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The rapid growth of demand for high-throughput multiplexed biochips from modern biotechnology has led
to growing interest in suspension array based on multi-channel encoded microbeads. We prepare dual-
spectra encoded PEGDA microbeads (DSEPM) by reversed-phase microemulsion UV curing method and
layer-by-layer electrostatic self-assembly method. Excitation of the synthesized DSEPM results in two
spectra, including fluorescence spectra from quantum dots and laser induced breakdown spectra from
nanoparticles with specific elements. With further surface modification and bio-probes grafting, we use
DSEPM to carry a series of detection experiments of biomolecules. The adsorption experiment to two
types of anti-IgG in mixture sample has demonstrated the availability of DSEPM in multiplexing. Then, the
contrast experiment has verified the specificity of DSEPM in detection. Finally, we carry out the
concentration gradient experiment and obtain the response curve to show the performance of DSEPM in
quantitative analysis. The results indicate our method provide an effective way to improve multiplexed
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Introduction

The increasing development of life sciences and analytical
chemistry poses an urgent demand for high-throughput tech-
nologies. In order to achieve rapid and efficient detection of
different analytes, suspension array has been experiencing an
unprecedented development.'” Compared with the traditional
microarray, suspension array has significant advantages such as
multiplexing performance, fast binding kinetics, high flexi-
bility, biological adaptability and detection sensitivity.*”

The application of suspension array is based on barcode
microbeads, so encoded microbeads play a very important role
in the detection system. After being modified with specific
functional groups and binding sites,* the surface of microbe-
ads is decorated with bio-probes, thus encoded microbeads can
specifically capture targets biomolecules. Then the decoding
process is performed to recognize the encoded microbeads,
realizing the qualitative analysis of biomolecules.'* Therefore,
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biochips with more coding capacity, accuracy and stability.

the detection performance of suspension array greatly depends
on the decoding performance of encoded microbeads. After
decades of development, several coding methods have been
explored, including optical barcode,” chemical barcode,®
graphical barcode.* Among them, the optical barcode is
considered to be the most appealing technique.'*** Fluores-
cence is most common optical encoding method which endows
microbeads with different spectral addresses by utilizing
various of intensities and wavelengths, then each microbead
could distinguish from others in the multiplexed detection.
Organic dyes,"” as important fluorescent encoding materials,
have attracted a great deal of attention and been used in
commercial suspension arrays. However, there are still some
obvious disadvantages limiting the performance of organic dyes
encoding. First, broad emission spectrum results in the waste of
encoding spectrum range. Then, the decoding procedure could
be influenced by photobleaching. Further, multiple light sour-
ces and high costs of detection platform are necessary for
detection.”* As a type of newly developed fluorescent material,
quantum dots (QDs) show several superiorities in optical
characteristics, such as narrow emission spectrum, broad
excitation wavelength, high quantum yield, photobleaching
resistance and tunable emission wavelength.'>*> Hence, QDs
have turn into one of the most promising materials in encoding
application of suspension array.>*>*

There are several methods to prepare QDs encoded
microbeads, mainly including self-healing method®>* and
microfluidic method.'***>* However, the self-healing method

This journal is © The Royal Society of Chemistry 2018
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relies on the coordination of the pore diameter of the polymer
microbeads and the size of QDs. Besides, the subsequent pro-
cessing is complicated and the porous surface is prone to the
leakage of quantum dots, resulting in toxicity. Also, the micro-
fluidic method is affected by factors such as the size of the
entrance of the microchannel, the flow rate of the two phases,
the interfacial tension and the viscosity of the two phases. Apart
from these, the microfluidic system is relatively complicated
and the preparation speed is too slow to satisfy the actual
demand. Further, with above preparation methods, theoreti-
cally, a considerable amount of coding capacity can be
produced by combinations of different fluorescence wave-
lengths and intensities. Yet, the application of QDs also faces
some limitations. The emission spectrum of QDs is still wide
and the unavoidable fluorescence cross talk exists when QDs of
various wavelengths doped together. In addition, in immuno-
assay, the probes of the analytes are usually labeled with fluo-
rescence, which will easily lead to the interferences of decoding
and detecting fluorescence signals during the detection.’*
Therefore, the practical number of available codes is far less
than the theoretical value. Considering above problems, it is
necessary to further explore the synthesis and coding method of
suspension array to improve the coding performance.

