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Emerging barcode particles for multiplex bioassays
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ABSTRACT With the increasing demand for multiplex and
high-throughput analysis of large numbers of biomolecules,
multiplex technology becomes a promising tool for carrying
out thousands of individual reactions at the same time for
large-scale biological analysis. Among current technologies,
suspension arrays based on appropriate barcode particles have
been popularly used in multiplex bioassays of many research
fields with the ability of unique encoding, such as in the
clinical, medicinal, nutritional, and environmental fields.
Besides the unique form of barcode, these particles have
higher flexibility, better sensitivity, and faster reaction ki-
netics. In this review, we present some examples of typical
barcode particles that are divided into different groups de-
pending on how they are encoded and their applications in
multiplex bioassays for different targets such as proteins,
DNA and RNA sequences, and cells. The bioassays for mon-
itoring food safety, drug research, and clinical diagnosis are
also described.
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INTRODUCTION

Given the huge increase in the amount of biomolecular
information for research or clinical purposes, there is an
increasing need for bioassays to determine the biological
activity or specific functional response of a substance.
Because of the complexity of biomolecules, the currently
available physicochemical approaches are usually in-
sufficient to characterize and analyze their potency [1,2].
During this unprecedented growth phase of bioassays,
many technologies that encompass applications in the
functional analysis of unknown genes, drug discovery,
and clinical diagnosis have been developed [3]. Because
the multiplexed high-throughput analyses of a large
quantity of biomolecules are badly needed now, multiplex
technology, which allows multiple discrete assays to be
performed simultaneously within the same microvolume
sample, is a promising tool for carrying out thousands of

individual reactions at the same time for large-scale bio-
logical analysis [4-6].

Clinically, the approach to performing multiplex
bioassays by dividing single samples into appropriate
individual aliquots for simultaneous single target analysis
consumes large volumes of material and has difficulties in
analyzing large numbers of targets. Thus, one of the most
important challenges in developing multiplex bioassays is
to track each reaction in a mixture. Perhaps the most
popular approach is to use the so-called planar array
technology, in which each of the probe molecules is en-
coded by its exact two-dimensional location on a mi-
crotiter plate or on an array [7,8]. Although planar arrays
can realize multiplex high-density analysis, there are some
disadvantages in the aspect of the strategy by which they
are fabricated and used. There is a relatively limited
quantity of arrays that can be fabricated simultaneously,
and specific probe molecules have to be adhered to each
spot of the planar array separately under the same con-
ditions, which may not be suitable for all of them. These
drawbacks, as well as the lack of flexibility, sensitivity, and
hybridization rate, have limited their applications [9,10].

Suspension array technology using barcode particles as
microcarriers has emerged as an alternative. Instead of
positional encoding, each particle carries a unique form
of barcode that allows identification of the probe mole-
cules attached to it, and the number of codes required
depends on the assays, ranging from a few tens to very
large numbers [11]. While fluorescently encoded barcode
particles have achieved great commercial success [12,13],
many other coding technologies have also been proposed
for the development of barcode particles, such as graphic,
electronic, and chemical encoding methods [14-18].
Unlike planar arrays, probe molecules can be bound to
millions of barcode particles at the same time under
conditions that are optimal for each probe. In addition,
such particles have higher flexibility, better sensitivity,
and faster reaction kinetics by efficient mixing in sus-
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pension and can be analyzed in high-throughput micro-
fluidic systems. With these advantages, barcode particles
have been applied in a variety of multiplex bioassays in
different fields including monitoring food safety, drug
discovery, clinical diagnosis, and biodefense [19-24].

Although a number of reviews on barcode particle-
based multiplex bioassays have been published because of
their good application prospects in many fields, few lit-
eratures systematically review their biomedical applica-
tions. Moreover, with the increasing investment in
research, the development and application of barcode
particles in multiplex detection are changing with each
passing day. Thus, in this paper, we provide an overall
review of encoding technologies that are widely used
currently and introduce their latest research and appli-
cations in multiplex detection, especially their biomedical
applications. Firstly, we mainly introduce the strategies
for manufacturing barcode particles, which are divided
into several groups based on how they are encoded. Then
we focus on studies dealing with the barcode particle-
based multiplex bioassays for targets, such as proteins,
DNA and RNA sequences, and cells, and their latest ap-
plications mainly in biomedical fields, such as clinical
diagnosis, food safety and drug research. Finally, we
present an outlook for the commercial and technological
development of particle-based bioassays.

ENCODING PARTICLES

Barcode particles are readable tags used widely to track
and identify vast amounts of information and are useful
in multiplex assays. Classification of these barcode par-
ticles relies on different encoding technologies including
optical, graphical, magnetic, and shaping methods. Tak-
ing the advantages of different encoding technologies,
hybrid encoding methods have also been developed for
increasing numbers of codes and for a wider range of
applications.

Optical encoding

Organic dye encoding

Out of the optical encoding barcodes, fluorescent en-
coding with unique emission spectra and fast readout is
the most common encoding method. Moreover, among
the fluorescent materials, organic dyes have been the
most widely used to fabricate fluorescent barcodes be-
cause of several advantages, such as low price and wide
range of commercial availability. Although they can be
used for various applications, there are also some obvious
disadvantages as the encoding element, such as photo-
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bleaching, limited encoding ability and multi-excitation
light used for different dyes [25]. In addition to these
disadvantages mentioned before, the aggregation of these
organic dyes with high concentration is also a problem
during the preparation of barcodes. When it happens, the
fluorescent molecues arrange in the form of n-n stacking
which causes aggregation-related quenching and sub-
sequent decrease of spectral intensity. Thus, all these pro-
blems restrict their applications as the encoding element.

To overcome the photobleaching problem, the barcodes
with inorganic fluorescent dyes inside the silica nano-
particles have been developed. Compared with organic
dye encoding barcodes, such barcodes have better pho-
tostability [26]. To increase the number of codes, differ-
ent organic dyes could be mixed by various ratios, for
example, one kind of DNA barcode could have 7 different
codes by using fluorophores of two colors [27]. As for
multi-excitation light uses, single excitation can make the
readout easier and inexpensive, thus for this purpose,
fluorescence resonance energy transfer (FRET) has been
developed to prepare barcodes with multiple emissions
under one single excitation [28]. In this process, because
of their spectral overlap, three kinds of organic dyes
(fluorescein isothiocyanate (FITC), rhodamine 6G and
carboxy-X-rhodamine) were employed to realize FRET.
Fig. 1a shows the organic dye encoding barcodes with
FRET-mediated codes, and Fig. 1b shows the excitation
and emission peaks of the three organic dyes. In addition,
by varying the ratio of these dyes, the barcodes with
different emission signals have multi-colors under a sin-
gle excitation. With the advantages of high photostability,
well-controlled sizes and good biocompatibility, such
barcodes could be used to trace proteins, nucleic acids
and other molecules within living systems.

In order to overcome the problem of aggregation-re-
lated quenching, a new kind of active dyes was developed
to enhance the fluorescence intensity [29]. The reason
why such dyes could enhance the fluorescence intensity
when aggregation happened was that the special structure
of these dyes could restrict the occurrence of n-n stacking.
Currently, this kind of active dyes, such as 1,8-naphtha-
limide derivative fluorophore and 10-cetyl-10H-pheno-
thiazine-3,7-(4,40-aminophenyl)-acetonitrile, were used
to prepare different barcodes. Because they could be
uptaken by HeLa cells, they also have potential for bio-
logical applications.

Quantum dot encoding

Quantum dots (QDs) are usually semiconductor nano-
crystals composed of elements of groups on the periodic
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Figure 1 (a) Organic dye encoding barcodes with FRET-mediated codes. (b) The excitation and emission peaks of the three organic dyes. (c)
Schematics of different QDs encoding with multiplex wavelength and intensity. (d) Fluorescence micrograph of different QD-encoded barcode
particles on the polylysine-coated glass slide with the emission wavelengths of 484, 508, 547, 575, and 611 nm, respectively. (¢) Fabrication process of
gold nanoparticles adsorbed with QDs by using layer-by-layer method. (f) Schematics of developing size-controllable QD-encoded barcodes with the
MESE strategy. (g) Synthesis of QDs with NIR emission as well as long lifetime by integrating lattice strain and doping. (a, b) Reprinted with
permission from Ref. [28]. Copyright 2006, American Chemical Society. (¢, d) Reprinted with permission from Ref. [30]. Copyright 2001, Nature
Publishing Group. (e) Reprinted with permission from Ref. [35]. Copyright 2012, Wiley-VCH. (f) Reprinted with permission from Ref. [40].

Copyright 2013, American Chemical Society. (g) Reprinted with permission from Ref. [45]. Copyright 2014, Wiley-VCH.

table, such as CdSe, InAs, PbSe and CulnS,. They have
unique and excellent optical properties as an encoding
element, including photostability, high brightness, nar-
row and tunable emission spectra, and single wavelength
excitation which can excite different emission spectra of
QDs. The emission spectra tuned by the sizes of QDs can
offer a dozen of different visible colors (400-800 nm). By
using QDs of different emission colors and different in-
tensity levels, multiplex codes (more than one million in
theory) can be generated, with the following encoding
capacity calculation: C = N"—1 (C is the number of codes;
N is the number of emission intensity levels and m is the
number of colors) (Fig. 1¢) [30]. But as a matter of fact,
there exist some problems of QDs encoding in the ap-
plication of multiplexed assays. For example, the overlap
between different intensities usually limited their encod-
ing capacity, and the reporter is still needed when the
spectral region is not attainable for encoding.

Many approaches for preparing QD-encoded barcode
particles have been developed by three technologies: (i)
embedding of QDs into the polymer particles directly, in
which the pre-synthesized particles and QDs are scattered
in the swelling/infiltrating solution firstly, and then the
QDs infiltrate into the particles and finally stay in the
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subsurface of the particles [31,32]. This method was first
introduced by Nie et al. (Fig. 1d) and is by far the most
widely used. (ii) Gathering of QDs on the surface of
particles by layer-by-layer method [33-36]. In this
method, QDs are adsorbed consecutively onto the parti-
cles with opposite charge or with the coordination in-
teraction and affinity interaction between the functional
particle and QDs, and thus the number and color of QDs
cycles would determine the optical properties of barcode
particles simply (Fig. le). (iii) Combination of QDs with
the particles during the particle synthesis, according to
encapsulation or chemical grafting [37,38]. By the cova-
lent bond between QDs and polymer hosts, the polymer
hosts can contact QDs directly and the barcodes have
long-term stability.

In spite of great progress, some remarkable challenges
remain about the fabrication of QD-encoded barcode
particles, such as inferior stability and size control. A self-
healing encapsulation approach has been developed to
prepare QD-encoded barcode particles with high-stability
and uniformity [39]. In this study, due to the interaction
of molecular links and heat motion, QDs could be en-
capsulated with uniform distribution in the self-healing
process of porous polymer particles. It was also demon-
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strated that these barcodes were really suitable for
quantitative multiplexed analysis because of high stabi-
lities and large QDs loading capacity. Another limitation
of the technologies to prepare the QD-encoded barcodes
is the size control. This problem could be solved by a
membrane emulsification-solvent evaporation (MESE)
strategy (Fig. 1f) [40]. In this strategy, the droplets were of
good size control because of shirasu porous glass (SPG)
membrane emulsification which can uniformize the
emulsions effectively. Thus, by changing the sizes of
membrane pores, the size-controllable QD-encoded bar-
codes with different sizes could be fabricated easily. Size-
controllable and uniform barcodes could also be pro-
duced through microfluidic technology [41,42].

