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We provided a microbeads preparation method with reversed-phase microemulsion and ultraviolet light

curing for laser induced breakdown spectroscopy based digital encoding suspension array. By combining

reversed-phase microemulsion and ultraviolet light curing together, we created an one-step system for

preparation of microbeads. The stability and universality of this method had been confirmed in

preparation of microbeads with different encoding materials. With further experiments in surface

modification and multiplexed detection, we proved that the synthesized microbeads were available to

prepare suspension array and could provide accurate encoding performance in multiplexing.
Introduction

In life science research, suspension array has become an
increasingly attractive detection method because of its perfor-
mance in multiplexing and high throughput detection.1–4 For
example, suspension array achieves lower detection limits and
higher sensitivity in clinical diagnosis than traditional tech-
nology.5,6 In genome and protein analysis, suspension array also
proves its high capability in multiplexing.7 Most of above
characters of suspension array in detection rely on the encoding
performance of microbeads, the carriers of suspension array.
The current encoding system of suspension array is based on
multi-color uorescence barcodes.8,9 Operationally, researchers
assemble organic uorophores or luminescent quantum-dots
with functional microbeads to prepare suspension array.10

However, limited by the light-emitting principle and charac-
teristics, the uorescence based encoding method is faced with
several disadvantages in detection. First of all, the utilization of
multi-color uorescent materials always causes spectral over-
laps due to the broad waveform, which is a challenge to the
accuracy of coding.11 Then, because of the existence of uo-
rescence resonance energy transfer, the cross talk always
happen between different color, hurting the stability of
coding.12 Most important of all, since uorescent materials are
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also used as labels of target biomolecules, the cross talk can also
happen between uorescence based encoding signal and label
signal, which not only do harm to the characteristic of encod-
ing, but also produce indeterminacy in the whole detection
procedure.13

In our previous research, we provided the digital encoding
method for suspension array with laser induced breakdown
spectroscopy (LIBS).14 LIBS is widely utilized in industry analysis,
environment monitoring and medicine analysis as an elemental
measurement method.15,16 Aer stimulation by laser pulse,
plasma can be produced on the surface of samples. We can obtain
the laser induced breakdown spectra by collecting the emissions
of plasma. In the laser induced breakdown spectra, the existence
of specic peaks can demonstrate the existence of corresponding
elements in the sample.17 With this technology, we assembled the
encodingmaterials which include specic elements on the carrier
to prepare encoded suspension array. In the decoding procedure,
the suspension array experienced the stimulation of pulse laser
and emitted laser induced breakdown spectra with stable, sharp
and readable emission peaks. Using character 1 to represent the
existence of specic peak and 0 to represent the opposite, we
created a series of binary sequences to represent the corre-
sponding microbeads, achieving the digital encoding of suspen-
sion array.

In this paper, we provide a microbeads preparation method
with reversed-phase microemulsion and ultraviolet light curing
for suspension array. Reversed-phase microemulsion method is
widely adopted in the synthesis of particles with different sizes.18

By congurating a stablemicroemulsion with aqueous solvent, oil
solvent and enough surfactant, the disperse phase can be incised
by continuous phase and maintained as liquid microbeads. Once
the disperse phase can be solidied, microbeads can be formed
and extracted from the dispersion. Ultraviolet light curing is
RSC Adv., 2017, 7, 32727–32730 | 32727
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Fig. 1 The synthesis scheme of digital encoding suspension array
using reversed-phase microemulsion and ultraviolet light curing.
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a kind of photochemical reaction which is usually utilized in lm
process and printing technology. Briey, aer the exposure under
ultraviolet light, the lowmolecular materials can form polymer by
polymerization and cross linking, which always appears as
solidication of liquid materials.19 In our experiments, we used
metal and metallic oxide nanoparticles to provide encoding
signals. We mixed encoding materials with polyethylene glycol
acrylate (PEGDA), the aqueous solvent, and 2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone, the photoinitiator, to
play the role of disperse phase. The disperse phase was dropwise
added into continuous phase which was prepared by hexadecane,
the oil solvent, and EM-90, the surfactant. The dispersion was
continuously stirred and exposed under ultraviolet light to achieve
the solidication. Aer collection and screening, microbeads with
uniform sizes were picked out to experience the surface modi-
cation and probe graing to prepare suspension array. The
scheme of the whole process was shown in Fig. 1.

Experimental section
Reagent

PEGDA (average Mn¼ 250), EM-90, hexadecane were purchased
from Sigma-Aldrich. Silver (Ag), cuprous oxide (Cu2O), magne-
sium oxide (MgO), zinc oxide (ZnO) nanoparticles, dopamine
hydrochloride and 2-hydroxy-40-methylpropiophenone-(2-
hydroxyethoxy)-2-methylpropiophenone were purchased from
Macklin reagent, China. Bull serum albumin (BSA) and IgG was
purchased from Beyotime Biotechnology, China. Anti-IgG
(labeled with QDs) were purchased from Wuhan Jiayuan
Quantum Dot Technological Development Corporation, China.

