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Abstract:

Spectrometrically or optically encoded microspheres based suspension array technology (SAT) are
applicable to the high-throughput, simultaneous detection of multiple analytes within a small, single
sample volume. Thanks to the rapid development of nanotechnology, tremendous progress has been made
in the multiplexed detecting capability, sensitivity, and photostability of suspension arrays. In this review,
we first focus on the current stock of nanoparticle-based barcodes as well as the manufacturing
technologies required for their production. We then move on to discuss all existing barcode-based
bioanalysis patterns, including the various labels used in suspension arrays, label-free platforms, signal
amplification methods, and fluorescence resonance energy transfer (FRET)-based platforms. We then
introduce automatic platforms for suspension arrays that use superparamagnetic nanoparticle-based
microspheres. Finally, we summarize the current challenges and their proposed solutions, which are
centered on improving encoding capacities, alternative probe possibilities, nonspecificity suppression,
directional immobilization, and “point of care” platforms. Throughout this review, we aim to provide a
comprehensive guide for the design of suspension arrays, with the goal of improving their performance in
areas such as multiplexing capacity, throughput, sensitivity, and cost effectiveness. We hope that our
summary on the state-of-the-art development of these arrays, our commentary on future challenges, and
some proposed avenues for further advances will help drive the development of suspension array
technology and its related fields.

Keywords:
Suspension array, encoded microspheres, nanoparticles, label, signal amplification, FRET effect,
automatic platform, alternative probes, directional immobilization, nonspecific suppression, point of care.

Introduction

The rapid development of disease diagnosis and therapeutic treatment has led to increasing demand for
a multiplex and high throughput analysis of large numbers of biomolecules within a single sample.'”
Large-scale screening of biomolecules has attracted much attention for its use in various applications,

including the functional analysis of unknown genes to identify those that are disease-related,’ clinical
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diagnostics’, and screening for drug discovery.” ’ As a result, many multiplexing technologies have
recently been developed, including predominantly planar microarray®'" and suspension array technologies
(SAT).D’19 Multiplexing technologies can conveniently integrate multiple variables to overcome the
clinical sensitivity and/or specificity limitations found with a single marker. When compared to multiple,
single-analyte assays, multiplexing can dramatically increase the efficiency of these analyses by reducing
costs through lower reagent consumption, faster analysis, and decreased labor.”’ As shown in Figure 1, the
growth in multiplex research is most clearly shown in the increasing number of published papers related to
the topic.

Figure 1

Figure 1. The growing interest in multiplexing. A PubMed search illustrating the cumulative numbers of manuscripts by

year, containing the keywords ‘multiplexing or multiplex’, ‘microarray’, and ‘suspension array’.
1.1. Significance of suspension array technology

Compared to methods of traditional, quantitative analysis, the key to realizing multiplexed analysis is in
efficiently addressing the various analytes for their separate quantifications.”’ To fulfill the demand for
large-scale biomolecule screening, planar microarrays such as the two-dimensional probe grids (e.g.
oligonucleotides, proteins, and drug candidates) have molecules deposited onto flat solid supports and can
address and separately quantify thousands of analytes via a positional encoding method.”” Although planar
microarray technology plays an important role in ultra-high-density analysis,” it has limitations on the
quality of its results, binding rates, decoding speed, and its overall flexibility.*' To address this problem,
suspension arrays that use encoded microparticles as solid-supports in combination with tracking codes for
analytes offer significant advantages. These advantages include: > %>

1) Faster binding kinetics and convenient separation steps.26 The small size and 3D exposure of the
microcarriers allow for near solution-phase kinetics, which is in contrast to planar microarrays, which are
limited by solid-phase kinetics.*”**

2) Flexibility in target selection and immobilization of probe molecules. Analytes can be freely
customized according to the user’s specific needs. Furthermore, each probe can be separately immobilized
via proven chemical methods and under conditions that are optimal for each probe. Planar microarrays use
a uniform immobilization procedure, which may not be suitable for all probes.

3)Higher quality of results, including better reproducibility and higher sensitivity.”' In planar
microarray technology, the number of array spots being produced at the same time is limited, thus leading
to variations in feature properties between arrays and even within the same array. This ultimately leads to
relatively poor productivity and detection sensitivity. The high-volume production of encoded
microcarriers allows for a standardized assay that planar microarrays cannot provide. This is in
combination with the statistical calibration of batch results from many microcarriers, thus providing
overall higher quality results.