Moreover, most reported QD-encoded barcodes have
the emission of visible light instead of near-infrared
(NIR) light (650-900 nm), whereas the spectrum region
of NIR is important for in vivo biological imaging and can
avoid fluorescence quenching problem [43], resulting in
fairly strong background interference from Rayleigh
scattering and autofluorescence of biomolecules and the
problems of fluorescent overflow and overlapped com-
posite signals [44]. Finally, the lifetime of QDs could be
considered as another important encoding parameter and
is generally in the range of one to a few tens of nanose-
conds. Thus, it is highly desirable to develop QDs with
NIR emission as well as long lifetime. The approach for
developing such QDs has been realized by integrating
lattice strain and doping, resulting in desired NIR-emit-
ting and long-lifetime of 1 ps (Fig. 1g) [45]. Moreover, the
NIR-emitting codes with different emission and lifetime
could further open new perspectives for the development
of optical encoding.

Upconversion nanoparticle encoding
As mentioned above, the background interference and
other problems caused by light in short-wavelength re-
gion would severely limit the detection of reporter signals.
In order to avoid such interference to guarantee the de-
tection accuracy, it is necessary to separate the code sig-
nals from background signals and reporter signals. There
is almost no NIR light-induced background fluorescence
or reporter signals because of little interaction between
them. Meanwhile, the code signals of upconversion na-
noparticles (UCNPs) only can be excited by NIR light
instead of UV or visible light into visible emission [46,47].
This characteristic is given by lanthanides ions, and
they are usually doped into the host materials that serve
as activators or sensitizers [48]. During the NIR excita-
tion, the sensitizers (Nd** or Yb’*) absorb energy and
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then transfer it continuously to the activators (Ho™, Er’*
or Tm®"). After receiving energy from the sensitizer, the
activator could emit one UV or visible photon while more
NIR photons have been absorbed by the sensitizer
[49,50]. Due to this unique ability, UCNPs exhibit ex-
ceptional great properties with long luminescence life-
time, sharp emission bands and low toxicity, and the
polychromatic emission also can be tuned by changing
the lanthanides ions. Thus, UCNPs are suitable for multi-
color encoding and the benefits of UCNPs have been
exploited (Fig. 2a) [51-55].

The fluorescence spectra of UCNPs-encoded barcodes
can be obtained after NIR excitation as shown in Fig. 2b.
By varying the doping amount and UCNPs components,
barcodes with unique spectrum can be developed [56].
The number of codes can increase exponentially when
both components and intensities are changed simulta-
neously. In general, N intensiy levels with m colors can
generate (N"—1) different codes, which is similar to that
of QDs. Besides the encoding capacity, a good code re-
quires less spectral interference with fluorescent dyes
normally used for bioassays (e.g., Cy3, FITC, Cy5). By
using multi-color UCNPs-encoded barcodes that were
modified with oligo probes, the use of UCNPs-encoded
barcodes for multiplexed bioassays was verified (Fig. 2¢)
[57]. In this system, different target DNAs are labeled
with unique fluorescent dyes and can be identified with
the unique spectrum of barcodes. It is worthy to mention
that the NIR light indeed only excites the UCNPs,
whereas the visible light only excites the fluorescent dyes,
resulting in no optical cross talk between them and a wide
selection of labels which could serve as another encoding
element [58].

Typically, because of organic solvents during the syn-
thetic process, these UCNPs are filled with hydrophobic
ligands which limits their biological applications. There-
fore, surface hydrophilization is a condition precedent for
conjugation between UCNPs and biomolecules [59].
Currently, there have been some good surface modifica-
tion methods, such as ligand oxidation or exchange re-
action, intercalation with amphiphilic polymers, coating
with cross-linked polymer and so on [60-65]. However,
these methods usually cannot form the stable protective
shell around the UCNPs to protect them from the de-
struction of solvent molecules and fluorescence quench-
ing [66]. Embedding UCNPs into polymer particles
represents a promising method to form hydrophilic sur-
face as well as a solid protective shell which is impassable
to solvent molecules [67]. Therefore, the efforts to in-
corporate UCNPs with polymer particles have been in-
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Figure 2 (a) UCNPs-encoded nanorods with multi-color by combining three different primary colors. (b) The most commonly used encoding
principle of UCNPs-encoded barcodes by utilizing different colors and various intensity levels. (c) Schematic illustration and test results of multiplex
bioassay by employing oligo probe-modified UCNPs-encoded barcodes. (a) Reprinted with permission from Ref. [52]. Copyright 2014, American
Chemical Society. (b, c) Reprinted with permission from Ref. [56,57]. Copyright 2011, Wiley-VCH.

vestigated by several groups to realize bio-applications.

Structural color encoding

Structural color is produced by the modulation or inter-
ference of light due to a structured surface [68-71]. One
of the structural colors can be generated through pho-
tonic crystals (PhCs) that are common in pearls, peacock
feathers and so on [72-74]. The structural colors of PhCs
derive from their periodically arranged structures that can
control and manipulate the diffraction of light. Although
many optics-encoded barcodes have been developed for
multiplexed assays in recent years, PhCs with unique
advantages are more attractive today [75-84].

PhCs have a periodically modulated dielectric constant
and a photonic bandgap [85-87]. Light in the bandgap is
usually reflected instead of propagating directly through
the materials, and thus create the different structure color
codes as can be seen in Fig. 3a [75]. Their dynamic dif-
fraction state can be described by Bragg equation:

mA = 2ndsin0, (1)

where A is the reflection peak of light, m is the diffraction
order, n is the average refractive index, d is the diffraction
planar spacing and 6 is the Bragg glancing angle. Ac-
cording to the Bragg equation of photonics mentioned
before, the reflection peak of the light could be changed
along with the distance between two neighboring nano-
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particles or the refractive index of PhC barcodes. Thus,
PhC barcodes with the unique structures and coding
capacity of different colors can be used in wide areas of
optics, such as wetting, sensing, catalysis, electrodes, anti-
counterfeiting and so on [88-100].

Some novel encoding technologies have been developed
in recent years. To achieve higher number of codes, the
primary structural color from the PhCs has been com-
bined in different ratios to result in secondary colors as
shown in Fig. 3b [101]. Bilayer films can be prepared by
infiltrating silica-ETPTA solution on a layer pre-fabri-
cated before and finally polymerizing it. Such PhC bilayer
films could have unusual colors because of two different
layers of colors, for example, blue with green would turn
cyan, green with red would turn yellow, and red with blue
would turn magenta, respectively. All the PhC multilayer
films, including the transparent trilayer films, can also be
fabricated by using this method, and they have more than
one distinct reflection peaks from each layer of the films
without deterioration, respectively. The multicolored PhC
patterns with multiple reflection peaks have been de-
monstrated to be ideal coding carriers in a number of
applications, such as multiplexed assays and anti-coun-
terfeiting. In addition, because of the tunable unique
peaks of nanoporous anodic alumina (NAA) between 300
and 700 nm, it also has been used as PhC-encoded bar-
codes [102]. In the 8-bit system with the spectral signal of
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Figure 3 (a) Optical microscopy images and reflection spectra of five kinds of PhC barcode particles. (b) Reflectance spectra of three bilayer films and
each shows two distinguishing peaks. The inset is the cross-section of the bilayer film. (c) Optical encoding of information within the transmittance
spectrum of NAA PhCs and their conversion into photonic barcodes (example 01101111 = ‘0’ in 8-bit ASCII system). (a) Reprinted with permission
from Ref. [75]. Copyright 2008, American Chemical Society. (b) Reprinted with permission from Ref. [101]. Copyright 2013, American Chemical
Society. (c) Reprinted with permission from Ref. [102]. Copyright 2016, the Royal Society of Chemistry.

NAA as encoding information, there are total 256 distinct PhC barcodes have been widely used as coding carriers
colors can be created with the consideration of two states: ~ in multiplex bioassays [103-105]. As surface enhanced
ON (1) and OFF (0) per bit (Fig. 3c). Raman spectroscopy (SERS) has become a promising
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technology in the application of multiplexed assays, PhCs
with periodically arranged structures and good fabrica-
tion reproducibility can also be good SERS substrates
[106]. In addition to bioassays, PhCs are also used for
recognition of various ions and solvents either by using
ssDNA probes as sensing units or by applying the swel-
ling property of hydrogel PhC barcodes, resulting in the
shifts of the spectra [107-110].

SERS encoding

Raman spectroscopy is a spectroscopic technology used
for analyzing molecules by observing vibrating, rotating,
or other low frequency modes. It depends on Raman
scattering of homogeneous light whose wavelength is in
the range from near ultraviolet to NIR. Raman scattering
occurs due to the up or down shift of monochromatic light
based on the inelastic scattering due to the vibration or
rotation of molecules. It is difficult to detect the scattering
because it has very low efficiency. In order to improve the
Raman scattering efficiency, SERS has been studied by
employing noble metal detection surfaces, including silver,
copper or gold layer and a widely used optical encoding
element in biological application [111-113].

As an encoding element, SERS has some characteristic
advantages, such as: (i) greater sensitivity with the de-
tection capability of single-molecular level; (ii) no photo-
bleaching and high photostability; (iii) narrow spectra
bandwidth; (iv) high capacity of multiplexing with the
fingerprint characteristics. In addition, the unique spectra
of different Raman codes only need a single laser ex-
citation. In recent years, SERS signals have been em-
ployed as not only encoding carriers but also labels
because of their great encoding capability and ideal sen-
sitivity in suspension array technology. Normally, SERS-
encoded barcode particles comprise a plasmonic nucleus
responsible for the generation of the electric field, a Ra-
man reporter for the unique vibrational fingerprint and a
coating layer which can prevent the code from leaching
out, and provide a convenient surface for further che-
mical functionalization and so on. There have been sev-
eral synthetic strategies reported to fabricate SERS-
encoded barcode particles, including the adsorption of
Raman reporters and the particle coating [114,115].

However, because of the increasing amount of desired
codes, Raman reporters that are employed for the en-
coding may become rather complicated, whereas it is very
difficult to distinguish them well because of their similar
chemical structures. The above problems lead to limited
number of codes that can be obtained and therefore the
enhanced encoding capability is still desired. A wave-
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number-intensity related SERS-signatures encoding ap-
proach was developed, in which silver nanoparticles (Ag
NPs) were employed as the substrate, meanwhile 4-
methoxythiophenol (4-MT), 2-naphthalenethiol (2-NAT)
and 1,4-benzenedithiol (BDT) were chosen as Raman
reporters (Fig. 4a) [116]. By using different reporters and
changing their molecular ratio, numerous different un-
ique SERS signatures of different wavenumber and in-
tensity ratio could be obtained. This method
demonstrated that the encoding capability of SERS is
dependent on the kind of Raman reporters as well as their
molecular ratio, as another influence factor. Although the
encoding capacity could be increased by incorporating
different SERS reporters with different ratios, it is very
important to control the amount of involved reporters
precisely in the fabrication process. Moreover, due to
more and more reporters used in the fabrication process,
it may be quite hard and time-consuming to fabricate the
ideal SERS-encoded barcodes. Thus, the dual mode en-
coded barcodes have been studied by employing both
various fluorescent and Raman reporters to obtain a
greater encoding number (Fig. 4b) [117,118]. Among
them is the organic—metal-QD hybrid barcodes, whose
encoding elements are joint SERS-fluorescence signals
with more distinguished spectral codes. Moreover, in
comparison with the SERS encoding approach mentioned
above, the fabrication process of this method is easier and
less time-consuming even when the number of reporters
is increased, because these two kinds of reporters are
assembled onto two separate layers.

Moreover, Raman spectroscopy also can be used to
characterize the pathology-related biochemical properties
of biological tissues. Usually, because of the same spectral
region where both fluorescent and Raman signatures
come out simultaneously, the Raman spectral signal could
be badly interfered by the fluorescent spectrum, resulting
in a hard readout of Raman signal. To overcome this,
signal processing methods have been reported to resolve
the Raman signal from fluorescence interference, which
shows that it is feasible to read absolute Raman signals of
biological tissues without the strong fluorescent inter-
ference [119].