Preparation of encoded microbeads

The disperse phase was composed of PEGDA, nanoparticles and
2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone. 20 mg
photoinitiator were dispersed in 1 mL PEGDA and experience
vigorous stirring and ultrasonication to form stable dispersion.
1 mL nanoparticles solution (2 mgmL�1, water) was centrifuged
and the supernatant was removed. The nanoparticles were
redispersed in the prepared dispersion by ultrasonication to
form disperse phase solution. The continuous phase was
prepared by mixing EM-90 with hexadecane in a ratio of 1 : 20.
The disperse phase was poured into continuous phase dropwise
and dispersed by magnetic stirring. The stirring microemulsion
was exposed under the ultraviolet light for 6 hours to achieve
the solidication. The intensity of UV light in curing was
measured by optical power meter to be 7 mW cm�2. Solidied
32728 | RSC Adv., 2017, 7, 32727–32730
microbeads were washed with deionized water and pure ethanol
for three times. Aer collection and screening, the microbeads
with similar sizes were picked out to be ready for further
modication.

Surface modication of encoded microbeads

Dopamine was utilized as functional group provider to achieve
the surface modication of microbeads. Specically, dopamine
was dissolved in Tris–HCl buffer solution (10 mM, pH ¼ 8.5) in
the concentration of 2 mg mL�1. The microbeads were added
into the dopamine solution and the dispersion was stirred for
24 h at room temperature. The modied microbeads were
washed with deionized water for several times before probe
graing.

Probe graing and multiplexed detection

We carried out probe graing on the modied surface of
microbeads to prepare suspension array. Then, a series of
antigen–antibody binding experiments were carried to illustrate
the availability of suspension array in practical multiplexed
detection. With Ag and Cu2O nanoparticles, we prepared two
types of microbeads: MB1 (AgNPs) and MB2 (Cu2ONPs). Cor-
responding to two types of microbeads, we chose two antigen–
antibody combinations to accomplish the specic detection
process, list as follow: (1) mouse IgG and 525 nm QDs labeled
goat anti-mouse IgG; (2) rabbit IgG and 605 nm QDs labeled
goat anti-rabbit IgG. Aer surface modication with dopamine
solution, microbeads were redispersed in ultrapure water in the
concentration of 10 mg mL�1 100 mL microbeads solution was
added into 1 mL phosphate buffer solution (PBS, 50 mM, pH
7.4) and stirred for 15 minutes at room temperature. Then, 10
mL IgG solution (1 mg mL�1) and 50 mL EDC (10 mg mL�1) was
added in the dispersion and incubated for 2 hours at 37 �C. In
this step, MB1, 2 were reacted with mouse IgG and rabbit IgG
correspondingly to form different suspension array. Suspension
array were washed with PBS for several times and redispersed in
1 mL PBS, 5% BSA was used as blocking solution to cover excess
amino. Reacted suspension array were washed and redispersed
in 1 mL PBS, and 10 mL anti-IgG solution (50 mM) was added
and stirred for 30 minutes at 37 �C, the nal suspension array
were washed with PBS to remove excess labeled anti-IgG and
redispersed in PBS.

Results and discussions
Principle of LIBS based digital encoding

Based on above statement, we used four types of nanoparticles,
including AgNPs, Cu2ONPs, MgONPs and ZnONPs, to work as
encoding materials. The initial LIBS spectra of these encoding
materials were stimulated and collected by our home made
LIBS optical system (Fig. 1S†), and they were shown in Fig. 2. In
our measurement wavelength range, we picked out 8 most
strong signal peaks to be the encoding signal. Since the specic
peaks can represent the existence of corresponding materials,
we can use 1 and 0 to represent the existence of encoding
materials in suspension array. In other words, the suspension
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The LIBS spectra of initial nanoparticles and principle of digital
encoding.