4)Suspension array is a unique platform which can address the need for applications requiring
simultaneous high-density and high-throughput.”> Modern flow cytometers can read fluorescent barcodes
at extremely high speeds (50 million events per day).”> In contrast, planar microarray can provide
ultra-high-density analysis, but with low sample throughput due to its relatively low decoding speed.”

5)Easy fabrication and cost-effectiveness.”” When compared to planar microarray, the fabrication of
suspension arrays shows a lower demand on both equipment and raw materials, leading to enhanced

cost-effectiveness.
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1.2. Why do suspension arrays based on nanoparticle-encoded microspheres hold great promise for
high-throughput, multiplexed detection?

The core technology of the suspension array is the use of encoded microcarriers to identify different
biomolecular binding events (Figure 2).% A sufficient number of accurate barcodes are critical to fulfill

the high density analysis, and various encoding schemes have been used to this end, including

12, 15, 18, 30, 31 19, 32-35 36-40

spectrometric encoding, electronic

41, 42

graphical encoding, chemical encoding,

43, 44 45, 46

. Furthermore, the combination of
30, 33, 47

encoding, physical encoding, and magnetic encoding

different encoding techniques can produce an even larger amount of barcodes. Among these
schemes, spectrometric encoding is the most widely used, due to its flexible encoding, convenience, and
high-speed decoding. In comparison, graphical encoding utilizes structural recognition and requires
complex instrumentation for both synthesis and readout. This makes it especially limited, due to its
relatively low decoding speed.”’” *> Chemical encoding®® also suffers from a complicated and
time-consuming decoding process, with its high cost being another concern. Additionally, barcodes from

. . .. . 41,42
electronic encoding are limited by size,

thus seriously affecting their multiplexing capacity.
Physical characteristics such as size and refractive index can limit encoding capacity. Since size and
refractive index can be conveniently decoded by modern flow cytometers, they are usually used as

.. . . . . . 30, 48
additional encoding dimensions for spectrometric encoding.”™

However, for planar, multi-bit, magnetic
barcodes,*® magnetic elements show controlled spatial distribution, making the manufacture and decoding
processes more complicated than those for spectrometric barcodes. Therefore, spectrometric barcodes and
those combined with other compatible encoding elements such as size, refractive index and lifetime, are
more popular for applications in high-throughput, multiplexed detection. For example, the first

25,49

commercial suspension array platform, Luminex“xMAP™ system, incorporates 5.6 um polystyrene

microspheres internally dyed with two or three spectrally distinct fluorochromes, and has been used in a
variety of applications.”*>

The main advantage of using a planar microarray is that it allows for thousands of individual tests to be
performed in parallel, lending it well-suited to powerful applications in genomics, proteomics, and drug
discovery. Since suspension array technology can provide higher quality results, the question is whether it
has the potential to confer the same array density. In the Luminex system*’ and BD Cytometric bead array
system,”* microspheres are encoded with various organic dyes with different wavelengths and intensities to
create a library of barcodes for the parallel detection of multiple targets. However, organic dye-based
barcodes suffer from several drawbacks.” For one, the available barcode number (typically <500) is
limited by the number of spectrally, well-resolved organic dyes that do not interfere with commonly used

biological markers.*'>®

Moreover, multiple excitation lasers are required if dyes with different excitation
wavelengths are used, which is costly for decoding instruments.** *’ Additionally, interference between
encoding fluorescence with labeled fluorescence is inevitable, thus complicated and tedious color
compensations are needed. Finally, organic dyes that are incorporated into microspheres also suffer from
low photobleaching thresholds.

Thanks to the recent advances in nanotechnology, new functional nanoparticles with unique
properties make it possible to overcome the limitations of organic dyes. Quantum dots (QDs)® with
size-tunable, and stable emissions possess much higher encoding capacities than organic dyes. Moreover,
the possibility for exciting all QDs at the same wavelength is important to allow for the further
of decoding instruments. Upconversion nanoparticles (UCNPs)*®  are excited by near-infrared (NIR) light
and would be able to minimize background noise. The tunable lifetime of UCNPs can also be used as a
supplemental encoding dimension. Noble metal particle-based surface enhanced Raman scattering (SERS)
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signals®® can be used as encoded labels for ultra-sensitive multiplexed detection. Periodic nanostructures®
could also be used, providing for extremely stable barcodes. Moreover, all of the aforementioned
nanoparticles provide much higher resistance to photobleaching than conventional, organic dyes.
the use of functional nanoparticles in suspension array technology would allow for significant
making them an excellent tool for high-throughput analysis. Specifically, suspension array can provide
array density, which is not only comparable to planar microarray capabilities, but with better
higher sensitivity, and increased throughput.

