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Abstract. A laser-induced breakdown spectroscopy and fluorescence spectroscopy-coupled optical system
is reported to demodulate digitally encoded suspension array in fluoroimmunoassay. It takes advantage of
the plasma emissions of assembled elemental materials to digitally decode the suspension array, providing
a more stable and accurate recognition to target biomolecules. By separating the decoding procedure of sus-
pension array and adsorption quantity calculation of biomolecules into two independent channels, the cross talk
between decoding and label signals in traditional methods had been successfully avoided, which promoted the
accuracy of both processes and realized more sensitive quantitative detection of target biomolecules. We carried
a multiplexed detection of several types of anti-IgG to verify the quantitative analysis performance of the system.
A limit of detection of 1.48 x 10~'© M was achieved, demonstrating the detection sensitivity of the optical
demodaulation system. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or repro-

duction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JB0O.22.9.097003]
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1 Introduction

Benefiting from high sensitivity, low sample consumption, and
high-throughput detection performance in biomolecular analy-
sis, suspension array is gradually becoming a popular detection
method in life science.'™ The whole analysis system of suspen-
sion array is built on monodisperse microbeads, with diameters
in tens of nanometers to hundreds of micrometers.® After
modification and bioprobe grafting on the surface, microspheres
obtain the ability to specifically capture target biomolecules in
samples.” By measuring the amount of captured biomolecules,
the concentration of target biomolecules in samples could be
deduced proportionally. In fluoroimmunoassay analysis, the
amounts of captured molecules are calculated by collecting
the fluorescence emission from the label,*’ which indicates
that the quantitative analysis of analyte can be achieved by the
fluorescence measurement of a single microbead.!®!! Once
various types of microbeads can specifically capture different
analytes in the same sample and can be recognized with
each other, the microbead-based detection mode can endow
suspension array the potential of multiplexing.'?> To achieve
the recognition of microbeads, a large amount of encoding and
decoding methods had been proved by researchers. Currently,
the most widely applicable encoding method is the fluorecent
encoding method, which labeled suspension array with particu-
lar fluorescence signals.”‘15 Hence, after sample detection,
the recognition of suspension array and the counting of
label fluorescence intensity should be carried together in fluo-
rescence measurements. However, according to the theory of
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fluorescence resonance energy transfer, once there are overlaps
between the absorption spectrum of fluorescent acceptor
and emission spectrum of fluorescent donor, the fluorescent
energy might transfer from donor to acceptor at a certain
distance. This phenomenon always causes enhancements of
long-wavelength fluorescence and quenching of short-wave-
length fluorescence.''® Thus, the utilization of fluorescence
encoding might produce cross talk with the label fluorescence,
causing interference in both qualitative and quantitative analyses.

For the purpose of avoiding the cross talk, we designed a
kind of digital encoded suspension array to segregate the decod-
ing and label signals into two independent optical channels:
the laser-induced breakdown spectroscopy (LIBS) channel and
fluorescence channel. As it is well known, LIBS is an element
analysis technique. By collecting the laser-induced plasma emis-
sions, especially atomic lines, the existence of specific elements
in materials could be detected with characteristic peaks and
spectrum.'®! Benefiting from the stability and linear shape
of atomic lines, LIBS can provide accurate and stable informa-
tion about contained elements in materials, being widely applied
in environmental monitoring,”*** geological prospecting,”* and
industry detection.?>*

In this study, we designed and built an optical demodulation
system for digitally encoded suspension array in fluoroimmuno-
assay. A confocal LIBS system was combined with a fluores-
cence system to achieve the independent detection of decoding
and label signal, accomplishing the qualitative and quantitative
analysis of samples in separated channels. By assembling spe-
cific elementary materials into microbead-carriers and grafting
bioprobes on the surface, we prepared different types of suspen-
sion array and carried multiplexed detection of fluorescence-
labeled target biomolecules with them. The reacted suspension
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array was placed on glass slides and respectively scanned with
a fluorescence stimulation laser and nanosecond pulse laser,
which were set in a common light path. The independent stim-
ulations and collections of fluorescence and laser-induced
breakdown spectrum avoided the cross talk and provided
a clean background for both decoding and counting of bio-
molecules. In experiments, various types of suspension arrays
worked in the same sample to specifically recognize different
types of anti-IgGs. The reacted suspension arrays were analyzed
together on a glass slide by the optical demodulation system to
demonstrate the performance of multiplexed analysis. In addi-
tion, the concentration response curve to anti-IgG detection was
measured to verify the availability of the system in practical
application.