Graphical encoding

Graphical encoding relies on the pattern of optical ele-
ments on a microcarrier, including striped rods, ridged
particles and dot-patterned particles. Due to the amazing
photo-electric properties of metal materials, one kind of
graphical encoding method is using striated metal na-
norods, composed of different metals such as gold (Au),
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wavenumber and intensity ratio. (b) Fluorescence spectra and Raman spectra of the dual mode encoded barcodes. (a) Reprinted with permission from
Ref. [116]. Copyright 2014, the Royal Society of Chemistry. (b) Reprinted with permission from Ref. [117]. Copyright 2016, American Chemical

Society.

cobalt (Co), copper (Cu), and so on [120]. The metal
stripe pattern formed with the help of an electrodeposi-
tion method in the preparation process is used to encode
information and such information could be identified
easily by using reflectance microscopy dependent on the
different reflectivities of metal materials (Fig. 5a). For
example, Au has high reflectivity in the blue, making the
Au segment appear more reflective than the silver seg-
ment of the nanowires. Furthermore, the composition of
the alloy nanowires can be characterized using X-ray
fluorescence (XRF) as well as electrochemical readouts
[121,122]. The graphical encoding technique can generate
high number of barcodes, for example, the 5-mm rods
composed of two kinds of metals can possess up to 10
stripes if the minimum stripe length could be about
500 nm, which corresponds to 528 codes. In addition, the
code number could be increased by increasing the rod
length or the metal types as well as varying the length of
the segment. However, it may be unrealizable to fabricate
a lot of characteristic nanorods with electrodeposition
approach, because only one type of nanorod could be
fabricated each circle.

Another kind of graphical encoding technology is using
a pattern of holes which was firstly reported by 3D Mo-
lecular Sciences Ltd. [123]. The surrounding hole patterns
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are employed to show the direction of barcodes, and the
residual holes would form the encoding information of
barcodes. Such barcodes have great encoding capability
with 2% codes. A similar encoding technology has been
demonstrated and the difference is that the demonstra-
tion of encoding, reaction process and readout of the
signals are all completed in a microfluidic system [124].
As shown in Fig. 5b, two flows of poly(ethylene glycol)
(PEG) monomer run together separately through a mi-
crofluidic system with laminal channels. One of the two
flows is the fluorescence-labelled monomer that is pat-
terned by UV light as the encoding information, while the
other flow is full of monomers as well as probes used in
the bioassays. The region surrounding the encoded holes
is fluorescent that can increase the signal-noise ratio and
identify the encoding information simultaneously when
the analysis has been completed.

Lithographic methods also allow the fabrication of
graphically encoded particles with novel encoding pat-
terns [125]. A representative example of colorful barcode
particles has been developed by combining the readable
spectral encoding with the distinguishable graphical en-
coding (Fig. 5c) [126]. In this study, eight very different
colors are used to realize multilevel encoding, resulting in
geometric growth of the encoding capability with the
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Figure 5 (a) Reflectivity of nanorods composed of Co, Au, Ni, and Ag. (b) Schematic of manufacturing particles in microfluidic system. One of the
two flows is the fluorescence-labelled monomer that is patterned by UV light as the encoding information, and the other flow is full of monomers as
well as probes used in the bioassays. (c) Colorful barcode particles with readable spectral encoding and the distinguishable graphical encoding. (d)
Graphically encoded barcode particles with four characters. (a) Reprinted with permission from Ref. [120]. Copyright 2003, American Chemical
Society. (b) Reprinted with permission from Ref. [124]. Copyright 2007, American Association for the Advancement of Science. (c) Reprinted with
permission from Ref. [126]. Copyright 2010, Springer Nature. (d) Reprinted with permission from Ref. [127]. Copyright 2017, the Royal Society of

Chemistry.

comparison to conventional binary barcode particles. For
example, it usually has only 210 distinguishable codes in
10 different bits of binary barcodes and there are 8'° easily
readable color codes in such colorful barcode particles.
Fig. 5d also shows a novel platform that combines the
high coding capacity with the easy-to-read colorimetry
appropriate for an assay, in which 900 pm barcodes are
encoded with four different kinds of symbols, including
numbers, alphabets, punctuations and so on. The bar-
codes with about two million codes can be covalently
linked with adhesive molecules [127]. The use of this
platform to realize the colorimetric bioassay of analytes
has been demonstrated and it also can be really employed
for many applications including autoantibody test.

Shape encoding

Shape encoding uses different shapes to generate the
codes. In comparison with other encoding approaches,
the shape-encoded barcodes do not have the problem of
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fluorescence quenching or spectral interference. Silica
nanotubes (SNTs) have been synthesized with different
hollow structures and shapes from different synthesis
templates to create 4 distinct codes, as shown in Fig. 6a
[128]. In this study, the shape-encoded SNTs were fab-
ricated through the multistep anodised aluminium tem-
plate and the length of every fragment was determined by
the duration of twice anodic treatment. The SNTs with
the readable shapes were easily distinguishable with the
only use of traditional optical microscopes. Moreover,
SNT with more than four fragments could provide more
than 1,000 codes and they are being studied to improve
this shape-coded SNT system for multiplexed bioassays.

The second kind of shape-encoded barcodes are usually
fabricated by using optofluidic maskless lithography
(OFML). This photolithographic methodology naturally
enables high-throughput mass-production, which means
thousands of identically shaped barcodes can be produced
in a single lithographic exposure [129]. By using this
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cropatch and fabricating shape-encoded viral micropatches. (a) Reprinted with permission from Ref. [128]. Copyright 2006, American Chemical
Society. (b, ¢) Reprinted with permission from Ref. [130,131]. Copyright 2015 and 2017, the Royal Society of Chemistry.

method, new shape-encoded silica-coated barcodes have
been studied as shown in Fig. 6b [130]. These barcodes
with polymer microstructure not only have stable silicon
dioxide coating, but also have strong encoding capability
for multiplexed bioassays. Another “shape-encoded viral
micropatch” also has been developed for convenient lo-
calization of gene delivery in multiplex, high-content
cellular assays (Fig. 6¢) [131]. The conditional transduc-
tion of biotinylated adenoviral vectors allows strict con-
finement of adenoviral gene delivery under the
micropatches, and the micropatch is also suitable for
image-based assays after the gene delivery, but not so
much for performing molecular analysis, by collecting
cells after the assays.

However, the shape encoding technique cannot gen-
erate numerous distinct and unique barcodes as com-
pared to other encoding techniques. Moreover, decoding
for most of the shape encoding involves equipment that
requires complex operating procedures and trained per-
sonnel to measure the shape of the nano-barcode.

Magnetic encoding

Magnetic encoding relies on the magnetic properties of
nanoparticles (usually Fe;O,, Fe,O; and CrO,). Due to
their several advantages, magnetic encoding becomes a
natural choice [132,133]. Firstly, the magnetic character-
istic is particularly stable for a long time without the af-
fection from chemical reagent and exposed light.
Secondly, both the stray magnetic field of particles and
the external field employed for remotely manipulating
particles, are not tested in the watery biotic environment.
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Finally, magnetic background in biological samples is
minimal.

Multisegmented metallic nanowires have been aroused
by conjunction with optical coding techniques as shown
in Fig. 7a [134]. Ferromagnetic materials possess a mag-
netization value that can be measured using vibrational
sample magnetometry (VSM). And it is feasible to change
their magnetic characteristics by varying the composition
of many ferromagnetic materials. Moreover, by replacing
a nonmagnetic fragment (Au) of nanowires with one kind
of magnetic substances, both optical and magnetic signals
from the same nanowire could be obtained simulta-
neously. Thus, three unique groups that combine differ-
ent magnetic compositions with Au, including Co-rich/
Au, CoFe-equiatomic/Au and Fe-rich/Au can be realized,
resulting in different shifting position in the hysteresis
curves and magnetization value under VSM measurement
as encoding elements.

A remote encoding project for micron-sized multi-bit
magnetic labels that utilizes magnetic digital planar tags
as carriers for biomolecules, and micron-sized magnetic
barcodes to encode a unique signature on each label for
performing multiplexed high-throughput bioassays has
been presented [135,136]. The general design of a digital
planar tag is shown in Fig. 7b: multi-bit magnetic ele-
ments with individually different coercivity for remote
signature encoding, a gold attaching pad for immobilizing
the probes and a backbone made of fully cross-linked SU8
polymer for high chemical resistance. By changing the
aspect ratio of the magnetic elements that controls the
shape aeolotropism of micrometer sized particles, mag-
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netic barcodes exhibit individually different coercivities to
an applied external field. The encoding capacity of mag-
netic barcodes with a vast number of magnetic bits is
potentially very huge, and with the use of microfluidic
device, the targeted analytes could be analyzed parallelly
in a very short time. Another attractive feature of mag-
netic barcodes is that they will have fluorescence property
by incorporating different fluorescent elements into them
to further increase the number of magnetic encoding.

Hybrid encoding

In order to take advantages of each encoding technology
and increase the encoding number of barcodes, it is de-
sirable to combine different encoding technologies in a
barcode (called hybrid encoding). With more number of
codes that are desirable for multiplex bio-applications can
be generated, hybrid encoding is the most popular for
multiplex bioassays in recent years. Moreover, with dif-
ferent types of covert codes, the combination of the en-
coding techniques can also be used for multi-layer
security in the anticounterfeiting field. The most common
hybrid encoding method is to combine fluorescent en-
coding method, such as organic dyes and QDs with
shaped, structural color, Raman or magnetic encoding
methods [137], among which the fluorescent-SERS or
fluorescent-magnetic dual encoding technology has been
described before. As shown in Fig. 8a, the combinatorial
multiplex code technology was reported based on the use
of QDs and PhC barcodes [138]. In this method, hun-
dreds of codes were obtained by combining fluorescence
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Figure 7 (a) TEM image of a multisegmented metallic nanowire and elemental line scanning results of three different nanowires with different
magnetic compositions. (b) General design of a digital planar tag. (a) Reprinted with permission from Ref. [134]. Copyright 2012, Japan Society of
Applied Physics. (b) Reprinted with permission from Ref. [135]. Copyright 2008, American Institute of Physics.

intensity and spectra of QDs with the reflection spectra of
PhC barcodes. Unlike layer-by-layer (LBL) assemblely of
QDs on the surface of PhC barcodes or in-situ poly-
merization of acrylamide gel containing QDs in the
photonic barcodes, this method seems more stable. In
addition, based on the advantages of magnetic codes and
QDs codes, magnetic-fluorescent hybrid-encoded bar-
codes have been fabricated by employing poly(styrene/
acrylamide) nanobeads, nano-y-Fe,O, and QDs [139].
This kind of nano-sized hybrid-encoded barcodes with
both characteristics of fluorescent and magnetic encoding
have the advantages of outstanding monodispersity and
large encoding capability. Another new hybrid-encoded
barcode particle that possesses the strawberry-like struc-
ture has also been studied [140,141]. In this barcode, large
numbers of nanoparticles doped with dyes are tightly
attached on the surface of QDs-encoded particles. In
comparison with other multi-color barcode particles, this
barcode not only has the outstanding capacity of encod-
ing, but also can well avoid optical interference from two
kinds of encoding by separating them into different lay-
ers. This property makes it convenient for the following
accurate decoding (Fig. 8b).