In this study, we proposed a type of suspension array which
was encoded by dual-spectra, including fluorescence and laser
induced breakdown spectra. By using reversed-phase micro-
emulsion UV curing and layer-by-layer electrostatic self-
assembly methods, we prepared core-shell microbeads with
QDs inside and covered with specific elementary encoded
materials on the surface. First, to achieve the fluorescence
encoding channel, we prepared the QDs encoded microbeads
with reversed-phase microemulsion UV curing method. The
disperse phase including QDs was stirred and cut into small
droplets by the continuous phase, forming suspension emul-
sion and then were cured into solid beads under UV curing.
After collecting and screening, the microbeads with similar
sizes were selected for the coupling of the second encoding
channel. On the one hand, this method is kind of universal to
different sizes of the QDs and it can prevent the leakage of QDs.
On the other hand, the operation is simple and the productivity
could be much higher than microfluidic method. Then, the
elementary encoded materials, which are some metal and metal
oxides nanoparticles (EENPs) in this study, were assembled on
the surface of QDs encoded microbeads by layer-by-layer elec-
trostatic self-assembly method. With laser induced breakdown
spectroscopy (LIBS), the EENPs on the surface of microbeads
can generate and produce the second encoding spectra. LIBS
utilizes laser to induce sample to form surface plasma, then the
plasma decay and radiate laser induced breakdown spectra,
which contain massive atomic spectra. Therefore, LIBS can
generate the specific encoding spectra of above microbeads,
realizing the dual-spectra encoding.®® In our experiments
several types of EENPs were assembled on QDs doped
microbeads to increase the barcodes by a multiplicative model,
effectively amplifying the coding capacity of suspension array.
Besides, laser induced breakdown spectrum is a linear spec-
trum with sharp peaks, so that the peak data can be read
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directly to provide digital coding. In addition, laser induced
breakdown spectrum can prevent cross-linking of fluorescent
labels on the analytes, ensuring the decoding accuracy of
suspension arrays in fluorescence immunoassay. Furthermore,
since the peak positions of laser induced breakdown spectrum
will not be interfered by outside environments, like different
temperatures, humidity, acid alkalinity and valence states of
elements, the decoding signals can be stable.>**® With the dual-
spectra encoded mechanism, we can expand the coding
capacity and ensure the decoding accuracy as well as stability of
suspension array.

Experiments

Materials

Poly(ethylene glycol)diacrylate (PEGDA, average M, = 250), EM-
90, hexadecane were purchased from Sigma-Aldrich. Core-shell
CdSe/ZnS QDs (3.5 mg ml '), anti-IgG (labeled with QDs) were
purchased from Wuhan Jiayuan Quantum Dot Technological
Development Corporation, China. Methoxy PEG Thiol (mPEG-
SH, MW 5000) was purchased from JenKem Technology
Corporation, China. 2-Hydroxy-4’-methylpropiophenone-(2-
hydroxyethoxy)-2  methylpropiophenone  (photoinitiator),
magnesium oxide (MgO), dopamine hydrochloride were
purchased from Macklin reagent. Silver (Ag), cuprous oxide
(Cu,0) were purchased from Beijing DK nano Technology
Corporation, China. Polyethylenimine (PEI), poly(sodium-
pstyrenesulfonate) (PSS), N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) were purchased from Sigma-Aldrich. Non protein block-
ing solution were purchased from Beyotime Biotechnology,
China.

Instruments

Scanning electron microscopy (SEM, ZEISS SUPRA®55), Energy
dispersive spectrometer (EDS, ZEISS SUPRA®55), optical
microscopy (Olympus), fluorescence microscopy (Olympus),
Zetasizer Nano ZS (Malvern), X-ray diffractometer (Bruker),
Thermal gravity analyzer TGA2 (Mettler Toledo), Laser confocal
microscope (FV1000, Olympus), Spectrofluorophotometer (RF-
5301 PC, SHIMADZU), home-made LIBS-based system.

