, we se-
lected antibodies and antigens of hepatitis B viruses
(HBV) as diagnostic targets. The reason for choosing
these targets is the demand for high-throughput diag-
nosis of five indexes of HBV. The use of microsphere
barcodes is an ideal tool to fulfill this demand.*' HBV is a
major health concern and cause of mortality worldwide.
Approximately 2 billion people have been infected with
HBV, and about 350 million live with chronic infection.*?
To confirm the phase of HBV infection, the concentration
of HBV antigens/antibodies in the serum of patients is a
credible immune index for general HBV diagnosis.****
Five indexes, including hepatitis B surface antigens
(HBsAg), hepatitis B e antigens (HBeAg), hepatitis B
surface antibodies (HBsAb), hepatitis B e antibodies
(HBeAb), and hepatitis B core antibodies (HBcAb), were
analyzed in this study. Therefore, for our suspension
immunoassays, three codes were selected for these
five indexes. Code C5064 was assigned for HBsAg/HBsAb
assays, code C5360 was assigned for HBcAb assays, and
code C5260 corresponded to HBeAg/HBeAb assays. As
shown in Scheme 2, the QD barcodes were conjugated
with capture antigens or antibodies (denoted as CAs),
which can conjugate to a target antibody or antigen
(denoted as TA). This TA can also conjugate onto an anti-
antibody (IgG) or an antibody that is conjugated with the

WANG ET AL.

dye phycoerythrin (PE). The size and optical signature of
the barcode identifies the TA since different CAs are
coated onto different emitting QD barcodes. A library
of QD barcodes conjugated with CAs was placed into a
vial along with the secondary anti-antibody/antibody-PE
conjugates (denoted as SAPE). When a TA was intro-
duced into the vial, that TA recognized both the
QD barcodes and the SAPE, thereby assembling the QD
barcode and SAPE together (Scheme S1 in the Sup-
porting Information illustrates the sandwich structures
of these HBV immunoassays). By measuring the optical
emission of this assembled complex in a flow cytom-
eter, a positive detection is observed when a fluores-
cence signal arises from both the QDs inside the barcodes
and from PE at the same time. For flow cytometry
analysis, 10000 QD barcodes with sandwich immunoas-
say structures were excited by a 488 nm laser. The species
of the captured target molecules were determined and
classified according to the codes of the QD barcodes. In
addition, the concentrations of the target molecules in
the samples were closely related to the median fluores-
cence intensities (MFI) of the labeled PE reporters. The
MFI of the PE reporters were detected in the FL2 channel
and calculated from the data collected from 10000 QD
barcodes. Qualitative and quantitative analysis of the
samples was therefore achieved. The recipes of all buffers
used in the suspension immunoassays and the protocols
for preparing and detecting the immunoassays are de-
scribed in the Supporting Information.

Our experiments showed that the concentration of
the CAs significantly affected the MFI values exhibited
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Figure 4. (a,b) Sensitivity plots of singleplex immunoassays for HBsAg and HBsAb detection. To optimize the CA
concentrations, 10 and 20 ug of CAs was used per 1.25 x 10° microspheres, and the results are respectively compared.
(c,d) Sensitivity plots of multiplex immunoassays for antigen and antibody detection, respectively. For HBsAg, HBeAg, and
HBcAb immunoassays, 10 ug of CAs was used per 1.25 x 10° beads, whereas for HBsAb and HBeAb immunoassays, 20 xg of
CAs was used per 1.25 x 10° beads. The amount of the coating antigens/antibodies was optimized to ensure the better

detection sensitivity.

by the PE reporters for the resultant sandwich struc-
tures. As shown in Figure 4a, the MFl was slightly higher
when we added 10 ug of HBsAb CAs per 1.25 x 10°
microspheres for conjugation to the TAs compared
with the MFI observed when we added 20 ug of CAs.
This indicates that 10 ug of HBsAb CAs was sufficient
for HBsAg detection, while excess CAs could inhibit the
conjugation to a TA due to steric effects.*> Meanwhile,
for HBsAb detection, 20 ug of HBsAg CAs per 1.25 x 10°
microspheres provided better MFI values than ob-
served when only 10 ug was used (Figure 4b). Similar
experiments for HBeAg, HBeAb, and HBcAb detection
demonstrated that appropriate concentrations of cor-
responding CAs were 10, 20, and 10 ug per 1.25 x 10°
microspheres, respectively (as shown in the Figure S7
in the Supporting Information). In all subsequent stud-
ies, we used these optimal CA concentrations for each
assay since the multiplexing capabilities of the QD
barcodes were not affected at this optimal range of
10 to 20 ug of CAs per 1.25 x 10° barcodes. The only
factor to be affected was the analytical sensitivity.
The ability to detect multiple biomarkers in the same
sample is crucial for high-throughput diagnosis. While
we have already shown that singleplex detection is
feasible, successful multiplex detection using multiple
barcodes in a single vial would significantly speed up

WANG ET AL.