In this review article, we will first introduce the different nanoparticles used for barcode preparation,
focusing mainly on their encoding patterns and capacities as well as how to take full advantage of their
physicochemical properties. We will then compare different barcode synthetic techniques, discuss their
advantages and disadvantages. Conducting a bioanalysis (e.g. disease diagnosis) based on either the
presence or concentration of certain biomolecules requires assays that can detect molecules of interest or
other targets with a high degree of sensitivity. Given this importance, five routes to obtain a high
signal-to-noise ratio in high sensitivity assays will be reviewed, including new materials that can generate
high signal or low background, signal amplification strategies, suppression of nonspecific events, oriented
immobilization, and better probing ligands for target recognition. Moreover, suspension array is currently
equipped with large and complex instruments that typically require highly skilled personnel to operate and
are oftentimes remote from the site of patient care. With this in mind, we will briefly introduce the
development of robust, portable, and low-cost suspension arrays for “point-of-care” diagnosis. It is
anticipated that nanoparticle-encoded microspheres-based suspension array technology will elicit broad
interest and provide guidance for research in related disciplines such as material chemistry, disease
diagnosis, drug discovery, and medical instrument engineering.

Figure 2

Figure 2. Schematic illustration of a typical suspension array platform. The target of interest is identified by the barcode

signal and quantified by the label signal.

Spectrometrically or optically encoded microspheres with nanoparticles

The microsphere barcode is the key to the suspension array. As such, there are six properties which

must be met:

1) The more barcode number the better, as more barcodes confer a higher capacity for multiplex
analysis;

2) The encoded signal should be of considerable stability. Good stability means increased resistance to
environmental conditions®' such as pH, temperature, and buffer concentrations, resulting in robust,
long-term stability;

3) Easily implemented decoding methods. The decoding methods should be simple and flexible
enough to be compatible with multiple decoding instruments;

4) Decreased, mutual interference between signals from barcodes, labels, and biomolecules. When the
suspension arrays work, there are at least three optical signals: those from the barcodes, the labels
and the biomolecules that are attached onto the microspheres;

5) Ability to manufacture the individually encoded microspheres in large, replicable quantities;

6) Proper size and density of encoded microspheres. Falling under the common denominator of
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miniaturization® coupled with high density analysis, the working volume of the microspheres will
decreased while maintaining a high enough density for adequate analysis. Thus, the size of the
barcode will need to be small enough. On the one hand, large and/or dense microspheres require
vigorous mixing to maintain them in suspension, while the vigorous mixing might damage the
target molecules, and even the microspheres themselves. On the other, the microspheres should also
be (i) large enough to host some form of code and (ii) slightly denser than water for effective
separation from the solution. Adequate microspheres should be made from materials with the
density (e.g. polystyrene, poly(styrene-co-maleic anhydride), silica, etc.) and have a diameter in the
range of 0.3-10 pm.”'

Although the commercial suspension array platforms currently available from Luminex and BD** use
organic dyes as their encoding fluorochromes, these may not be the most suitable choice as mentioned
above. Fortunately, many functional nanoparticles with unique spectrometric properties can function as
alternatives, greatly improving the multiplexing capacity, sensitivity, and photostability of suspension
arrays (see Table 1).

2.1. Quantum dots-encoded microspheres

12, 57, 63, 64 - .
20 22 P including narrow and

Quantum dots (QDs) have excellent and unique optical properties
symmetrical emission spectra, broad excitation wavelength (i.e. QDs with different emission spectra can
be excited by a single wavelength excitation source), tunable emission wavelengths, and high brightness.
These characteristics make QDs ideal candidates for the creation of a diverse array of barcodes for
suspension assays. Since this concept was proposed by the Nie'> group in 2001, the spectroscopic
encoding of microspheres based on QD color and intensity has been regarded as one of the most promising
approaches, owing both to its flexible encoding and convenient decoding by modern flow cytometers
and/or spectrometers.