Principle of encoding, decoding and detection mode of dual-
spectra encoded suspension array

In our experiments, DSEPM were prepared by reversed-phase
microemulsion UV curing method and layer-by-layer electro-
static self-assembly method. The fluorescence encoding
channel (the first encoding channel) was realized by reversed-
phase microemulsion UV curing method. With preprocessing,
QDs could form a stable disperse phase with PEGDA, then the
disperse phase was added into continuous phase drop by drop
with stirring followed by UV curing. After collecting and
screening, QDs encoded microbeads with specified sizes were
disposed by layer-by-layer electrostatic self-assembly method to
achieve the second encoding channel. In this step, PEI and PSS
solutions were used to provide QDs encoded microbeads with
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appropriate surface electrical property. Then EENPs were added
to obtain the final DSEPM. Next, with the modification of
dopamine solution, bio-probes were grafted on the surface of
DSEPM to capture analytes. After capturing target biomolecules,
the DSEPM were then stimulated by 365 nm laser and 1064 nm
laser pulse to achieve fluorescence emission spectra and laser
induced breakdown spectra respectively, realizing the first
channel decoding and the second channel decoding. Through
fluorescence stimulation and LIBS stimulation, DSEPM can
finally achieve qualitative analysis of the analyte. The entire
encoding and decoding process is shown in Fig. 1.

Fabrication of QDs encoded PEGDA microbeads

To form a stable dispersion in PEGDA, the surface of the core-
shell CdSe/ZnS QDs was modified with mPEG-SH. 5 mg of
mPEG-SH and 1 mL of QDs solution were added to 3 mL of
PEGDA solution, the mixture was stirred at room temperature
for 12 h before use. Then 60 mg of photoinitiator was added to
the modified QDs-PEGDA solution and sonicated for 10
minutes to form disperse phase; surfactants (EM90) was mixed
with hexadecane in a volume ratio of 1:2 to form 30 mL of
continuous phase solution. After the disperse phase was added
in continuous phase drop by drop under magnetic stirring, the
mixture was cured for 30 minutes at room temperature under
the ultraviolet light exposure. Then the mixture was transferred
to a centrifuge tube and centrifuged under 4000 rpm for 5
minutes to remove the supernatant and obtained QDs encoded
PEGDA microbeads. The resulting microbeads were washed
three times with cyclohexane and ethanol respectively. Finally,
QDs encoded PEGDA microbeads with diameters around 22 pm
were obtained by screening with micron strainer.

Fabrication of DSEPM

Layer-by-layer electrostatic self-assembly method was used to
achieve the second encoding channel. First, the synthesized
QDs encoded PEGDA microbeads were dispersed in PEI solu-
tion (water, 4 mg mL ™", 0.5 M NaCl) and stirred for 1 h to
provide the microbeads with a positive surface environment.

drop by drop
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Fig. 1 Schematic diagram of the encoding, decoding and detection
process of dual-spectra encoded suspension array.
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After being washed with deionized water, the microbeads were
redispersed in PSS (water, 2 mg mL™", 0.5 M NaCl) and stirred
for 1 h to provide a negative surface environment and washed
with deionized water. The microbeads were then redispersed in
10 mL of deionized water and 20 mg of Cu,O NPs or Ag NPs
preprocessed by PEI solution (water, 4 mg mL ™', 0.5 M NaCl)
were added. After, the mixture was stirred for 1 h at room
temperature and the products were washed with ethanol to
obtain the final DSEPM. It is worth noting that due to the
positive surface environment of MgO NPs, MgO NPs solution
can directly react with the microbeads processed by PEI solu-
tion and PSS solution.