the diagnostic process. Before conducting multiplex
detection tests, we purposely incubated a specific TA
with various QD barcodes coated with different CAs to
determine if cross-reactivity can occur. Our experi-
ments show that the QD barcodes are able to distin-
guish the matching TAs against those that do not
match. The ability of the QD barcodes to select and
measure the different nontargeted antigens/antibo-
dies was validated by conducting tests involving dif-
ferent combinations, the results are shown in Figures
S8—S512 of the Supporting Information. Finally, we
demonstrated that three barcodes could be used to
detect two antigens or three antibodies in the same
vial. The procedure for multiplex detection is illustrated
in Scheme 2c. Buffer solutions were incubated with
either both of the antigen-conjugated QD barcodes or
all three of the antibody-conjugated QD barcodes. As
shown in Figure 4c, after spiking both of the target
antigens and SAPE for an incubation period of 10 min,
we were able to detect both of these antigens simul-
taneously. Similarly, all three antibodies can also be
detected simultaneously by spiking the three target
antibodies and SAPE for an incubation period. These
results conclusively demonstrate the ability of these QD
barcodes to selectively detect a multitude of different
target antigens or antibodies simultaneously in the
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Scheme 2. Schematic diagram of the QD barcode assays, showing their interactions with the corresponding antigens and
antibodies (a). Flowchart showing the sequential steps involved in singleplexed detection in the assay (b). Flowchart showing
the sequential steps involved in multiplexed detection in the assay (c). Schematic diagram of the flow cytommetry system and

outputs from analysis of the assays (d).

same buffer solution. In order to confirm the effective-
ness of the QD barcodes in detecting HBV indexes of
patient serum, we compared the HBsAg concentration
of three serum samples (getting from one strong
positive patient, one weakly positive patient, and one
negative patient) detected by commercial HBV serum
marker diagnostic assay and QD barcode-based assay,
and results are shown in Figure S13. The results in-
dicated that, although the commercial HBV assay was
more sensitive, the concentration difference between
the negative and positive samples obtained from
QD barcode assays is more obvious compared with
that obtained from commercial HBV assay. The de-
tection concentrations from these two methods are
comparable.

WANG ET AL.

CONCLUSION

In conclusion, we have developed a membrane
emulsification combined solvent evaporation (MESE)
approach to fabricate QD-encoded microsphere bar-
codes with controllable sizes and accurate encod-
ing. By the combination of encoding barcode sizes
and their fluorescence signatures together, a three-
dimensional barcode library which combines the
signals of the FS, FL1, and FL4 was established using
flow cytometry. We believe that the introduction of
the FS signal to barcode encoding will provide many
advantages for the MESE approach and enrich QD bar-
code libraries. Moreover, we demonstrated the cap-
ability of QD barcodes to rapidly detect and distin-
guish between five HBV indexes in a single sample.
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Our results suggest that the QD barcodes gen-
erated by the MESE approach can provide feasible

METHODS

Fabrication of QD Barcodes by the MESE Approach. The CdSe/CdS/
ZnS QDs were synthesized as described in the literature.*® To
prepare the CdTeSe/CdS/ZnS QDs, the core CdTeSe QDs were
first synthesized according to a previously reported procedure,*”
in which the initial molar ratio of Cd to the total amount of Se and
Te in the reaction solution was kept constant at 2:1 (Cd/Se + Te).
Subsequently, the S precursor (S powder dissolved in TOP) was
injected dropwise into the core QD solution to form the CdS shell.
The Zn precursor (zinc stearate dissolved in paraffin) was then
injected dropwise into the solution, and the temperature of the
solution was kept at 200 °C to grow the ZnS shell. The solution
was subsequently cooled to 80 °C and maintained at this
temperature for 30 min. Finally, the solution was cooled to room
temperature. The CdSe/CdS/ZnS and CdTeSe/CdS/ZnS QDs were
purified by repeated (=2) cycles in which the QDs were pre-
cipitated from solution with methanol and chloroform, centri-
fuged, and finally redispersed into toluene for further use.

To fabricate QD barcodes, a SPG membrane emulsification
device (MG-20, SPG membrane/SPG Technology Co., Ltd.) was
employed. First, two phases of an O/W emulsion were prepared
individually. To prepare the dispersed oil phase, a designated
amount of hydrophobic QDs and 0.5 g of PSMA were dissolved
into 8 mL of toluene. The continuous aqueous phase was
prepared by dissolving the anionic stabilizer SDS into 200 mL of
deionized water at a concentration of 0.5 wt %. A hydrophilic SPG
membrane with a specific pore size was then placed in the SPG
membrane emulsification device. The oil phase and aqueous
phase were stored in corresponding tanks within the device.
Subsequently, the oil phase permeated through the membrane
pores into the continuous aqueous phase under an optimized
nitrogen pressure (for the barcode fabrication of using 1.0, 3.0,
and 4.9 um membranes, the optimized pressures are 15, 7, and
5 kPa, respectively). O/W emulsion droplets then formed on the
surface of the membrane and were stabilized by the SDS
surfactant. The continuous phase was gently magnetically stirred,
so that the stabilized oil droplets were sheared away from the
surface of the membrane and suspended into the aqueous phase.
After all of the oil dispersion phase was sheared from the
membrane, the emulsification generation was stopped by redu-
cing the nitrogen pressure. Meanwhile, the aqueous solution was
continuously stirred to help accelerate the evaporation of toluene
from the emulsion droplets at room temperature. This stirring
was continued for 24 h to ensure that all of the toluene had been
evaporated. The final suspension was washed with deionized
water and then ethanol and subsequently collected via cen-
trifugation after each wash. The surfaces of the QD barcodes
were modified to generate carboxyl groups following proce-
dures described in the Supporting Information. Finally, the QD
barcodes were freeze-dried to allow storage for further use.