PRACTICAL APPLICATIONS OF
BARCODE PARTICLES

Different barcode particles can be used to detect various
analytes for different practical applications. In the fol-
lowing sections, we introduce different detection methods
using these barcodes for different analytes and compare
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Figure 8 (a) Schematic of the fabrication process of QD-tagged PhC
barcode particles with the combination of QDs and PhC barcodes. (b)
Schematic of the hybrid-encoded barcode particle that possesses the
strawberry-like structure in which large numbers of nanoparticles doped
with dyes are tightly attached on the surface of QDs-encoded particles,
resulting in outstanding capacity of encoding. (a) Reprinted with per-
mission from Ref. [138]. Copyright 2014, the Royal Society of Chem-
istry. (b) Reprinted with permission from Ref. [140]. Copyright 2016,
WILEY-VCH.

them with conventional methods. The analytes here are
classified as ions, proteins, nucleic acids, and cells. And
by means of rapid, high-throughput, multiplexed analysis
of these analytes, we discuss the most promising appli-
cations of encoded barcode particles, such as disease di-
agnosis (cancer, heart disease, infectious disease), drug
research and food and environment safety monitoring.

Ions detection

Health-related ions, including heavy metals (such as Hg™",
Pb*, Ag', Cr™), electrolytes (such as Na* and K*) and
others are closely connected with human life. The serious
effects of heavy metal pollution on human health have
made it a crucial environmental and health problem, for
example, excess Ag” ions in the human body can result in
a grayish-blue skin discoloration and Hg”* ions can da-
mage various organs and systems, such as kidneys, brain,
immune system and other systems [142,143]. In addition,
almost all higher forms of life need the electrolyte balance
between intracellular and extracellular environment, and
it is mainly dependent on the precise electrolyte gradients
which can affect the blood pH, nerve and muscle function
and other body functions. Thus, if the concentrations of
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these important electrolytes change abnormally, serious
health problem of the whole body may occur. There are
also other ions that affect human health, for example, the
abnormal concentration of S* can lead to liver damage or
Alzheimer’s disease. Thus, the monitoring of these
health-related ions is crucial [144-146].

Several traditional approaches with wonderful sensi-
tivity and specificity for detecting ions have been reported
over the years, such as atomic absorption spectroscopy,
voltammetric detection and inductively coupled plasma
mass spectrometry [147-150]. However, these approaches
usually need complex instruments, sophisticated sample
preparation and other operations, whereas the multiplex
test of metal ions has been increasingly crucial for en-
vironmental and health problems. Thus, it is required to
develop an appropriate approach for simultaneous de-
tection of different ions. Microarrays and various sensors
have been made with regard to multiplex detection of
ions [151]. For example, graphene oxide (GO) microarray
and DNAzyme-based microarray both have been de-
monstrated a good method for multiplex determination
of ions with satisfactory sensitivity and specificity. Var-
ious sensors including microfluidic device and other
microsensor arrays also have been developed for multi-
plex ion detection [152-154]. However, the number of
types of ions that can be detected simultaneously is
usually limited. Thus, in order to realize high throughput
detection of more kinds of ions, some barcode particles
were then also developed for multiplex ion detection,
including fluorescence-based, optically non-fluorescence-
based and SERS-based ion sensing on the basis of de-
tection method.

Fluorescence-based ion sensing
(i) DNAzyme/DNA molecules-functionalized ion sensing

Recently, many studies have been carried out on
DNAzymes. Because of their ability to select specific
metal ions, DNAzymes are usually used to detect metal
ions [155]. Moreover, the design of DNA molecules
mainly depends on the capacity of the metal ions to form
steady metal-DNA duplexes. Therefore, DNAzymes and
DNA molecules have been converted into various sensors
with some advantages of satisfactory specificity, stability
and sensitivity for the potential application in ion de-
tection [156-159].

Various DNAzymes-based sensors could be fabricated
by binding pairs of fluorophore and quencher to different
DNAzymes that are specific to metal ions such as Ag’,
Cu™, Hg"" and so on [160,161]. Semiconductor QDs are a
big change in the application of fluorophores for the
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fluorescence encoded barcode particles and multiplexed
assays due to its outstanding advantages, so a novel QD-
DNAzymes-based sensor with high sensitivity and se-
lectivity has been developed by combining the advantages
of DNAzymes and QDs. In this study, the simultaneous
multiplex detection of metal ions with a single excitation
source could be realized in about half an hour [162]. As
illustrated in Fig. 9a, in order to reach the highest possible

quenching efficiency, both DNAzymes and substrates
were bound with quenchers. When the target is absent,
the quenchers bound to both DNAzymes and substrates
on the QDs will lead to efficient quenching of the QDs.
Whereas with the presence of the targets, the quenchers
will keep away from the QDs along with the substrates
and DNAzymes cleaving off from the QDs, resulting in
the emission of QDs. The assay in this study could
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Figure 9 (a) Schematic of QD-DNAzymes-based sensor for metal ion detection. (b) Schematic diagram of the selective detection of Hg™* or Ag" with
1-QDsg, or 2-QDgy. (c) Fabrication of a multilayer sensor for Na*, K and H" multiplex detection. Four different ion-sensitive fluorophores were
employed into the cavity and three different kinds of QDs particles with different emissions were employed in the outer wall of the sensor. (d)
Schematic of the PhC microcapsules with silica PhC encoding cores and responsive hydrogel PhC sensing shells for multiplex ion detection. (e)
Density functional theory-calculated spectra of 4,4’-(ethyne-1,2-diyl)dibenzenethiol (OPE1) and 4-[(trimethylsilyl)-ethynyl]benzenethiol (OPE2) and
schematic of SERS barcode particles with alkynyl group as Raman reporter for multiplex metal ion detection. (a) Reprinted with permission from Ref.
[162]. Copyright 2010, American Chemical Society. (b) Reprinted with permission from Ref. [164]. Copyright 2009, WILEY-VCH. (c) Reprinted with
permission from Ref. [165]. Copyright 2011, American Chemical Society. (d) Reprinted with permission from Ref. [108]. Copyright 2014, WILEY-
VCH. (e) Reprinted with permission from Ref. [168]. Copyright 2016, American Chemical Society.
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achieve the detection level of sub-nanomolar for different
metal jons and it is more sensitive than other technologies
at that time with about two orders of magnitude.

It is known that metal-DNA duplexes can also be ob-
tained easily due to the high selectivity between DNA
molecules and their corresponding type of metal ions. For
example, stable T-Hg™*-T or C-Ag’-C duplexes can be
obtained by binding Hg”* or Ag" with their DNA mole-
cules, and stable G-quadruplex can be obtained by
binding Pb*" with its unique DNA bases [163]. Therefore,
by using QDs that are modified with T-rich or C-rich
DNA molecules, Hg’* and Ag' can be selectively analyzed
with an electron-transfer-quenching path and the multi-
plex detection of metal ions can be realized by different-
sized QDs [164]. Fig. 9b is the schematic diagram of the
selective detection of Hg*" or Ag' with 1-QDs, or 2-
QDq,, respectively. When Hg™ or Ag" existed, the T or C
residues of space-separated nucleotides could be linked
with them to form a stable hairpin-like structure, and the
finally formed T-Hg™*-T or C-Ag’-C duplexes then leaded
to electron-transfer-quenching of the QDs. The results
showed that the level of quenching was increased along
with the increase of ion concentration and the limit of
detection (LOD) was 2 ppb. In addition, a new kind of
sensor for detecting different metal ions simultaneously
has also been developed by combining PhC hydrogel
microspheres with DNA molecules. When the target ions
exist, the DNA-modified hydrogel could capture the
targets specifically, resulting in the conformation of
hairpin-like structure of DNA. Moreover, the green
fluorescence could be observed as the sensing signals after
adding SYBR Green I dye, and the reflection peaks of PhC
microspheres could provide encoding signals.

(i) Non-DNAzyme/DNA molecules-functionalized ion
sensing

Besides heavy metal ions, a study for Na‘, K" and H"
multiplex detection is presented here [165,166]. As shown
in Fig. 9¢, four different ion-sensitive fluorophores (FITC,
SBFI, PBFI, and Dy647) were employed into the cavity of
the microcapsules, and three different kinds of QDs
particles with emissions of 577, 596, and 610 nm were
employed in the outer wall of the microcapsules so that it
is easy to encode different microcapsules (“001”, “010”,
“0117,“1007, “1017, 1107, “111”). In this study, the ratio
of blue-green to red from the different fluorescence in the
cavity of the microcapsules was related with the con-
centration of H', Na', and K, respectively, for example,
FITC filled microcapsules could determine the con-
centration of H', and SBFI or PBFI filled microcapsules
could determine the concentration of Na" or K, respec-
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tively. The results showed that it was feasible to measure
the concentrations of different ions simultaneously by
using such proposed sensor and it was possible to use it in
cells.

Optically non-fluorescence-based ion sensing

The optical signals of responsive PhC can be changed
when its refractive index or periodic lattice spacing
changed, and it can be used as a good carrier for sensitive
multiplex detection. A novel PhC microcapsules with si-
lica PhC encoding cores and responsive hydrogel PhC
sensing shells has been demonstrated for multiplex ion
detection (Fig. 9d) [108]. In order to verify the sensing
ability of such PhC microcapsules, the aptamers that were
specific to Hg’" or Ag' were employed to modify the
hydrogel shells to fabricate different microcapsules.
During the detection process, the targets would bind with
their aptamers specifically to change the conformation of
their aptamers. And these conformation changes could
cause the shrinkage and the subsequent blue-shift of re-
flection peak of hydrogel shells, whose value can be as-
sessed with target concentration.

SERS-based ion sensing

Besides the DNA-modified QDs sensor, DNA-modified
SERS sensor is also a candidate for multiplex ion detec-
tion because of several advantages of SERS sensor. A
novel AuNP-based SERS sensor has been demonstrated
for detecting Hg** and Ag" simultaneously with the ad-
vantages of rapid response, high sensitivity and selectivity
[167]. In this ion detection, three different kinds of
thiolated DNA molecules were first employed to modify
three same 20 nm AuNPs to constitute different con-
jugates of AuNP-DNAI, AuNP-DNA2 and AuNP-
DNA3, respectively. Then, aminothiophenol (ATP), ni-
trothiophenol (NTP) and 4-methoxy-a-toluenethiol
(MATT) were used as different Raman reporters to be
attached on the three different DNA-modified AuNPs to
display distinguishing SERS signals in the Raman scat-
tering. When Ag' or Hg’* existed, the AuNP-dimers
could be formed through the C-Ag'-C or T-Hg™"-T, re-
sulting in the enhanced SERS signal from MATT or ATP
because of the “hot-spot” between AuNP-dimers, while
the AuNP trimers were formed when they coexisted, re-
sulting in all higher enhancement of NTP, ATP, MATT
SERS signals. Similarly, because the optical signal of al-
kynyl group is in the Raman silent region and there is no
crosstalk between the silent region and visible region
where most optical noise exists, so another SERS sensor
for multiplex ion detection has been studied by using
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alkynyl group as Raman reporter (Fig. 9e) [168].

Environmental contaminants as a factor affecting hu-
man health are need to be monitored. Among them,
heavy metal is one of the most common target. Thus, it is
very important to detect various heavy metal ions in food
resources rapidly and sensitively [169]. Such simulta-
neous detection of Pb** and Cu’* in water by using
DNAzyme-modified QDs or the simultaneous detection
of Ag" and Hg' by using different T-rich or C-rich
probes-modified barcode particles were all good examples
of applications of barcodes in environment safety mon-
itoring.

Protein detection
As an end product of gene expression, protein which
serves to encode the information and acts as the working
machinery of body to store and metabolize energy or
regulate cell functions, is of great importance. They are
assembled to different lengths by combining 20 kinds of
different natural amino acids that are extended by the
peptide linkage, resulting in their enormous structural
diversity, giving rise to diverse functions of proteins.
Based on their functions and responsibilities in living
bodies, proteins can be divided into structural proteins or
functional proteins [170,171]. The former refers to two
forms of support materials such as tubulin in cellular
cytoskeletons and collagen in connective tissue, while the
latter has responsibilities to act as catalyser or transporter
of small molecules. Thus, expressions of unique proteins
can serve as biomarkers for activities in organisms or
cells, while abnormal expressions of proteins often as-
sociate with pathological conditions, which can be used to
diagnose specific diseases and for clinical research [172].