Application of DSEPM in biomolecule detection

To prove the potential application of DSEPM in multiplex
detection, a series of antigen-antibody binding experiments
were carried out. Antigen—antibody binding experiments mainly
consists of three steps: first, the surface of DSEPM were modi-
fied with dopamine. The dopamine layer can provide abundant
active catechol and amino groups on the surface of the DSEPM
for the further grafting of bio-probes. Dopamine was dissolved
in Tris-HCI buffer solution (10 mM, pH = 8.5) at a concentra-
tion of 2 mg mL™" 10 mg of DSEPM were dispersed in 4 mL of
dopamine solution and stirred for 20 h at room temperature,
the resulting PDA-covered DSEPM (PDA@DSEPM) were washed
with PBS solution (10 mM, pH = 7.4) several times for further
use. Then IgG, the bio-probes, were grafted on the PDA@D-
SEPM. The PDA@DSEPM were suspended in 1 mL of PBS
solution (20 mM, pH = 7.4) and stirred for 15 min at room
temperature followed by the addition of 200 pL of IgG (1 mg
mL ") and 600 pL of EDC/NHS mixed solution, EDC and NHS
were both 10 mg mL ™" in PBS. After incubating for 2 h at 37 °C
with stirring, the IgG-conjugated beads were washed several
times with PBS solution (10 mM, pH = 7.4) and then stored in
2 mL of no protein blocking solution overnight at 4 °C to cover
the excess amino groups. Finally, the target anti-IgG was
captured. The IgG-grafted PDA@DSEPM were wash again and
dispersed in 1.5 mL of PBS solution. Then 10 pL of QDs-labeled
anti-IgG solution was added into the microbeads suspension
and stirred at 37 °C for 1 h. The final products were washed with
PBS solution to remove excess QDs-labeled anti-IgG and redis-
persed in PBS solution for storage and further decoding.

First, to demonstrate the multiplexed detection perfor-
mance, adsorption experiments were carried out. Rabbit IgG-
grafted D1 (encoded with 585 nm QDs and Ag NPs) and
mouse IgG-grafted D2 (encoded with 525 nm QDs and MgO/Ag
NPs) were mixed together to capture 525 nm QDs labeled goat
anti-rabbit IgG and 605 nm QDs labeled goat anti-mouse IgG
simultaneously. Then, the specific detection capacity of DSEPM
were analyzed by contrast experiments: mouse IgG-grafted D3
(encoded with 645 nm QDs and MgO NPs) and rabbit IgG-
grafted D3 (encoded with 645 nm QDs and MgO NPs) were
used to capture 525 nm QDs labeled goat anti-rabbit IgG
respectively, rabbit IgG-grafted D2 (encoded with 525 nm QDs
and MgO/Ag NPs) and mouse IgG-grafted D2 (encoded with
525 nm QDs and MgO/Ag NPs) were used to capture 605 nm

This journal is © The Royal Society of Chemistry 2018
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QDs labeled goat anti-mouse IgG respectively. Finally, we dis-
cussed the quantitative detection ability of DSEPM by concen-
tration gradient experiments: six groups of 605 QDs-labeled
goat anti-mouse IgG with different concentration (1 x 105, 5 x
107°, 2.5 x 107%, 1.25 x 1072, 6.25 x 10 %, 3.125 x 10 '° M)
were reacted with an equal amount of DSEPM respectively.

Results and discussion
Characterization of QDs encoded PEGDA microbeads

Through reverse-phase microemulsion UV curing method,
a large amount of PEGDA microbeads can be prepared in a short
time with simple steps and QDs with different kinds of char-
acteristics, like sizes, colors and materials can be utilized. As
shown in Fig. 2, Fig. 2a is the optical micrograph of the obtained
PEGDA microbeads. Obviously, all the microbeads possess
a complete spherical structure with a slight difference in sizes.
135 microbeads were measured and analyzed, and the size
distribution diagram of the synthesized microbeads is shown in
Fig. 2b. It can be concluded that the size distribution of the
prepared microbeads are relatively uniform and the size is
concentrated at 22 pm. Fig. 2(c and d) are SEM images of the
PEGDA microbeads, indicating that the PEGDA microbeads
have good homogeneity and monodispersity. Fig. 2(e-g) show
the fluorescence images of microbeads encoded by QDs with
different emission wavelengths (525 nm, 585 nm and 645 nm).
It can be seen that the QDs are successfully encapsulated into
the PEGDA microbeads and all the microbeads show a bright,
uniform fluorescence. Meanwhile, the solid lines in Fig. 2h
represent the fluorescence spectra of microbeads encoded by
525 nm, 585 nm and 645 nm QDs respectively. The dotted lines
represent the fluorescence emission spectra of original QDs
dispersed in n-hexane. Therefore, we can see that the band-
width of the spectra is almost unchanged during the process of
QDs doped into PEGDA microbeads through UV
polymerization.