Fluorescence Properties of QD Barcodes. Fluorescence spectra of
the QD barcodes (1.5 x 107 barcodes/mL in water) were re-
corded using a Shimadzu RF-5301PC spectrofluorophotometer.
Fluorescence images of the QD barcodes were recorded at
various focalized planes in water using a laser scanning confocal
microscope (LSM 510 META, Zeiss). True-color fluorescence
images of the QD barcodes in water were recorded using a
fluorescence microscope (IX-71, Olympus) equipped with a 100 W
mercury arc lamp as the excitation source.

Flow Cytometric Analysis. A flow cytometer (FC500, Beckman
Coulter) was used to analyze the suspension immunoassays and
establish the barcode library. QD barcodes suspended in aque-
ous solutions were injected into the flow cytometer and were
excited by a 488 nm laser. Signals from 10000 microspheres
were collected for each sample.

(A Conjugation onto the Surfaces of the QD Barcodes. Five different
buffer solutions were used for the conjugation of CAs onto the
surfaces of the QD barcodes. These buffers included a phosphate

WANG ET AL.

platforms for both singleplex and multiplex HBV
detection.

buffer saline (PBS) buffer, a washing buffer, an active buffer, a
blocking buffer, and a storage buffer. The recipes for preparing
the five buffers are listed in Table S1 of the Supporting Informa-
tion. A 100 uL aqueous suspension of QD barcodes (1.25 x 10%/
mL) was washed three times with the washing buffer. Each
sample was centrifuged and resuspended into 100 uL of the active
buffer. A 10 uL solution of sulfo-NHS (50 mg/mL in active buffer)
and 10 ulL of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) solution (50 mg/mL in active buffer) were
then added to the sample. After incubation for 20 min on a vortex
mixer at room temperature, the sample was washed three times
with washing buffer, subsequently centrifuged, and then resus-
pended into 500 uL of PBS buffer. A designated quantity of CAs
was subsequently added into the sample and incubated for 12 h
on a vortex mixer at 10 °C. Thereafter, the sample was washed
three times with the washing buffer and was then resuspended in
150 uL of blocking buffer for another 20 min to block the free
carboxylates on the surface of the QD barcodes. Finally, the
blocked CAs conjugated onto the QD barcodes were washed
with washing buffer and stored in a storage buffer at 4 °C.

HBV Suspension Immunoassays. In addition to the washing
buffer, a detection buffer and an assay buffer were used for
the suspension immunoassays, and their recipes are also listed
in Table S1 of the Supporting Information. Three different tests
were conducted to study the sensitivity and cross-reactivity of
the QD barcodes in HBV suspension immunoassays. The pro-
cedures of these tests were as follows:

Singleplex Detection. A 100 uL TA sample with a designated
TA concentration (ranging from 0 to 5000 ng/mL in PBS buffer)
was added into a single well of a 96-well plate with ultrafiltration
membranes at the bottom. Subsequently, 2 x 10* CA-conjugated
QD barcodes were added into the sample. After the sample was
incubated for 1 h on a vortex mixer at room temperature, the
sample was washed with washing buffer via filtration to remove
the uncaptured TAs. Then 100 uL of SA solution (50 «g/mL biotin-
conjugated secondary anti-antibodies or 10 ug/mL biotin-
conjugated secondary antibodies in assay buffer) was added
to the sample. The sample was then vortexed for 1 h at room
temperature and then washed with washing buffer via filtration
to remove the unreacted SAs. Subsequently, 100 uL of PE
solution (1 #g/mL in the detection buffer) was added to the
sample. After the sample was vortexed for 10 min at room
temperature, it was washed with washing buffer via filtration to
remove the unreacted PE. Finally, the QD barcodes in the
sample were resuspended into 100 uL of the assay buffer for
subsequent flow cytometric analysis.

Multiplex Detection. Various QD barcodes that were con-
jugated with a specific CA were added simultaneously into an
assay containing various corresponding TA species that were
mixed together. Each species of TA had a concentration ranging
between 0 and 5000 ng/mL. A similar procedure as that em-
ployed for singleplex was then followed, in which the amount of SA
and PE were regulated as the increasing number of TA species.

Cross-Reaction Study. QD barcodes conjugated with non-
specific CAs were added to TA samples, where nonspecific CAs
refer to CAs that do not match the TA in the sample. A similar
procedure was followed as that followed for singleplex detection.
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