A lot of methods have been developed for the analytical
techniques of protein detection, including physical, che-
mical and immunological methods. Physical method,
such as fluorescence, Raman, ultraviolet (UV)/vis, mass
spectroscopy (MS) or infrared radiation (IR) [173,174],
and chemical methods are usually applied after an elec-
trophoretic separation or chromatographic step, while the
traditional immunological methods, such as the enzyme-
linked immunosorbent assays (ELISA) [175,176] and
radioimmunoassays (RIA) do not need a separation step
due to the accuracy and selectivity provided by the known
antibody probes. However, these methods alone cannot
be used to complete high-throughput multiplexed bioas-
says with the limited samples because they only detected a
few targets separately at a time.

In order to bring along a suitable platform for high-
throughput multiplexed assays, planar array (also called
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microarray), in which a good deal of reaction spots are
arranged within a space of a few square centimeters, has
become widely used for monitoring large numbers of
proteins at a time with a very limited sample volume
[177-179]. To date, numerous microarrays have been
developed for protein analysis, such as DNA/RNA, whole
protein, small molecule and peptide microarrays
[180-182]. In addition, there are two groups of different
detection methods in the usage of microarrays for the
protein analysis, label detection method, such as fluor-
escent labeling, isotopic labeling, chemiluminescent la-
beling, electrochemically active probe labeling and
nanoparticle labeling, and label-free detection method,
such as MS, microcantilevers, quartz-crystal microbalance
(QCM), surface plasmon resonance (SPR) and localized
surface plasmon resonance (LSPR), and anomalous re-
flections of the gold surface (AR) [183]. In conclusion,
label detection is the process to analyze the presence or
activity of target by attaching extraneous molecules to the
detection system chemically or temporarily, called label-
ing process. For example, fluorescent labeling and na-
noparticle labeling generally require covalent bonding of
coupled chemistry, and isotopic labeling analyzes the
detection results by incorporating different elements into
the targets. However, label detection usually needs com-
plicated steps, long time and expensive instruments.
Without these disadvantages of label detection, label-free
detection that can monitor the inherent properties of the
targets has been more popular. Instead of utilizing ex-
traneous molecules, it can analyze the presence or activity
of target through their inherent properties, such as mo-
lecular weight/charge and refractive index, and during the
bioassays, reactions can be detected in the form of me-
chanical, electrical, or optical signals without labels. Thus,
different high-throughput multiplexed assays can be
realized by combining these detection methods with mi-
croarrays, while there are still some disadvantages in
terms of the way that they are produced and used.
Nowadays, due to its fast solution kinetics, large encoding
capacity, rapid reaction time and rapid signal acquisition,
barcode particles as microcarriers have been used in the
multiplex protein detection by combining with different
detection methods, such as fluorescence-based, SERS-
based and label-free protein detection methods [184,185].

Fluorescence-based protein sensing

Immunoassay is the most widely used method for protein
detection. It is a kind of biochemical test that shows the
presence or concentration of an analyte in the complex
solution by using a capture antibody (usually) which can
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completely distinguish the specific analyte from the
mixture of different molecules. In addition, im-
munoassays usually employ a variety of different labels
that can be chemically linked with the target antibody to
allow for detection of analytes, among which fluorogenic
reporter is one of the most popular labels. Thus, when
fluorescence-based immunoassay is applied to barcode
particle usage, several multiplex detection sensors have
been developed. For example, permeable PEG hydrogel
barcode particles have been used for multiplex protein
immunoassay (Fig. 10a) [186]. It was composed of two
separate regions. One region consists of some un-
polymerized holes and is used as the graphical code, and
the other region consists of one or more distinguishing
antibody probe bands for multiplex target detection. This
assay was a three-step sandwich immunoassay, including
mixing barcode particles with the sample, adding bioti-
nylated reporter antibodies and using the streptavidin-

phycoerythrin (SAPE) complex to label the reporter an-
tibodies. The results of the study showed that the LOD
ranged from 1 to 10 pg mL ', which is higher than that of
traditional immunoassays. Moreover, another novel re-
sponsive hydrogel PhC particle is similarly used in mul-
tiplex immunoassay, which can realize signal
amplification by shrinking their volumes to increase the
fluorescence molecules density [187].

Besides organic fluorescent dyes, QDs-encoded nano-
particles as another fluorogenic reporter have also been
used in barcode particle-based sandwich immunoassay
[188]. As Fig. 10b illustrates, specific antibodies-modified
QDs-encoded barcode particles (FEMMS) were used to
detect targets, and QDs-encoded particles (QDs@SiO,)
with antibodies were used as the reporters. The obvious
red fluorescence signal could be observed on the barcode
particles surface when the target was present, otherwise
no fluorescence signals could be observed on the barcode

Y - FEMMs-MMA I ¢ AFP *@<QDs@SiO,MMA |

SERS nanotagy

Target
protein >

motecular ] {THrombin) (ﬁ\
beacon —_—F :

Polymer support  off on
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Figure 10 (a) Schematic of the protein immunoassay on permeable PEG hydrogel barcode particles. (b) Schematic of barcode particle-based
sandwich immunoassay with QDs-encoded nanoparticles as fluorogenic reporter. (c) Schematic of protein immunoassay by using ultrasensitive
biosensor with gold—silver core—shell SERS nanoparticles as labels and PhC barcode particles as encoding carriers. (d) Reflection spectra and optical
microscopic images of three kinds of MIP barcode particles with different “footprints” of imprinted biomolecules. After protein detection, the
diffraction peaks of the barcodes showed red-shift. (e) Schematic of label-free protein detection by immobilizing aptamer-based molecular beacon on
the surface of fluorescence-encoded barcode particles. (a) Reprinted with permission from Ref. [186]. Copyright 2011, Nature America, Inc. (b)
Reprinted with permission from Ref. [188]. Copyright 2016, Elsevier B.V. (c) Reprinted with permission from Ref. [189]. Copyright 2017, American
Chemical Society. (d) Reprinted with permission from Ref. [191]. Copyright 2009, Wiley-VCH. (e) Reprinted with permission from Ref. [172].
Copyright 2012, MDPL
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particles surface. Such results showed that the QDs-based
immunoassay with good specificity could be employed
for the successful applications.

SERS-based protein sensing

The amplified signals of SERS enhancement can be
usually gained by using the Raman dyes as the labels and
absorbing them on the noble metal particles such as gold
or silver. An ultrasensitive biosensor has been proposed
by using gold—silver core—shell SERS nanoparticles as
labels and PhC barcode particles as encoding im-
munoassay carriers to detect protein with a wide range of
concentrations [189]. As illustrated in Fig. 10c, after
capture antibodies were immobilized on PhC barcode
particles and combined with the targets specifically, Ra-
man signal could be used as the detection results of the
targets and the intensity of the measured signal was po-
sitively correlated with the target concentrations. It was
also demonstrated that with high sensitivity and large
encoding capacity, this sensor held promise for the
multiplex protein detection. Moreover, as mentioned
above, SERS nanotags can not only be used as the labels
for immunoassays, at the same time also can be used
together with PhC barcode particles as the dual encoding
element, leading to larger encoding capacity.

There was another Ag-pyramid sensor in which SERS
nanotags were used as both encoding carriers and labels
[190]. Briefly, the Raman dyes-labeled AgNPs could be
assembled by themselves to prepare Ag-pyramids by
using “DNA-frame” that was embedded with aptamers
specific to targets. Subsequently, in the presence of the
analytes, the 3D-spatial geometries and the gap lengths of
the pyramids could be altered due to the specific re-
cognition between the analytes and the given aptamers,
causing Raman signal enhancement. This assay realized
the simultaneous, multiplex, and quantitative detection of
proteins with the satisfactory efficiency and specificity by
using Ag-pyramid biosensor, and the LOD was less than
attomolar level.

Label-free protein sensing
(i) Molecular imprint-based protein sensing

Although certain labels are commonly used in im-
munoassays, some assays need no labels, but employ
detection methods which need no modification and la-
beling. Molecularly imprinted polymers (MIPs) have the
similar characteristics with the natural molecular re-
ceptors so that they can lead to unique applications in
bioassays. However, traditional MIP biosensors are
usually used for only single analyte detection. To over-
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come this situation, researchers have developed new types
of MIP barcode particles to detect multiplex proteins with
label-free methods instead of using traditional labeled
immunoassays [191,192]. As shown in Fig. 10d, because
of the coding characteristics of PhC, these MIP barcodes
with the unique diffraction peaks had the capabilities for
encoding, and by combining such capacity with the
properties of molecular imprinting, these barcodes also
could convert the invisible physicochemical changes to
the visible optical signals. The specific explanation was
that these MIP barcode particles had precisely amide
groups and “footprints” of imprinted biomolecules, and
when targets entered a complementary nanocavity, a large
number of hydrogen bonds could be formed simulta-
neously between the amide groups and the targets. The
results showed that the red-shift of the diffraction peaks
of MIP barcodes could report the detection results of the
targets, and shift position was positively correlated with
the target concentration. Such detection results demon-
strated that MIP barcode particles was the biosensor
suitable for multiplex protein detection with good speci-
ficity and sensitivity, and as a novel type of barcode
particles, their unique properties are anticipated to open
new horizons in biodiagnostics [193].
(ii) Molecular beacon-based protein sensing

Molecular beacons have hairpin structures which can
change their conformations spontaneously once hy-
bridizing with their protein targets and then activate
fluorescence resonance energy transfer (FRET). By im-
mobilizing aptamer-based molecular beacon on the sur-
face of fluorescence-encoded barcode particles, a novel
sensor can be used for label-free multiplex protein de-
tection (Fig. 10e) [172]. In this study, one side of the RNA
aptamer which was specific to recognize target analytes
was bound with a fluorophore, and the other side con-
taining quencher was combined with the barcode parti-
cles. When the molecular beacons on the barcodes bound
with the targets, the fluorophore of the molecular beacons
could keep away from the quencher, resulting in the final
fluorescent emission. Otherwise, the barcode particles
showed only one color at the core layer. Thus, the targets
can be easily recognized by the fluorescence emission of
molecular beacons without any further labeling step.

Practical application

As one of the most important form of biomarkers, these
protein detection methods were employed for disease
diagnosis, such as cancer, heart disease, Down’s syn-
drome and so on. Cancer is currently one of the most
lethal diseases in the world, and it usually derives from
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the growth of abnormal cells with the disease progression
of invading and spreading to the rest of body regions.
Most of cancers are usually found according to the ob-
vious symptoms or by the screening. However, people
usually have terminal cancers when they are diagnosed
because of lack of the incipient symptoms. Unlike the
diagnosis that arises from symptoms or signs of body,
early cancer screening is usually performed after cancer
has existed, whereas without the appearance of obvious
symptoms. The screening methods include body fluid
tests, imageological diagnosis and so on. Among them
protein tumor biomarkers in blood, urine or other body
fluid generated by either tumor cells or non-tumor cells
when the tumor has existed can be used to screen and
evaluate cancer diseases early and monitor the ther-

apeutic effect of cancer. However, because of their limited
specificity and sensitivity resulting in false positive and
negative tests, multiplex protein tumor biomarker test is
needed. For example, an effective multiplexed bioassay
for detecting multiple lung cancer-related biomarkers
from a single sample simultaneously was developed by
combining magnetic beads and QDs (Fig. 11a) [194]. The
bioassay was carried out with the sandwich method in
which the capture probes were linked onto the magnetic
beads, and meanwhile the second antibodies were linked
onto QDs with different emissions for different targets.
The results of the multiplex reactions showed that the
three different immune-complexes could easily distin-
guish the three targets and their fluorescence intensities
were all positively correlative with the concentrations of
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Figure 11 (a) Fluorescence graphs of the detection results of different concentrations of CYRFA21-1, NSE and CEA and the standard curves for these
three biomarkers in the multiplex bioassay. (b) The assay results of the reactions between the mixed four coupled barcodes and different targets. (c)
Calibration curves of the multiplex plant proteins detection in milk powder. (a, b) Reprinted with permission from Ref. [194,196]. Copyright 2016 and
2013, Elsevier B.V. (c) Reprinted with permission from Ref. [200]. Copyright 2007, American Chemical Society.
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these three targets. Moreover, the LOD was 364 pg mL "'
for CYRFA21-1, 38 pgmL ' for CEA, and 370 pg mL "
for NSE, and it could completely satisfy clinical require-
ments. Besides these three protein biomarkers, a-1-mi-
croglobulin/bikunin precursor (AMBP), peroxiredoxin 2
(PRDX2), and Parkinson disease protein 7 (PARK7) as
additional lung cancer-related biomarkers were simulta-
neously detected with the QD-encoded barcodes-based
sandwich immunoassay [195]. This study focused on the
comparison of the results obtained in the QD-encoded
barcodes-based sandwich immunoassay and the alter-
native Luminex XMAP" bead-based immunoassay and the
data showed that this QD-based technology may be
considered an alternative to Luminex xMAP' technology
for the diagnosis of cancer diseases.