Characterization of DSEPM

Several types of DSEPM were synthesized: P1 (encoded with
525 nm QDs and Cu,O NPs), P2 (encoded with 585 nm QDs and
Ag NPs), and P3 (encoded with 645 nm QDs and MgO NPs).

600 700
Wavelength (nm)

Fig. 2 (a) Optical micrograph of prepared PEGDA microbeads, the
scale bar is 60 um. (b) Microbeads size distribution diagram. (c and d)
SEM images of PEGDA microbeads. The scale bars are 20 pum and 5 um
respectively. (e—g) Fluorescence images of PEGDA microbeads. The
scale bars are 30 pm. (h) Fluorescence spectra of QDs encoded
microbeads and QDs.
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Various characterization methods, including SEM, EDS and
fluorescence microscope imaging, were used to detect the
synthesis performance of DSEPM, as shown in Fig. 3. First,
Fig. 3(a1-a3) are the SEM images of DSEPM and Fig. 3(b1-b3)
are the details of surface, the bright particles are the assembled
EENPs. From the SEM images, we can easily observe the
distribution of EENPs on the surface of DSEPM, morphologi-
cally verifying the assembling performance. Then, Fig. 3(c1-c3)
show the EDS images of corresponding DSEPM. It is obvious
that the encoding elements are uniformly covered on the
surface of DSEPM. Further, the fluorescence micrographs of the
DSEPM are shown in Fig. 3(d1-d3) respectively. From these
images, it can be confirmed that the second operation of EENPs
assembling would not affect the fluorescence encoding
channel. To further prove the feasibility of layer-by-layer elec-
trostatic self-assembly method, the surface zeta potential of
reacted materials, including QDs-encoded microbeads after PEI
and PSS decoration (PSS@PEI@microbeads), MgO NPs, PEI
decorated Cu,0O NPs (PEI@Cu,O), PEI decorated Ag NPs
(PEI@Ag) were measured, the result is shown in Fig. 4a. It
indicates that the final surface electricity of QDs-encoded
microbeads and EENPs are opposite, which provides a theoret-
ical basis for the assembly of EENPs. Fig. 4b contains three XRD
spectra of Ag NPs, Cu,0O NPs and MgO NPs encoded DSEPM
respectively. The results show that all the three kinds of EENPs
were successfully assembled on the microbeads. It is noted that
the XRD spectrum of MgO NPs encoded DSEPM indicates the
existences of MgO and Mg(OH),, the chemical change of MgO to
Mg(OH), during the process of assembly could be the reason.
However, the change has no impact on the final result, owing to
the fact that LIBS encoding relies on the existence of Mg
element. Then the loading capacity of different kinds of EENPs,
represented by the atomic content, was analysed by EDS. As
shown in Fig. 4c, the counting of element contents of Ag, Cu
and Mg verifies that each EENPs are successfully assembled on
the microbeads. It is clear that Ag NPs have the largest loading

Fig. 3 (al-b3) SEM images of P1, P2 and P3, the bar scales are 10 um
for al, a2, a3 and 200 nm for b1, b2, and b3. (c1-c3) EDS images of P1,
P2 and P3, the scale bars are 10 um for c1, c2, c3 respectively. (d1-d3)
Fluorescence micrographs of P1, P2 and P3, the scale bars are 10 pm
for di, d2, and d3.
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Fig. 4 (a) Zeta potential of PSS@PEl@microbeads, MgO NPs,
PElI@Cu,O and PEI@Ag respectively. (b) XRD spectra of Ag NPs
encoded DSEPM, Cu,O NPs encoded DSEPM and MgO NPs encoded
DSEPM. (c) The amount of three kinds of EENPS assembled on the
microbeads. (d) Thermogravimetric analysis of DSEPM, the encoding
EENPs are Ag, Cu,O and MgO NPs respectively.