2 Experiment

2.1 Dual-Channel Design of the Optical
Demodulation System

The dual-channel (fluorescence and LIBS)-based demodulation
system for suspension array in biomolecules detection was first
proposed in this paper. The label fluorescence was collected in
the fluorescence channel to count the captured biomolecules,
accomplishing the quantitative analysis of analytes. In the
LIBS channel, a nanosecond pulse laser stimulated assembled
materials and produced plasma on the suspension array. By
collecting the plasma emissions and transferring the laser-
induced breakdown spectrum, the suspension array was digitally
decoded, achieving the qualitative analysis of analyte. As shown
in Fig. 1, the quantum dots label on the biomolecules was stimu-
lated by a 405-nm laser and the intensity was counted in the
fluorescence channel. The higher intensity represents more cap-
tured biomolecules, which indicates higher concentration of
analytes in the sample. The microbeads were stimulated by a
1064-nm pulse laser and the laser-induced breakdown spectrum
was collected and analyzed in the LIBS channel. All types of
spectra were corresponding to specific types of suspension
arrays, and further revealed the types of absorbed biomolecules
on the microbeads.

2.2 Optical Setups of the Optical Demodulation
System

The optical setup is shown in Fig. 2. In the fluorescence channel
of the system, the fluorescence label was stimulated and the emis-
sions were collected to count the intensity, obtaining the concen-
tration information of target biomolecules. The LIBS channel
was set up for the collection and analysis of plasma emission
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Fig. 2 The schematic of optical demodulation system for digitally
encoded suspension array.

produced by encoded microbeads. The stimulation parts of
two channels were coupled into a common optical path except
the excitation source. A 1064 nm nanosecond pulse laser
(Beamtech, China) with pulse width of 8 ns and tunable output
repetition rate from 1 to 10 Hz was used to act as the stimulation
light to induce plasma on the microbeads. With an output power
of 100 mJ of every pulse, the pulse laser beam was outputted and
expanded by a combination of concave lens and a convex lens to
form a beam with a diameter of 40 mm, and then was focused on
the sample by a convex lens (f = 150 mm). The spot diameter of
the focused 1064-nm laser was 8 ym. A 405-nm fiber output
laser (Xilong, China) beam with 110 mW output power was
collimated to form a parallel beam with a diameter of 1 mm
and reflected into the stimulation path by a dichroscope (high
pass, cut-off wavelength =500 nm, Ty, >85%, T, >90%,
Ryps > 90%, and R,,, > 95%). The spot diameter of the focused
405-nm laser was 30 yum. A convex lens (f = 150 mm) with
a diameter of 50.8 mm was used to collect the fluorescence
emissions as much as possible. The emission was selected with
another dichroscope (high pass, cut-off wavelength = 500 nm,
Timin > 85%, Tayg > 90%, Ryps > 90%, and R, > 95%) to
eliminate the reflected 405-nm laser and coupled into area
charge-coupled device (CCD) (SBIG, America) to count the
intensity. The integral time of area CCD was 0.09 s. Equally,
the plasma emission was collected by a convex lens with a diam-
eter of 50.8 mm and coupled into multimode fiber optics
(diameter = 62.8 pum). A spectrograph-CCD system (Tekspray,
China) was used to analyze the emission and the integral time
of the CCD was 55 ps. The sample was placed on the glass
slide, which is coupled on the translation stage and the operation
time sequence is listed as follows: the sample moved under the
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Fig. 1 The schematic of dual-channel design of optical demodulation system.
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real-time monitoring of fluorescence intensity with area CCD
until maximum values were detected. Instantly, the fluorescence
intensity was recorded. Afterward, the 405-nm laser was shutoff
and the 1064-nm nanosecond pulse laser was turned on to induce
samples. Meanwhile, the spectrograph-CCD system was trig-
gered by O modulation signal output from the pulse laser and
worked in trigger-acquisition mode to decode the induced
microbead, finishing a single operation cycle. The acquisition
cycle was kept running until the scanning of the slide was
finished.