Similarly, the protein tumor biomarkers also play an
important role for prostate cancer screening and diag-
nosis, which is the third most common cancer in men.
For prostate tumor screening, prostate-specific antigen
(PSA), prostatic acid phosphatase (PAP), prostate-specific
membrane antigen (PSMA) and prostate stem cell anti-
gen (PSCA) were simultaneously detected by using
fluorescent dyes-encoded barcode particles [196]. Unlike
the common sandwich immunoassay, this assay was
performed in the format of competition between the
targets bound on the barcodes and the free targets for
their corresponding antibodies in solution. As shown in
Fig. 11b, no matter in single or multiplex tests, the pro-
tein coupled barcodes only reacted with the matching
targets and the results of median fluorescence intensity
(MFI) was from 3,834 to 4,832, meanwhile the signals in
the control groups showed no non-complementary re-
actions with the MFI less than 50. These results indicated
the favorable specificity for multiplexed detection of
prostate cancer biomarkers, and with the LOD of
0.04 ng mL " for PSA, 0.1 ng mL ™" for PSCA and PSMA,
0.173 ng mL ™' for PAP, this technology was applicable for
extensive screening of prostate cancer in high-risk po-
pulation.

Acute myocardial infarction (AMI), as an important
health problem, is the primary cause of irreversible heart
failure (HF) and the death that followed every year.
However, coronary heart disease (CAD) is the main cause
of AMI, suggesting the great importance of early diag-
nosis of CAD to improve survival rates significantly by
offering prime-time medical treatment. C-reactive pro-
tein (CRP), cardiac troponin I (cTnl) and B-type na-
triuretic peptide (BNP) can collectively serve as protein
biomarkers of CAD. Thus, multiplex detection of these
three biomarkers based on the PhC barcode particles has
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been developed to realize the simple diagnosis of CAD
[197]. The results showed that ¢TnI, CRP and BNP could
be detected with the LOD of 0.01 ngmL ', 0.36 mg L'
and 0.004 ng mL ', respectively. And the results of the
clinical application showed no significant difference with
that of commercially proven ECLIA method, demon-
strating the good analytical reliability. Based on the recent
study, myoglobin level usually has already been elevated
when the test results of cTnl stayed in its normal range
for the patients with myocardial infarction, suggesting
that the multiplex detection of cTnlI and myoglobin could
improve the sensitivity of diagnosis. This multiplex assay
has been realized by gold nanorod [198].

Down’s syndrome, also named as trisomy 21, is caused
by the third copy of chromosome 21 in fetus. This disease
can lead to some problems, such as typical faces and a
certain degree of intellectual retardation. Thus, it is very
important to avoid this disease by detecting the bio-
markers for Down’s syndrome in a specific period of
pregnancy. Among the biomarkers, alpha fetoprotein
(AFP) and free Beta human chorionic gonadotropin (B-
hCG) are commonly detected during about 20-week
pregnancy to assess the risk of this disease. In order to
reduce sample volumes and reaction time, these two
biomarkers have been detected simultaneously on PhC
barcode particles [199]. The results showed that there was
positive correlation between the fluorescence intensities
and target concentrations, ranging from 1 to 1,000 ng mL™
that were enough for practical application and because
the cross-reactivity between these two targets could be
ignored, this method could be employed for multiplexed
detection. And the acceptable accuracy and detection
reproducibility suggested that this barcode particle is
potential for screening the risk of Down’s syndrome.

In addition, as one of the factor of food safety, food
adulteration could be monitored by detecting corre-
sponding adulterants. For example, some low-cost vege-
table proteins have become the common adulterants for
producing milk powder or other dairy products. A triplex
study demonstrated a reliable approach to detect and
quantify the non-milk proteins in the dairy products by
combining xMAP technology with competitive im-
munoassay (Fig. 11c) [200]. In this study, soluble pea
proteins, wheat proteins and soy proteins were coupled
with three different barcode particles of different colors
and the sensitivity of this study was verified as about
0.5 pg mL ™" at 50% binding.

Nucleic acids screening
Besides proteins, nucleic acids as one kind of the most
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important bio-macromolecules in the living organisms,
can encode and store unique genetic information in the
nucleus of different living cells. The name nucleic acid is
the generic term for deoxyribonucleic acid (DNA) and
several types of ribonucleic acid (RNA). They are typical
linear bio-macromolecules that consist of three kinds of
different subunits, among which 5-carbon sugars and
phosphates can be combined to form the backbones of
the nucleic acids, and meanwhile the nucleobases with
different numbers and specific orders can preserve and
transmit their unique genetic information [201]. After the
accomplishment of Human Genome Project and the great
progress of nucleic acids synthetic technologies, nucleic
acids have been given much attention both in basic re-
search and clinical applications, such as accurately iden-
tifying their sequences and reproducibly quantifying their
expression levels.

The physician in clinics usually uses an ‘exclusion’
method to diagnose diseases, but it usually costs too long
time to get the right diagnosis and the following efficient
treatment, whereas the multiplexed bioassays that follow
the ‘inclusion’ method can draw an accurate diagnosis
and give efficient treatment in a short time [202]. Thus,
the disability of traditional nucleic acids analysis ap-
proaches including northern blot, polymerase chain re-
action (PCR) and quantitative PCR (qPCR) to realize
high throughput multiplex detection largely limit their
applications. There are diverse technologies to accom-
plish multiplexed nucleic acid assays, one of which is
about assay chemistry, such as multiplex PCR (the most
commonly used) [203,204], multiplex RT-PCR [205,206],
multiplex minisequencing (primarily applied to SNP de-
tection) [207], multiplex isothermal amplification (ap-
plied to RNA detection) [208], multiplex oligonucleotide
ligation-PCR [209] and so on. Another technology is
about detection platform, such as solid-phase microarrays
and suspension arrays [210-213]. The genomic hy-
bridization is commonly used on solid-phase micro-
arrays, and in such assays the microarrays are usually
modified with the oligonucleotides that are specific to
target nucleic acids and these target nucleic acids labeled
with fluorochrome are then hybridized with the micro-
array. This solid-phase microarray related bioassay
without any amplification strategy has been widely and
successfully used. Meanwhile, with its unique advantages,
suspension arrays based on barcode particles have also
been developed for high throughput multiplex nucleic
acid detection, among which are fluorescence-based,
SERS-based and label-free nucleic acid sensing on the
basis of the detection method.
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Fluorescence-based nucleic acid sensing

Similar as other technologies, the detection of nucleic
acids on barcode particles is also performed based on
nucleic acid hybridization between the probe and target
sequences complementary to each other, among which
sandwich hybridization assay with fluorescent labeling is
the most commonly used. According to the various re-
flectivity of neighbouring metal stripes, the sub-micron
metallic nanowires can be used as the coding carriers for
SNP detection [214]. As illustrated in Fig. 12a, each kind
of nanowire was firstly conjugated with a unique oligo-
nucleotide probe and another oligonucleotide probe la-
belled with fluorescent dye and the targets were then
added into the detection system. In this study, these two
kinds of probes both could hybridize with the same target
specifically, so when the target SNP existed, they could
ligate together after the hybridization and lead to fluor-
escence signals. In Fig. 12a, two kinds of probes were
ligated when Allele A was complementary to the target
SNP, whereas the ligation did not happen when Allele G
was mismatched to the target. Another sandwich hy-
bridization assay with fluorescent labeling has also been
reported with the use of QDs barcode particles to detect
three genes of Amp, Neo, and Lac Z simultaneously [215].
The results showed that short probes and short target
nucleic acid could produce best hybridizing rate and the
LOD was 0.02 fmol.

In addition, the development of assays to quantify
multiplex microRNA simultaneously with graphically
encoded barcode particles and PhC barcode particles has
been described [216,217]. As demonstrated in Fig. 12b,
different probes were firstly fixed on the “probe” regions
of the barcode particles, and after adding these barcodes
into the reaction system, the target microRNAs could be
captured by the barcodes that modified with the target-
specific probes, and finally the target microRNAs cap-
tured by the probes were labeled with fluorescent dyes to
show the appearance and the quantification of the target.
Moreover, this study also realized the signal amplification
by employing a universal adapter to carry out the rolling
circle amplification (RCA) approach during the detection
process. With the use of RCA approach to amplify the
fluorescent signals, such barcode particles with the great
sensitivity could detect trace amounts of microRNAs di-
rectly from the blood sample and needed neither target
extraction nor target amplification approaches. Thus, in
comparison with other arrays and traditional RCA tech-
niques, these barcodes with both superior sensitivity and
the ability of multiplex detection have a wide range of
applications.
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Figure 12 (a) Schematic of SNP detection by using sub-micron metallic nanowires as the coding carriers. (b) Schematic of multiplex microRNA
detection with graphically encoded barcode particles and RCA strategy. (c) Schematic of multiplex gene quantitative detections by using different
SERS nanoparticles that were modified with different probes. The target nucleic acids could be bound with the corresponding SERS nanoparticles
because of the specific recognition between the targets and DNA probes. (d) Schematic of multiplex DNAs detection without labelling on the DNA-
responsive hydrogel PhC barcode particles. (e) The process of multiplex label-free gene detection with metallic nanowires that were modified with
molecular beacon probes as encoded barcodes. (f) Schematic of label-free DNA detection using fluorescent DNA sensor consisted of nucleic-acid-
modified AgNCs and GO. (a) Reprinted with permission from Ref. [214]. Copyright 2006, Springer-Verlag. (b) Reprinted with permission from Ref.
[216]. Copyright 2011, American Chemical Society. (c) Reprinted with permission from Ref. [218]. Copyright 2014, the Royal Society of Chemistry.
(d) Reprinted with permission from Ref. [220]. Copyright 2010, WILEY-VCH. (e) Reprinted with permission from Ref. [221]. Copyright 2008,

Elsevier Ltd. (f) Reprinted with permission from Ref. [222]. Copyright 2013, American Chemical Society.

SERS-based nucleic acid sensing

Besides fluorescent labeled sandwich immunoassay, SERS
encoded particles, with the advantages of unique struc-
ture, rapid detection speed, great sensitivity and strong
operability in complicated reaction, also have been widely
used for multiplex detection of nucleic acids. For ex-
ample, by using stable SERS signal as the nanoprobe,
novel core-shell gold nanoparticles were synthesized for
multiplex gene quantitative detections (Fig. 12c) [218].
Three SERS nanoparticles encoded by different SERS
reporters were functionalized with different DNA probes
that were specific to HBV, HIV and HAV, respectively.
And because of the specific recognition between the tar-
gets and DNA probes, the target nucleic acids could be
bound with the corresponding SERS nanoparticles to
form sandwich complexes. The results showed that the
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unique SERS peaks could be observed only when these
corresponding targets existed in the sample, and the in-
tensities of these SERS peaks increased with the increas-
ing target concentrations. A similar multiplex nucleic acid
assay using SERS nanoparticles as probes was also re-
ported to simultaneously detect two kinds of DNA mar-
kers (Kaposi’s sarcoma-associated herpesvirus and
bacillary angiomatosis) [219].