capacity and the amounts of Cu,O NPs, MgO NPs assembled on
the microbeads are similar. However, since the LIBS encoding is
based on the locations of atomic peaks rather than the signal
intensities, once the peaks could be detected, the amount of
EENPs assembled on the microbeads almost has no effect on
the encoding performance. Fig. 4d is the thermogravimetric
analysis of Ag NPs, Cu,O NPs and MgO NPs encoded microbe-
ads. It demonstrates that the prepared DSEPM begin to
decomposition around 300 °C and leading to a decline in
quality. Due to different types of coding EENPs, the final stable
state is reached at different temperature and quality. However,
it can be concluded that when the temperature rises to 600 °C,
the quality of the tested three kinds of DSEPM will no longer
change. The residues further illustrate the successful assembly
of EENPs. In a word, Fig. 3 and 4 demonstrates that the layer-by-
layer electrostatic self-assembly method can be an available and
effective  method to assemble EENPs on QDs-encoded
microbeads to achieve second encoding channel.

Decoding performance of DSEPM

Utilizing 2 types of QDs (525 nm (Q1), 585 nm (Q2)) and 3 types
of EENPs (Ag NPs (N1), MgO NPs (N2), Cu,O NPs (N3)), we
synthesized 6 types of DSEPM Q1N1, Q1N2, Q1N3, Q2N1, Q2N2
and Q2N3. After the respective stimulation with 365 nm laser
and 1064 nm pulse laser, the fluorescence spectra and laser
induced breakdown spectra of Q1N1, Q1N2, Q1N3, Q2N1, Q2N2
and Q2N3 were collected and integrated into dual-spectra
barcodes, the results are shown in Fig. 5. The black solid lines
show the fluorescence spectra of QDS, the red solid lines show
the whole laser induced breakdown spectra, including the
chosen encoding peaks of EENPs in the colored grid and the
back ground of basement. The obtained dual-spectra barcodes
show that the dual-spectra encoding can be achieved with our
method. Further, as shown in this Fig. 5, 2 types of fluorescence
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Fig. 5 Dual-spectra of 6 types of barcodes.

encoding spectra and 3 types of LIBS encoding spectra can
achieve 6 types of barcodes. Thus, if there are M types of fluo-
rescence spectra in the first channel and N types of laser
induced breakdown spectra in the second channel, the number
of dual-spectra barcodes will be M x N by simply combination,
greatly expanding the encoding capacity.

So far we have only explored the combinations of single type
of QDs and single type of EENPs. In fact, by taking full advan-
tages of the hybrid of multiple types of QDs and EENPs, it could
be possible to obtain much more coding barcodes. Considering
the fluorescence coding firstly, by doping different amount of
QDs with different emission wavelengths into the PEGDA
microbeads, we can generate a huge number of fluorescent
barcodes. In this paper, relative intensities between different
colors are used to encode by adjusting the QDs concentration.
Through combining QDs of 565 nm and 645 nm and adjusting
the concentration respectively, the multiple-QDs encoded
PEGDA microbeads with relative intensity of 1:1, 1:2, 1:3
and 2 : 1 were successfully prepared. The fluorescence decoding
spectra are shown in the Fig. 6(a—d). The results show that
precise and distinct encoding signals are obtained. In the part
of LIBS encoding, by permutation and combination, the theo-
retical number of barcodes can be obtained by the following
formula:

Wt =2~ 1 &)
w represents the total number of barcodes, n represents types of
encoding EENPs. It is predictable that with the addition of

z f 2 : s |d 2:1
£ i g ; 4
1 ! i i, i
H £ \J H
2 00| —— - 2 o0 E L k — 2 o0f ™ -
- w - = o
Wevelangth waelengin Wvalangth
199 ", 1 R Mgo
P Mo MoORd o ] el ﬂﬁ T h l"Jg MgOICu,lAg
i [ £ £ 2 cuong
L, L Lo Ll
i ‘ | 3 i ‘ Il ado
N ) g ‘ ) z ), £ 'jj\ LA
5. L LJ.\, ol A E | .y \.../L EM_‘ WU |5 VY .
s00 00 00 . ™ ‘ 2 o
Waveengih * waveoran ® i o