2.3 Materials

Monodispersed polystyrene microspheres (diameter = 30 um,
pore diameter ~ 100 nm) were purchased from the Nano-
Micro Research Center, Peking University (Beijing, China).
Three types of QDs-labeled anti-IgG (525 nm@ goat antirabbit
IgG, 565 nm@ goat antirat IgG, and 625 nm@ goat antimouse
IgG) were obtained from Wuhan Jiayuan Quantum Dot
Technological Development Corporation (Wuhan, China).
Three types of IgG (rabbit, rat, and mouse) were purchased
from Beyotime Biotechnology Co., Ltd. (Beijing, China).
Ethanol, cyclohexane, hexadecane chloroform, 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuc-
cinimide (NHS) were obtained from Aladdin Industrial
Corporation (Shanghai, China). Silver (Ag), magnesium
oxide (MgO), and zinc oxide (ZnO) nanoparticles (NPs) were
purchased from Macklin reagent Co., Ltd. (Shanghai, China).
The selected plasma emission peaks as coding signals of nano-
particles are 520.9 and 546.5 nm for Ag, 516.7 nm for MgO, and
472.2 and 481.0 nm for ZnO.

i QDs@Anti-IgG 1
i QDs@Anti-IgG 2

+ QDs@Anti-IgG 3

2.4 Preparation of Digital Encoded Suspension
Array

The high-temperature self-healing method?’ was applied in the
preparation of digitally encoded suspension array and the sche-
matic is shown in Fig. 3. Concretely, 10 mg of monodispersed
polystyrene microspheres were dispersed into 4 mL of hexa-
decane and mixed by 5 min of ultrasonication. A hundred-
microliter nanoparticle solution (20%, M/M) was dispersed
into 3 mL of chloroform and mixed for 5 min of ultrasonication
too. Two dispersions were mixed together in a condenser pipe
assembled flask and stirred with magnetism under 50°C for 1 h;
afterward, the dispersion was heated to 180°C and kept stirring
until the reflux disappeared in the condenser pipe. Then the
temperature was cooled to room temperature rapidly, and
the reacted microspheres were filtrated by suction filtration
and washed with ethanol and cyclohexane for several times
to obtain digitally encoded microspheres. To create a suitable
surface for bioprobe grafting, the prepared microspheres were
dispersed into ethanol and dealt with an injected ozone air
stream for 10 min. Through oxidation, the surface of the
microspheres was decorated with functional groups, such as
hydroxyl and carboxyl. In the final step, the digitally encoded
functional microspheres were mixed with bioprobes, which
are IgGs in this experiment, for 2 h and accomplished
probe grafting with the activation of EDC and NHS. To con-
sume the remanent functional group on the surface, an excess
5% bull serum albumin solution [phosphate buffered saline
(PBS), 10 mM, pH = 7.4] was used as a blocking buffer to
mix with the microspheres for 36 h at 4°C. The prepared sus-
pension array was preserved in PBS for further utilization.

BSA

Fig. 4 (a) The detection mode of digitally encoded suspension array in fluoroimmunoassay. (b) The mer-
cury lamp-stimulated images of reacted suspension array.
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2.5 Multiplexed Analysis and Concentration
Response of the System

To verify the decoding performance of the optical demodulation
system, we carried adsorption experiments to multiple biomole-
cules with specific fluorescent labels in the same sample. QDs
with different colors were used to be the fluorescent labels of dif-
ferent types of anti-IgG in the experiments. It can be proved that
the qualitative analysis could be successfully achieved by this sys-
tem if the decoding result matches with the types of labels. We
prepared three types of suspension arrays (SA1, SA2, and SA3)
with AgNPs, MgNPs, and ZnONPs. The corresponding grafted
bioprobes are rabbit IgG for SA1, rat IgG for SA2, and mouse
IgG for SA3. Three types of suspension arrays were added into
a mixed solution of 525 nm@ goat antirabbit IgG, 565 nm@ goat
antirat IgG, and 625 nm@ goat antimouse IgG and started another
reaction for 30 min at 37°C. The reacted microbeads were filtrated
by suction filtration and placed on a glass slide for subsequent
testing, as shown in Fig. 4. Theoretically, the detected fluores-
cence intensities would proportionally change in accordance
with the variation in concentration of target molecules solution,
providing the quantitative signal for analysis. To verify the con-
centration response of our system, we carried adsorption experi-
ments to biomolecules with a series of concentration gradients.
In detail, goat antirabbit IgG solutions with concentrations of
3.125%x 10710, 6.25 x 10719, 1.25x 107, 2.5 x 10~°, 5 x 1072,
and 1x 1078 M were tested as samples and the fluorescence
intensities were recorded by the demodulation system.