Label-free nucleic acid sensing
(i) Spectral signal-based nucleic acid sensing

Most of the suspension arrays for multiplexed nucleic
acid detection are usually labelling immunoassay meth-
ods, but these methods commonly need complicated
steps, long time and expensive instruments. Thus, label-
free detection is in demand due to its simple report
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strategy. One kind of DNA-responsive hydrogel PhC
barcode particles has also been developed to detect
multiplex DNAs without labelling (Fig. 12d) [220]. Si-
milar to optically non-fluorescence-based ion sensing and
molecular imprint-based protein sensing, the hydrogel
photonic barcodes also could change the invisible physi-
cochemical signals into visible optical signals. When
target DNAs contacted with the probe DNA-modified
barcodes, they would be hybridized with the probe DNAs
on the barcodes specifically, causing the hydrogel to
shrink. Finally, the visible change of the optical signals
could be estimated by blue-shift diffraction peaks of the
barcode particles and the degree of the change was related
with the amount of target DNAs. This technology could
become a low-cost, simple and sensitive platform to
realize multiplex nucleic acid detection.
(ii) Molecular beacon-based nucleic acid sensing

In addition to the fluorescence-based bioassays, me-
tallic nanowires are also used for label-free detection with
molecular beacon [221]. As illustrated in Fig. 12e, dif-
ferent nanowires with unique patterns of Au and Ag
segments were modified with unique molecular beacon
probes, respectively. When the target nucleic acids ex-
isted, and reacted with the nanowires, the molecular
beacon probes bound to the nanowires would hybridize
with them specifically and become fluorescent. On the
other hand, the molecular beacon probes would keep
non-fluorescent when the target nucleic acids were ab-
sent. After the detection, the reflectance images of the
nanowires were used to identify the types of the probes
and the fluorescence images were used to quantify the
fluorescence intensities which were related with the
amount of target nucleic acids.

Fluorescence-based nucleic acid sensing

Unlike the fluorescent labeled immunoassays, this kind of
fluorescence-based bioassay is label-free [222]. As illu-
strated in Fig. 12f, this fluorescent DNA sensor consisted
of nucleic-acid-modified silver nanoclusters (AgNCs) and
graphene oxide (GO). In the multiplex detection, two
types of AgNCs were used for encoding, including the
red-emitting AgNCs (616 nm) and nearinfrared-emitting
AgNCs (775 nm). Without target DNAs, the single-
stranded DNA probes were conjugated with the nucleic-
acid-modified AgNCs and they were both adsorbed to
GO, resulting in the quenching of AgNCs. Whereas,
when target DNAs existed, they would hybridize with the
single-stranded probes and formed double-stranded
DNAs to make the AgNCs desorb from GO, along with
the visible fluorescence signals. This label-free fluorescent
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sensor also can be used for detecting other molecules,
such as ATP and thrombin.

Thermophysics-based nucleic acid sensing

The solid to liquid phase change materials (PCM) have
unique thermophysical properties. PCM could be melted
by adsorbing heat energy without temperature change.
Thus, the phase change metal nanoparticles that were
encapsulated with silica were used as a novel kind of
barcode particles. In this research, by using various types
of materials, each type of target had its unique relation-
ship with the melting temperature of barcodes [223]. In
addition, because of the higher melting temperature of
1,650°C, the silica shells which were modified with the
single strand DNA probes would not melt, and the de-
tection signal could be read out with differential scanning
calorimetry, where the melting temperature and the latent
heats of fusion were used to show the existence and
concentration of the target.

Practical application
As another important form of tumor biomarkers, these
nucleic acid detection methods have also been employed
for cancer diagnosis. During cancer development, there
are strong correlations between certain types of abnormal
microRNAs and tumorigenesis, even other developing
process of cancer such as invasion and metastasis. Let-7 is
one of the popular tumor suppressor microRNAs, and the
downregulation of its family members can usually be
observed in many cancer types, for example, a general
downregulation of let-7 was found in lung cancer, let-7d
was found in ovarian cancer and head and neck squa-
mous cell cancer, let-7e and let-7i were found in prostate
cancer, and so on [224]. A graphically encoded barcode
particles has been reported for multiplexed detection of
four let-7 family members (let-7a, b, d, f) [225]. With the
estimated detection limit of 5 amol and the advantages of
less cost and assay time, this technology offers unlimited
prospects for clinical applications. In addition, similar
graphically encoded barcode particles used for multiplex
detection of other cancer-related microRNAs (micro-
RNA-141, microRNA-210 and microRNA-221) con-
firmed the correlations between the upregulated
microRNA-141 and prostate cancer (Fig. 13a) [216].
Thus, the multiplex microRNAs detection with barcode
particles could be helpful for creating new method to
realize noninvasive cancer diagnosis.

Multiplex gene detection methods also could be em-
ployed for infectious disease monitoring. The rapid and
effective real-time monitoring can halt further travel of
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the diseases because patients can be quarantined or get
proper treatment for the disease after being diagnosed
[226]. Currently, there are several common infectious
diseases that can cause high mortality in the world, such
as syphilis, HIV, malaria, hepatitis B, and hepatitis C.
Thanks to the development of molecule detection, these
infectious diseases can be diagnosed or distinguished
successfully by detecting gene fragments simultaneously
from the genome of these diseases based on barcode
particles. For example, several gene fragments of hepatitis
B virus (HBV) which causes more than 0.5 million deaths
every year, have been detected by using QDs barcode
particles with improved clinical sensitivity of 80.4%-
90.5% [227]. As demonstrated in Fig. 13b, the signals of
the barcode particles in positive groups were more than
3-fold higher than that from the barcode particles in
negative groups, confirming that this 6-plexed test could
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work correctly. In addition, In comparison with other
fragments from the same HBV gene, some fragments
could produce signals of higher intensity, indicating the
necessity of multiplexed bioassays to improve the accu-
racy by reducing false negative rates and increasing true
positive rates. Besides hepatitis B, influenza, HIV and
hepatitis C are also diagnosed by detecting their gene
fragments on QDs barcode particles [228]. One trans-
portable smartphone also has been developed as diag-
nostic device, which was easy to use and enabled the radio
transfer of diagnosis for interpretation to realize the real-
time monitoring and prediction of diseases [229].
Pathogen, as another important factor affecting food
safety, is a serious threat to human health. It is necessary
to detect pathogens rapidly for stopping their outbreaks
in the mass populations. Several suspension arrays have
been studied to realize multiplex gene detection of
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foodborne pathogens. For example, specific oligonucleo-
tide probes-modified fluorescent encoded barcode parti-
cles have been reported to simultaneously detect the
specific genes of Escherichia coli O157:H7 (E.coli), Shi-
gella, Salmonella, Vibrio parahaemolyticus, Staphylococcus
aureus and Listeria monocytogenes [21]. The results
showed that the six probes involved no cross-reaction and
the median fluorescent intensity of multiple testing was
higher when the concentration of pathogens increase with
the detection limit of 1.6x10° mmol L™ (Fig. 13c).

Cell assay

Cell is the basic composition of all organisms. The human
bodies consist of countless cells to form the body struc-
tures. Moreover, cells have their specialized duties, such
as taking nutrients from foods and then converting them
into energies. Cells also carry genetic materials and can
copy them forever. Moreover, in all living organisms,
there are various types of cells that have different func-
tions. And besides the normal cells in body, there are
abnormal cells undergoing uncontrolled growth, called
cancer cells, which can be induced by both internal fac-
tors including gene mutation, hormones and immune
condition, and external factors such as chemical and in-
fectious agents and radiation. Thus, due to the important
role of cells, more and more studies have been developed
for learning more about cells, including nanostructures
and biomolecular (such as protein and genomics) pro-
cesses of cells, capture and detection of cancer cells,
cultivation of cells for other studies and so on.

Cell imaging

To study nanostructures and biomolecular processes of
cells under normal and diseased conditions, nano-bar-
codes, with their nano-size feature, have been prevalently
used as tags for biomolecule labelling, especially in cell
imaging [230-232]. For cell imaging purposes, the nano-
barcodes should be functionalized with an additional
layer of biocompatible material and the toxicity of nano-
barcodes is also an important consideration. Currently,
fluorescent encoded barcodes which can be observed
easily under a fluorescence microscope are the most
commonly used as labels for cell imaging. For example,
QD encoded barcodes modified with cyclic Arg-Gly-Asp
(cRGD) targeting peptides were demonstrated for uptake
by human breast cancer and cervical cancer cells (Fig.
14a) [233]. The QDs encoded barcodes have the ad-
vantages of strong optical signals and stable chemical
properties, so they could be used for in vitro and in vivo
imaging. The results showed that the cRGD-modified
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QDs encoded barcodes mainly targeted the a,p;-high
expressing MCF-7 breast cancer cells instead of the a,f;-
low expressing HeLa cervix cancer cells. It was indicated
that the cRGD targeting peptides could promote the
uptake of the barcodes by those a,f3;-expressing cells and
this feature of the barcodes could offer them wide ap-
plications in noninvasive nano-imaging and nano-diag-
nosis. As another kind of fluorescent barcodes, the
semiconducting polymer dots (Pdot) that could be ex-
cited by only single wave also have been developed to
track single cells [234]. These barcodes were used to tag
20 types of cancer cells and finally these cancer cells could
be identified by using flow cytometry. The results sug-
gested that Pdot barcode particles had the great ability to
discriminate various cells and track them in a long time.

In comparison with fluorescent encoded barcodes,
Raman encoded barcodes have the benefits of nil auto-
fluorescence (for down-converting fluorescent particles),
little spectral overlap and absence of photobleaching, and
thus SERS encoded barcodes are also commonly used as
labels for cell imaging. Earlier, multiplexed in vivo ima-
ging in the liver of living mice was performed by using
SERS barcodes as can be seen in Fig. 14b [235]. The
results showed that there were ten different SERS bar-
codes in the same living mouse after intravenous injec-
tion. Thus, because of the ability of multiplex of
ultrasensitive SERS barcodes, it is possible to target more
molecules simultaneously in vivo to realize simple non-
invasive disease screening. Moreover, SERS encoded
hollow barcodes conjugated with antibodies on the sur-
face were used for multiplex imaging of the epidermal
growth factor (EGF), ErbB2, and insulin-like growth
factor-1(IGF-1) for three human breast cancer cell lines
MDA-MB-468, KPL4 and SK-BR-3 and another SERS
encoded barcodes have also demonstrated the multiplex
imaging of five different types of breast cancer cells pre-
sent in a cell coculture [236,237].

Cell molecular analysis

Most of the pathology of living systems is usually re-
flected by the genetic variation in the cells, and the gene
expression whose variation contributes to disease risk
could be understood through the changes in different
levels, such as RNA levels, protein levels, and so on. Thus,
the biomolecules in the cells not only can be used for cell
imaging, but also can be used to analyze the gene ex-
pression for disease detection. The droplet microfluidics
has been exploited to develop a technology to index large
amounts of cells and sequence their RNAs [238,239]. As
can be seen in Fig. 14c, the novel device of microfluidics
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separated the two streams into discontinuous droplets.
One of the streams contained cells, and the other one
contained primer-modified barcodes suspended in a lysis
buffer. After the formation of the droplets, the cells would
be lysed by the lysis buffer and then released their mi-
croRNAs, resulting in the specific hybridization with the
primers of the barcodes. Next, the stabilization of the
droplet surfaces was destroyed by using a reagent and the
large number of microRNAs and the barcodes in the
droplets were released. Following the reverse transcrip-
tion of the microRNAs, the PCR handle was introduced
downstream of the synthesized cDNAs. Besides the ana-
lyses of cell types and cell growths, this technology also
can be employed to give the deeper understanding about
the specific roles of different kinds of genes in different
types of cells.