The primary advantage of QDs over other barcode sources (e.g. traditional organic dyes) is its
significantly increased encoding capacity. By trapping QDs with different emission spectra at different
concentrations (i.e. intensities), different barcodes can be obtained, with the number of barcodes calculated
according to the following formula: C=N"-1 (where C = the barcode number, N = the number of intensity
levels and m = the number of colors) (Figure 3). Their narrow, tunable emission spectra (full width at half
maximum (FWHM) of 20-30 nm) can provide 10-12 different colors in the visible region with acceptable
spectral overlap. This concept was conclusively demonstrated, with at least 10 intensity levels being used
effectively in microsphere barcodes.'”

Figure 3

Figure 3. (a) The most commonly used encoding principle utilizes colors and intensity levels; (b) A 3D encoding method
that combines color, intensity level, and microsphere size; The fluorescent signals from QDs are detected by the flow
cytometer’s FL1, FL4 fluorescence detection channels, while the size of the microsphere is correlated with the signal
intensity of the FS (forward scattering) channel; (c) Single wavelength encoding, which is based on the channel ratio
(FL4/FL5) and intensity level. (c-1) The relationship between the PL peak wavelength of 685 nm, 708 nm, and 745 nm
QD-encoded microspheres and FL4, FL5 fluorescent detection channels of flow cytometer. (c-2) Schematic of the
relationship of the different barcodes corresponding to FL4 and FLS5 fluorescence detection channels of the flow cytometer
with wavelength and intensity. (c-3) Fluorescence barcode matrices of 685, 708, and 745 nm QD-encoded microbeads on a

flow cytometric FL5-FL4 plot diagram, '?-3* 6668
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Theoretically, more than one million barcodes could be generated, which is significantly more than that
capable of being produced using organic dyes alone. To this end, Chan et al.®® generated 105 spectrally
distinct barcodes via partial use of five different QDs at three different intensities. Since modern flow
cytometers can decode particles on the basis of size, many more barcodes could be generated by encoding
a combination of QD color, intensity, and microsphere size. As shown in Figure 3(b), a 3D barcode
library based on FL1-FL4-FS signals of flow cytometer (Beckman Coulter FC500) was generated by
incorporating 520 nm QDs and 680 nm QDs into differentially-sized polymer microspheres.”® NIR
(near-infrared) QDs (650-800 nm) with wide PL spectra (FWHM > 50 nm) can also be utilized, and a
“single wavelength” encoding method®® was developed to take advantage of QDs in the NIR region. With
this method, the spectra of NIR QDs span over FL4 and FLS5 fluorescent channels of the flow cytometer.
The encoding principle is shown in Figure 3(c), whereby distinct NIR QDs with different PL wavelengths
provide separate FL4/FL5 PL intensity ratios, resulting in different encoding signals. This increases the
encoding capacity of QDs within the NIR region.

In practice, the encoding capacity is also limited by overlap between different intensities,”’ which is one
of the main challenges in QD encoding. Currently, the probable solution is to control the locations of
different colored QDs in the microspheres (discussed further in Section 7). It is also worth noting that it is
necessary to use a label for multiplexed assays, with the region of the spectrum reserved for the label then
not available for encoding purposes.

The method for reading QD barcodes (or read-out algorithms) also determines the number of available
QD barcodes used in bioassays. Simple and effective signal processing methods can not only decrease
false signal detection, but can also improve QD encoding capacity. For example, Chan ez al.*'developed a
deconvolution algorithm to identify QD barcodes, whereby QD barcodes with similar fluorescence spectra
can be clearly distinguished. When compared to fluorescence channel-based decoding methods (e.g. flow
cytometry), this PL spectra-based decoding method has an obvious benefit in the decreased need for filters
and single light detector.