Fig. 6 (a—d) Fluorescence spectra of QDs encoded microbeads
containing two types of QDs 565 : 645 nmtocreate1:1,1:2,1:3
and 2:1 encoding signals. (e-h) 4 types of LIBS barcodes of
microbeads encoded with compound EENPs MgO/Ag, MgO/Cu,0,
Cu,0O/Ag and MgO/Ag/Cu,0.
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Fig. 7 Dual-spectra of 12 types of suspension array encoded by
multiple types of QDs and EENPs.

different types of encoding EENPs, the coding capacity will
show an exponential growth. That is, 3 types of EENPs (Cu,O,
Ag, MgO) will achieve 7 types of different barcodes, except for
the 3 types of LIBS encoding spectra with single type of EENPs
which are shown in Fig. 5, the rest 4 types of LIBS barcodes of
compound EENPs are shown in Fig. 6(e-h). As a result, utilizing
the combination of fluorescence spectra and laser induced
breakdown spectra to realize dual-spectra encoding will fully
expand the coding capacity of suspension array. In our experi-
ments, 4 types of fluorescence encoding signals (1:1,1:2,1:3
and 2 : 1) which consisted of 2 types of QDs (565 nm (Q1) and
645 nm (Q2)) and 3 LIBS encoding signals (N1N2, N1N3, N1N3)
from EENPs (Cu,O (N1), Ag (N2), MgO (N3)) were combined
with each other to create 12 dual-spectra encoding barcodes.
The results in Fig. 7 show the abundant encoding capacity. With
the increase of encoding capacity, it is possible to detect more
types of analytes in multiplexing. Besides, while the single
channel encoding can satisfy the demand of detection
throughput, the second encoding channel can provide a dual-
recognition to suspension array, improving the stability of
decoding. Furthermore, since the wavelength data of atomic
emissions can be directly read out, which endows the LIBS
encoding channel digital characteristics, so the effective analog-
digital dual-spectra encoding of the suspension array is
provided, thereby improving the accuracy and stability of
decoding.

Characterization of multiplexed biomolecule detection

1 Multiplexed detection of dual-spectra encoded suspen-
sion array. Two types of DSEPM, D1 (encoded with 585 nm QDs
and Ag NPs) and D2 (encoded with 525 nm QDs and MgO/Ag
NPs), were grafted with different bio-probes to capture two
types of target biomolecules simultaneously, realizing the
multiplex detection of analytes. The decoding dual-spectra of
the DSEPM we used in this experiment and the laser confocal
scanning image of reacted suspension array microbeads are
shown in Fig. 8. Fig. 8a shows the decoding spectra of D1 which
were composed by laser induced breakdown spectrum from Ag
NPs and fluorescence spectrum from 585 nm QDs. D2 in Fig. 8b

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a and b) Decoding compound spectra of reacted DSEPM, D1

(encoded with 585 nm QDs and Ag NPs), D2 (encoded with 525 nm
QDs and MgO/Ag NPs); (c) laser confocal scanning image in antigen—
antibody binding experiments, D1 were reacted with 525 nm QDs
labeled goat anti-rabbit 1gG, D2 were reacted with 605 nm QDs
labeled goat anti-mouse IgG.

are encoded with MgO/Ag NPs and 505 nm QDs. Fig. 8c is the
laser confocal scanning image including two types of DSEPM,
the internal points represent the decoding fluorescence signals
of D1 and D2, the outer optical rings are emitted from the 2
types of captured target anti-IgG, which were labeled by 525 nm
and 605 nm QDs respectively. Obviously, two types of DSEPM
conjugated with different bio-probes have successfully captured
the corresponding target biomolecules simultaneously, indi-
cating that our DSEPM can realize specific adsorption in the
multiplex detection of biomolecules.