The multiplexed imaging that can target three different
molecular markers simultaneously in a single cancer cell
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is also helpful for diagnosing cancers at very early stages
and learning more knowledges about the oncogenesis of
cancers. For example, three different QDs were used to
evaluate different proteins in cancer cells. These QDs
were modified with aptamers, AS1411, TTA1 and MUC-
1, and they can bind to specific molecules of cancer cells
[240]. As demonstrated in Fig. 14d, triple cellular imaging
of a single cell could be performed by confocal micro-
scopy imaging, the fluorescent signals showed a wide
overlap of QD-AS1411 and QD-MUC-1 in all cancer
cells, and of all these three QD-conjugated aptamers in
C6 and HelLa cells, indicating that co-expression and co-
localization of these three different proteins might be very
essential for the oncogenesis.

Cell capture

With the ability to evaluate the function of different cells
and detect the abnormal cells in the body fluid, cell
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capture has become a promising method for immune cell
analysis, dysfunctional blood cell detection and cancer
diagnosis. There have been several strategies developed
for capturing cells, such as micro-structures, trapping
arrays and microfiltering microfluidic technologies
[241,242]. However, these strategies usually capture
simple cells instead of multiple cell types, which is es-
sential for disease diagnosis. Therefore, it is highly de-
sirable to develop a technique to allow capturing and
distinguishing multiplex cells simultaneously. To realize
this purpose, a new type of modified polyacrylamide
(PAAm) hydrogel PhC barcode particles has been de-
veloped to realize simultaneous capture of several kinds
of blood cells (Fig. 15a) [243]. Because of the hydrophilia
of PAAm hydrogel, such hydrogel barcodes could be
modified with different kinds of plasma proteins, such as
fibronectin (FN) and phytohemagglutinin (PHA), and as
FN could connect with glycoprotein on the platelet
membrane and PHA can agglutinate all human ery-
throcytes, the PAAm barcode particles modified with FN
or PHA could capture specific blood cells from the whole
blood sample. In this study, red and blue barcodes with
their unique reflection peak positions at 660 and 490 nm
were modified with FN and PHA, respectively, whereas
the orange ones without any modification were used to be
the control group, and the results showed that these
modified barcode particles could indeed realize simulta-
neous capture of several kinds of blood cells from a
complex sample, respectively. In addition to FN and
PHA, antibodies, such as anti-EGFR and anti-HER2
which can bind specific kinds of cancer cells, are also used
for multiplex cell capture by conjugating them to differ-
ent SERS barcodes with cyanine and triphenylmethine
Raman reporters [244].

Circulating tumor cells (CTC), as another tumor bio-
markers, have been extracted from blood samples of pa-
tients with many solid cancers. It has proposed that CTC
can serve as an early indicator for metastatic cancers and
these cells can reflect molecular features of cells within
tumor masses. Thus, the detection of CTC considered a
real-time “liquid biopsy” for patients with cancer has
become a recent emphasis in cancer prognosis and di-
agnosis [245-249]. With the development of cell capture,
CTC can be detected via different technologies that take
advantage of their physical and biological properties, in-
cluding protein-based and mRNA-based technologies. A
study has been presented for multiplex circulating tumor
cells capture based on the aptamer-modified colloidal
crystal barcode particles to help diagnosis of lymphoma
and leukemia (Fig. 15b) [250]. Three kinds of barcodes
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with the unique reflection peak positions at 661, 583, and
447 nm were coated with three different kinds of apta-
mers, called TDO05, Sgc8, and Sgd5. After the different
circulating tumor cells have been captured in real clinical
samples, the cells were treated with fluorescently labeled
specific antibodies, and then they were analyzed with the
flow cytometer after being released from the barcodes.
The results showed that about 92.83% of circulating tu-
mor cells were captured by the barcodes, resulting in the
decrease of the amount of cells in the samples from 5.3%
to 0.38%. In addition, due to the specificity between the
CTCs and their aptamers on the barcodes, 96.8% of the
cells captured by the red barcodes were CCRF-CEM cells
and 98.94% of the cells captured by the green barcodes
were Ramos cells. This approach may become a promis-
ing technology for clinical diagnosis and prognosis of
cancers.

Cell culture and drug research

Because of the presence of biomaterials, those with good
biocompatibility are used to cultivate cells by being im-
mobilized on the substrate, and the cell culture capacity of
the biomaterial can be assessed directly according to the
growth states of the cells cultured on it, thus further ac-
celerating the development of cell culture and drug re-
search. In addition, because the biomaterials are mostly
plane and static, microcarriers with three-dimensional
structures have been used to serve as biomimic platforms
for cell culture and better evaluation of these biomater-
ials, among which encoded barcode particles that can be
used to realize the multiplex evaluation of biomaterials
have been attracting increasing interest in these fields.
Unlike some barcode particles whose encoded informa-
tion will become unreadable when the target cells are
cultured on their surfaces, PhC barcodes have very stable
codes even when their surfaces are covered with the
cultured cells. As demonstrated in Fig. 15¢, three kinds of
silica hybrid PhC barcode particles with red, green or blue
colors were employed for multiple evaluation of bioma-
terials by HepG2 cells culture [251]. In this study, the red
ones were constructed by employing PEG hydrogel and
the green ones were constructed with both calcium algi-
nate hydrogel and collagen, while the blue ones without
any biomaterials were used as the control group. After
adding them into the same microplate, all of them were
used for HepG2 cells culture. The results showed that
most of HepG2 cells were observed on the green bar-
codes, whereas only a few cells were on the blue barcodes
and even no cells observed on the red barcodes. These
properties made the encoded barcodes good platforms for
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multiplex evaluation of biomaterials, cell culture and drug
research.

In addition to the multiple evaluation of biomaterials,
novel core-shell methacrylated gelatin (GelMA) hydrogel
PhC barcodes were employed to complete multiplex cells
culture and drug research [252]. Unlike the traditional
cell culture experiments that cannot meet the demands
for mimicing the in-vivo metabolic process of drugs and
clarifying the comprehensive impacts of drugs on differ-
ent tissues, the hydrogel shell of the barcodes could mi-
mic the extracellular environment to help cell culture and
the PhC core of the barcodes could provide stable coding
with the unique reflection peak to distinguish the type of
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cells cultured on the barcodes and their different re-
sponses to drug test. As presented in Fig. 15d, the cell
viability was significantly decreased by tegafur (TF) when
both HCT-116 and HepG2 cells were cultured on the
barcodes, compared with that in a TF solution when only
HCT-116 cells were cultured on the barcode particles.
This result concluded that HepG2 cell spheroids loaded
on the barcodes could mimic some liver functions effec-
tively, for example, the spheroids could synthesize P450
enzyme to transform noncytotoxic TF into cytotoxic 5-
fluorouracil (5-FU), with the prospect of this method in
mimicing biosystems effectively and discovering complex
metabolic porcesses of drugs accurately.
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Cell tracking

Long-term fluorescence staining of living cells in multiple
colors is of high importance for tracking different cell
populations in vitro and in vivo, and in this way helps to
address key questions in cancer research, cell differ-
entiation, cell therapy, regenerative medicine, embry-
ogenesis and drug research. For these ideas, by using
different color codes, fluorescent polymer nanoparticles
have been developed to label and track living cells for the
long term (Fig. 15e) [253]. With the advantages of uni-
form 40 nm size and surface characteristics, these nano-
particles were endocytosed equally well by 7 cell lines
(HeLa, KB, embryonic kidney (293T), Chinese hamster
ovary, rat basophilic leucemia, U97, and D2A1) and these
color codes could be transmitted to daughter cells in
equal proportions, which was helpful for further cell re-
search, such as tracing the distribution of cells throughout
the whole zebrafish embryo. Moreover, this method also
has been used to distinguish the behavior of HeLa cells
that underwent different doxorubicin treatments in direct
competition for adhesion to the surface, which was
helpful for other drug research.

SUMMARY AND OUTLOOK

Here, we have provided a comprehensive review of the
current development of suspension arrays based on var-
ious barcode particles and their applications for multiplex
bioassays in disease diagnosis, food and environmental
safety, cell tracking, and drug research. However, there
are still some problems and limitations of barcode par-
ticles-based suspension array technologies, which subse-
quently limit their practical applications. For example,
fluorescent encoding barcodes have the disadvantages of
photobleaching, limited encoding ability and multi-ex-
citation light uses; UCNPs are usually filled with hydro-
phobic ligands which limit their biological applications;
SERS encoding barcodes also have limited encoding
ability; shape encoding barcodes need complex decoding
procedures and equipment. Thanks to the rapid devel-
opment of technology, tremendous progress has been
made to solve these problems in recent years, for ex-
ample, the encoding number of fluorescent barcodes can
be increased by mixing different organic dyes with var-
ious ratios; novel QDs with NIR emission can avoid
photobleaching; fluorescent barcodes with multiple
emissions under one single excitation can be obtained by
fluorescence resonance energy transfer; hydrophilic sur-
face can be generated by incorporating UCNPs with
polymer particles to realize bio-applications of UCNPs;
SERS barcodes with different wavenumber and intensity
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ratio can be obtained by using different reporters and
changing their molecular ratio; and by using dual mode
encoding technology, the encoding number also can be
greater.

Moreover, among the various barcode particles, only
optical-especially fluorescent-barcode particles have been
used widely in multiplex bioassays, and most of them
remain in the laboratory, facing challenges to meet the
requirements of real applications. To overcome such
challenges, some issues should be considered in devel-
oping applications. First, to achieve mass production and
commercialization of particles, several improvements are
needed, such as shortening the time-consuming process
of synthesis, increasing the uniformity of synthesized
barcodes, and automation to streamline the synthesis
process. Second, in view of the multiplicity of targets,
much emphasis should be put not only on the encoding
number of particles, which is a considerable problem for
the application of nonoptical particles, but also on the
need for multifunctional barcodes for convenient assays.
For example, those with magnetic properties are being
explored extensively for easy separation and mixing. Be-
sides improving functionality, the third issue concerns the
structure, which could reduce nonspecific adsorption for
lower false-positive readings while enhancing the reaction
kinetics for higher sensitivity. In addition to barcode
particles, the strategies of reaction methods, such as the
sandwich immunoassays that are the most widely used,
also need to be optimized for reducing nonspecific re-
actions between molecules. Moreover, miniaturization of
automatic systems that can produce high-throughput
assays as well as the decoding of multiplex information
are further requirements to be met in achieving point-of-
care applications for mass market implementation.

Suspension arrays based on appropriate barcode par-
ticles are mainly used in clinical applications for disease
diagnosis, such as for cancers, heart diseases, infectious
diseases, and Down syndrome; however, there are many
other diseases that have not yet been studied. At present,
large numbers of studies based on multiple proteins,
genes, and cells have been performed for cancer screen-
ing, while other diseases are only screened at the single
protein or gene level. Thus, attempts should be made to
widen multiplex detection by using more biomarkers for
each disease and thereby provide more accurate diag-
nosis. Moreover, the clinical application of barcode par-
ticles could enter a new chapter by realizing multiplex
detection at three levels in one reaction system. With the
development of personalized medication, research on
novel drugs is also important and warrants more interest
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from researchers. Finally, it is important for the barcode
particles to be appropriately used in more research fields,
such as in the clinical, medicinal, nutritional, and en-
vironmental fields, and implementation of the technology
for mass markets needs to be regulated by the authorities
to ensure the safe usage of these barcodes. With further
efforts from researchers in addressing these challenges,
the huge potential of barcode particles can certainly be
realized for a wide variety of applications.
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