Fig. 3 The characteristic of synthesizedmicrobeads. (a, b) Microscope
images of microbeads. The insets in (b) are the comparison between
unencoded microbeads and encoded microbeads (c, d) scanning
electron microscope images of microbeads. Scale bars are 100 mm in
(a), 10 mm in (b), 25 mm in (c), 10 mm in (d). (e) The LIBS spectra of 4 kinds
of microbeads. (f) The size distribution of microbeads. (g) The curing
time of 4 kinds of microbeads with different concentrations of
photoinitiator.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
15

/2
02

5 
6:

22
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
array can be labeled with specic digital binary sequence,
accomplishing the digital encoding. Furthermore, through the
composite utilization of different types of encoding materials,
we can create a much bigger number of encoding amount than
the initial number of materials types. The encoding amount can
be explained with this formula:

W ¼ Cn
1 + Cn

2 +.+ Cn
n ¼ 2n � 1

W represents the amount of encoding; n represents the number
of material types. It is predictable that the amount of encoding
can get an exponential growth with the addition of new
encoding materials.
Characterization of synthesized microbeads

We carried out a series of measurements to describle the
synthesis of microbeads. The solidied microbeads aer
screening were shown in Fig. 3a and b. In the inset of Fig. 3b,
the encoded microbeads showed different appearance with
unencoded microbeads, which indicated the nanoparticle had
been actually enveloped in microbeads. We prepared 4 kinds of
microbeads with our encoding materials and collected their
LIBS spectra with our LIBS system, the results are shown in
Fig. 3c. A, C, M, Z represent AgNPs, Cu2ONPs, MgONPs and
ZnONPs respectively, different combinations of letters repre-
sent microbeads encoded by different combinations of nano-
particles. Despite of the emission peaks caused by the
basement, the encoding peaks matched well with initial nano-
particles, indicating that the encoding materials were well
coupled in microbeads. We used particle size measurement
soware (nano Measurer 1.2) to analysis the size distribution of
microbeads. As shown in Fig. 3e, the measurement of size
distribution numerically demonstrated that the synthesized
microbeads are in similar sizes. Corresponding to different
concentrations of photoinitiator in preparations of 4 kinds of
This journal is © The Royal Society of Chemistry 2017
microbeads and no-coding microbeads, the curing time is
measured and recorded in Fig. 3g. It is veried that the dosage
of photoinitiator is a key element to curing efficiency.
Characterization of surface modied microbeads

As the carrier of suspension array, microbeads need to be
modied on the surface to cover enough functional group to
offer binding sites for bioprobes. Dopamine is usually used in
surface modication because of its strong stickiness and
abundant amino and carboxyl.20 We treated our prepared
microbeads with the Tris–HCl solution of dopamine, the
comparison of initial microbeads and dopamine coated
microbeads was shown in Fig. 4. The rough surface of
microbeads indicates that the dopamine had been polymerized
on the microbeads.
Application of suspension array in multiplexing

To demonstrate the appearance of synthesized suspension array
in practical multiplexed bimolecular detection, we carried out
antibody detection experiment with two types of encoded
suspension array. Mouse IgG and rabbit IgG were graed on
MB1 and MB2 as the bioprobe of green QDs labeled goat anti
mouse IgG and red QDs labeled goat anti rabbit IgG respec-
tively. Two types of suspension array were mixed and accom-
plished target detection together. The uorescent microscope
image of reacted suspension array was shown in Fig. 5a. It is
clear that microbeads were covered with two different colors
and almost each microbead was covered with one color, which
indicates that specic detection had been achieved by our
suspension array. As shown in Fig. 5b, the encoding signal and
label uorescence of two types of reacted suspension array were
RSC Adv., 2017, 7, 32727–32730 | 32729
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Fig. 4 The comparison between initial microbeads and dopamine
modified microbeads. (a, b, c) Scanning electron microscope images
of initial microbeads. (d, e, f) Scanning electron microscope images of
dopamine modified microbeads. Scale bars are 6 mm in (a, d), 3 mm in
(b, e), 1.5 mm in (c, f).

Fig. 5 The multiplexing of suspension array (MB1, MB2). (a) The
fluorescent microscope image of reacted suspension array, the scale
bar is 20 mm. (b) The encoding signal and label fluorescence spectrum
of reacted MB1 and MB2, the insects are cross section images of laser
confocal microscope of reacted MB1 and MB2.
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collected independently to show the corresponding relationship
between encoding and analytes types. The insects of Fig. 5b
were cross section images of laser confocal microscope of
reacted suspension array. The green and red rings are the label
of analytes, besides this, the other parts of suspension array are
dark, which means that the uorescence background was
eliminated so that the cross talk between label and encoding
signal can be avoided with our prepared suspension array.
Conclusions

In conclusion, we had provided a stable preparation method for
laser induced breakdown spectroscopy based digital encoding
suspension array. By combining reversed-phase microemulsion
and ultraviolet light curing together, we created a one-step
system for preparation of microbeads. The stability and
universality of this method had been conrmed in preparation
of microbeads with different encoding materials. With further
experiments in surface modication and multiplexed detection,
we proved the availability of suspension array in practical
application. Based on the simplied preparation process, wide
suitability and stable encoding performance, it is reasonable to
declare that the reversed-phase microemulsion and ultraviolet
32730 | RSC Adv., 2017, 7, 32727–32730
light curing method is available and creative in preparation of
digital encoding suspension array.
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