3 Results and Discussion

3.1 Laser-Induced Breakdown Spectrum of
Encoded Materials and Digital Encoding
Principle

Stimulated by the nanosecond pulse laser, the high-energy
plasma is formed on the surface of materials.’® The plasma
emissions, including atomic lines, were radiated out with the
procedure of plasma decay. In our measured spectrum range,
from 450 to 760 nm, the selected atomic lines match well
with standard values, verifying the availability of the system

in LIBS. As shown in Fig. 5, the 520.9 and 546.5 nm for
Ag, 510.6, 515.3, and 521.8 nm for Cu,O, 516.7 nm for
MgO, and 472.2 and 481.0 nm for ZnO were selected as
eight characteristic peaks for each element. To achieve the dig-
ital transformation of the laser-induced breakdown spectrum, we
used 1 to represent the existence of the corresponding peak and
0 to represent that there is no peak in the encoding position.
With this principle, these four types of encoding materials were
labeled together with a binary sequence with eight characters.
Further, to adequately utilize encoding materials, different
nanoparticles could be assembled together in combination, thus
greatly expanding the encoding count of suspension arrays.

3.2 Preparation and Detection of Digital Encoded
Suspension Array

Assembling the selected nanoparticles into the carrier micro-
spheres, we encoded suspension arrays with the above laser-
induced breakdown spectrum and recognized microbeads
with transformed digital encoding. In the process of assembling,
the holes on the surface of monodispersed polystyrene micro-
spheres were expanded with the effects of chloroform, the
pore-foaming agent, and high temperature. Thus nanoparticles
diffused into the holes under continuous stirring. While chloro-
form evaporated and the dispersion was cooled, the holes
contracted rapidly and so locked nanoparticles inside. Once
the microspheres were stimulated, the locked nanoparticles
could produce plasma emissions and decode the suspension
array with a specific laser-induced breakdown spectrum. After
being encoded, the microspheres should experience surface
modification and probe grafting to gain the ability of specifically
detecting target molecules. Ozone possesses strong oxidizability
so that it can break the carbon bond of organics to produce oxy-
gen-containing groups, including hydroxyl and carboxyl. With
this method, the surface of encoded monodispersed polystyrene
microspheres turned out to be suitable for bioprobe grafting.
In the experiment, QDs-labeled anti-IgG was used to play the
role of the analyte. The IgG was grafted on the microspheres
after surface modification to act as a bioprobe to capture the
corresponding anti-IgG. This fluoroimmunoassay detection
was carried in a solution of anti-IgG. To facilitate presentation,
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Fig. 5 (a) The laser-induced breakdown spectrum of encoding materials. (b) The digital transform prin-
ciple of laser-induced breakdown spectrum, the binary sequences in upper grid are encoded by single
type of elements and the binary sequences in under grid are encoded by different permutations and

combinations of elements.
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Fig. 6 The fluorescent microscope images of reacted (a) SA1, (b) SA2, and (c) SA3, the insets are the
corresponding measured fluorescence spectrum. Scale bars are 100 um.

the anti-IgG was labeled with QDs with different colors. The
fluorescent microscope images of reacted suspension arrays
are shown in Fig. 6 and the fluorescence spectrum were mea-
sured to be references of subsequent analysis.