2 Specificity of dual-spectra encoded suspension array in
biomolecule detection. To perform the contrast experiments,
D3 (encoded with 645 nm QDs and MgO NPs) and D2 (encoded
with 525 nm QDs and MgO/Ag NPs) were both decorated with
two different types of IgG respectively. Then the two types of IgG
grafted DSEPM were used to capture one type of target anti-IgG.
The decoding and detection results are shown in Fig. 9, the blue
solid lines indicate the LIBS decoding signals, the red and black
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Fig. 9 (a) Decoding and label spectra of mouse IgG-grafted D3 and
rabbit 1gG-grafted D3 after reacted with 525 nm QDs labeled goat
anti-rabbit 19G; (b) decoding and label spectra of mouse IgG-grafted
D2 and rabbit IgG-grafted D2 after reacted with 605 nm QDs labeled
goat anti-mouse IgG.
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Fig. 10 (a) Fluorescence spectra of six groups of reacted DSEPM in
gradient adsorption experiments. (b) The fitted concentration
response curve.

solid lines show the fluorescence spectra containing encoding
signals and label signals. As shown in Fig. 9a, the contrast
experiments were conducted on DSEPM which were grafted
with two types of bio-probes with the same amount on the
surface respectively, rabbit IgG and mouse IgG. Then these two
types of suspension array were reacted with 525 nm QDs labeled
goat anti-rabbit IgG solution at the same concentrations. The
red line represents the decoding and label fluorescence spectra
of DSEPM which were covered with mouse IgG and the black
line shows the fluorescence spectra of DSEPM decorated with
rabbit IgG. The peaks at 645 nm are the decoding signals and
the peaks of 525 nm are label signals. We can clearly observe
that the label fluorescence intensity on the rabbit IgG covered
DSEPM is far greater than that from mouse IgG covered DSEPM.
In Fig. 9b, the peaks at 505 nm are the encoding signals and the
peaks of 605 nm are label signals. It is clear that the label signal
in specific experiment is also higher than contrast experiment.
Thus, it is reasonable to conclude that specific detection of
biomolecules can be realized by taking advantage of DSEPM
synthesized by our method.

3 Concentration response of dual-spectra encoded
suspension array in gradient adsorption experiments. Six
groups of 605 QDs-labeled goat anti-mouse IgG with different
concentration were reacted with an equal amount of DSEPM
respectively, to exhibit the quantitative detection perfor-
mance of our suspension array. The measured fluorescence
spectra are shown in Fig. 10a, the peaks at 505 nm represent
the decoding fluorescence signals and the peaks at 605 nm
indicate the fluorescence signals from the QDs labeled on the
target anti-IgG. Setting the concentration of QDs-labeled goat
anti-mouse IgG as the abscissa, and the corresponding
detection fluorescence intensity as the vertical axis, the
concentration response curve is shown in Fig. 10b, it can be
concluded that the detection fluorescence intensities are
almost proportionally enhanced or decreased as the
concentration of the QDs-labeled goat anti-mouse IgG varied,
so the analytes can be quantitatively analyzed by detecting
fluorescence intensities. The adsorption curve and formula
are fitted, and the detection limit of our DSEPM is calculated
to be 9.68 x 10~ " M. From these results, we can claim that
the quantitative analysis can be achieved with our dual-
spectra encoded suspension array.
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Conclusion

In conclusion, dual-spectra encoded PEGDA microbeads
(DSEPM) are successfully prepared by reversed-phase micro-
emulsion UV curing method and layer-by-layer electrostatic self-
assembly method, developing a new encoding method for
suspension array. The advantages of the method presented in
this paper can be summarized as follows: (1) the resulting
DSEPM have stable shape, uniform size, the synthesize process
is simple and high-yield; (2) the dual-spectra encoded method
will increase the coding capacity in multiplicative model,
providing more available barcodes for suspension array in
multiplexed detection; (3) since there is no fluorescence inter-
ference from EENPs in the LIBS encoding channel, the dual-
spectra encoding mode would not influence the fluorescence
decoding and sensing performance; (4) the stability and digital
features of LIBS highly promote the stability and accuracy of
decoding. Finally, antigen-antibody adsorption experiments
demonstrate the availability, specificity and quantitative anal-
ysis performance of dual-spectra encoded suspension array. It is
well-founded to declare that the dual-spectra encoded suspen-
sion array prepared with our method have great potentials in
high-throughput multiplex detection.
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