3.3 Multiplexed Analysis of the Optical
Demodulation System

The LIBS channel of the optical demodulation system can
decode the digitally encoded suspension array with a laser-
induced breakdown spectrum due to specifically assembled ele-
ments. And there are one-to-one correspondences between
selected elements and grafted bioprobes in every type of suspen-
sion array. After antigen—antibody reaction in fluoroimmunoas-
say, the type of captured analyte can be recognized by decoding
each microbead, the amount of analyte can be analyzed by
counting the fluorescence intensity of labels. To demonstrate
the decoding reliability of the optical demodulation system,
we used QDs-labeled anti-IgG with different colors to be labeled
analyte, the correspondences of bioprobe and analyte are listed
as follows: rabbit IgG/525-nm QDs-labeled goat antirabbit IgG,
rat 1gG/565-nm QDs-labeled goat antirat IgG, and mouse
I1gG/625-nm QDs-labeled goat antimouse IgG. Three types of

suspension arrays added into the mixture of three types of
anti-IgG solutions and reacted for a while. The reacted microbe-
ads were placed on a glass slide, the fluorescent microscope is
shown in Fig. 7. The microbead experienced the 405-nm laser
stimulation and nanosecond pulse laser induction successively.
To reveal the relationship between LIBS spectra and corre-
sponding types of biomolecules, we measured the fluorescence
spectrum in the spectrograph-CCD system of the LIBS channel
where the laser-induced breakdown spectra of microbeads were
collected. As shown in Fig. 7, the decoding result matches well
with the type of labeling antibodies, indicating the type of ana-
Iyte. Hence, it is well proved that the optical demodulation sys-
tem can achieve the multiplexed analysis of target biomolecules
with a digitally encoded suspension array.

3.4 Concentration Response of the Optical
Demodulation System

In the fluoroimmunoassay detection mode, the captured biomo-
lecules were labeled by QDs, so the amount of captured biomo-
lecules could be counted by collecting the fluorescence intensity
of labels. In the fluorescence channel of the demodulation sys-
tem, the 405-nm laser was used to stimulate the QDs label on
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Fig. 7 (a) The fluorescence microscope image of mixed suspension array in multiplexed analysis. The
fluorescence spectrum and laser-induced breakdown spectrum collected by the optical demodulation
system: (b) SA1, (c) SA2, and (d) SA3. Scale bar is 100 um.
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rabbit 19G.

anti-IgG and the emission intensities were detected by
coupled area CCD, providing the quantitative information for
biomolecule analysis. As an illustration, the gradient detection
of anti-IgG was carried. Goat antirabbit IgG solutions with
concentrations of 3.125x 10719, 6.25x 10710, 1.25x 107?,
25%x107°,5x 107%, and 1 x 10~8 M were detected with SA1.
The fluorescence of every type of reacted microbeads was
measured by the demodulation system, and the intensities and
corresponding concentrations were recorded and represented
as a concentration curve, as shown in Fig. 8. Basically, the
demodulation system has a linear response in our measurement
scale, which verified the ability of the system to achieve quan-
titative analysis. The equation of concentration response curve is
shown in the inset of Fig. 8. The empty sample was detected by
digitally encoded suspension array and the optical demodulation
system to measure the fluorescent system noise. The standard
deviation of repeatedly measured system noise was calculated
to be 220.2857654 (A.U.). According to the principle of
triple standard difference method, the limit of detection of
1.48 x 10719 M was achieved by the optical demodulation sys-
tem, which is orders lower than traditional time-resolved fluo-
roimmunoassay and biochip systems encoded by fluorescence
and the Raman spectrum.?=!

4 Conclusion

A dual-channel (fluorescence and LIBS)-coupled optical
demodulation system for digitally encoded suspension arrays
in fluoroimmunoassay was proved and its performance in
multiplexed analysis of biomolecules was discussed. The nano-
particles assembled suspension array was decoded by stimulat-
ing and collecting the laser-induced breakdown spectrum in the
LIBS channel. The stable and accurate encoding signal collected
in the LIBS channel provided digital labels for the suspension
array, guaranteeing the performance of qualitative recognition
in multiplexed analysis. The captured target biomolecules on
microbeads were labeled with QDs and the fluorescence inten-
sity was measured in the fluorescence channel to accomplish
quantitative analysis of targets. Therefore, various analytes
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could be analyzed in the same sample with our optical demodu-
lation system, actually realizing the multiplexed analysis.
Further, since the decoding and label detection were operated
in LIBS and fluorescence channels, respectively, the cross
talk between two types of signals was thoroughly avoided.
This analysis mode not only kept the decoding procedure out
of fluorescence interference, but also provided fluorescence
detection a low-noise background, which is meaningful to
improve the sensitivity of detection.
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