Finally, the type of short-wavelength excitation that is usually used in bioanalysis with organic dyes and
QDs leads to significant background signals.”” Conventionally, the fluorescence lifetimes of organic dyes
are too short (<10 ns) to allow for efficient temporal discrimination of the short-lived fluorescence
interference induced by the excitation. In the case of QDs, the relatively long lifetime (10~100 ns) enables
robust temporal discrimination of the background signal by time-gated measurements, thereby enhancing
overall sensitivity.”” However, the use of time-gated measurements in a suspension array may reduce its

decoding speed, increasing the burden on decoding instruments like flow cytometers.
2.2. Upconversion nanoparticles-encoded microspheres

Background interference from biomolecules usually occurs in organic dye- or QD-based suspension
arrays due to the use of short-wavelength excitation. The background signals derive primarily from
scattering and autofluorescence of biomolecules under excitation of short wavelength light.”® However,
there is little interaction between NIR light and biomolecules, leading to almost no NIR light-induced
background luminescence or photodamage. Several strategies have been developed to take advantage of

69, 70

NIR light, including the use of long-wavelength absorbing organic fluorochromes and anti-Stokes

emissions’ 7

(e.g. two photon excitation). However, long-wavelength absorbing organic fluorochromes
often show low quantum yields’’ and require the use of expensive and powerful pulsed lasers since high
energy excitations are usually required in most anti-Stokes processes. To directly address this limitation,

upconversion nanoparticles (UCNPs) are lanthanide-doped nanocrystals that allow for low energy
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anti-Stokes emission.”* UCNPs can emit multi-colored light with narrow emission bands and a large
anti-Stokes shift with continuous use of a NIR diode laser.” 7 UCNPs also show low toxicity, high
photostability,77 and their multi-color fluorescence emission can be fine-tuned by varying either the

77 or the optical surface layers.”* Furthermore, when compared to QDs or organic

lanthanide dopants
dyes, lanthanide ion emissions only involve atomic transitions and are considerably more stable.
Additionally, a FRET effect does not happen among UCNPs, which is different from both QDs and
dyes. Therefore, UCNPs are a suitable candidate for use as fluorochromes in microsphere barcodes and
been widely used in multicolor encoding'®'*”® based on their tunable, multicolor emission spectra.

As shown in Figure 4(a), Zhang et al.'® presented an encoding scheme for UCNPs of “n intensity levels
with m colors generating (n™-1) unique codes”, which is similar to that of QDs. When using one of the
emissions within a nanocrystal as an internal standard, the relative fluorescence intensities of other
emissions give m colors, which can be obtained by varying the composition of the UCNPs. Additionally, if
different organic dyes were used as labels (Figure 4(b)), the optical crosstalk between barcodes and label
dyes under different excitation conditions could be avoided. Therefore, the labels could be selected in a
wide emission range and the labels could even act as another coding dimension, further increasing the
overall number of codes.

Figure 4

Figure 4. (a) Fluorescence signals obtained from the NaYF,: Yb/Ho/Tm (with different Tm doping amounts)
upconversion nanocrystals encoded beads. Both the absolute intensities and relative intensity ratios of different emissions
are used for coding purposes. (b) Suspension array for nucleic acid detection, with different organic dyes used as labels for

different targets.'®

However, a platform combining the use of UCNP barcodes with organic labels has two drawbacks.
First, there is the likelihood of background interference due to short-wavelength excitation of the organic
dye labels. Second, at least two light sources would be needed. Moreover, the signals from the barcodes
and labels of the microspheres should be excited and detected separately to avoid optical crosstalk, thus
compounding the burden on decoding instruments. Gorris et al.” tuned emission spectra of NaYF,:Yb,Er
and NaYF,4:Yb,Tm by coating different concentrations of organic dyes on the surface of the upconversion
nanoparticles (Figure 5(a)(b)). One of the two emission bands was selectively re-absorbed at different
degrees by the organic dyes and resulted in different values of Ioge/lier (Figure 5(c)(d)). These were then
used as ratiometric coding elements (Figure 5(e)(f)). Here, I,4. (Iier) denotes the intensity of the tuned
(untuned) emission (Figure 5(c)). It should also be noted that lanthanide doped downconversion
nanoparticles82 have also been used for encoding through the use of their multicolor emission properties.

Figure 5

Figure 5. Tuning the dual emission bands of two types of upconverting nanoparticles by coating selected organic dyes. (a)
Different concentrations of either rhodamine B or the dye S-0378 are used to screen off selectively either the green or the
red emission band of NaYF, :Yb,Er UCNPs to various degrees. (b) Fluorescein or the dye NIR-797 are used to screen off
the blue or the near-infrared emission band of NaYF, :Yb,Tm UCNPs. (¢) NaYF,:Yb,Er UCNPs are coated with various
concentrations of either rhodamine B (top) or the dye S-0378 (bottom). Ten different concentrations of rhodamine B are
used to selectively reabsorb the green (A = 543 nm) emission while the red (Ay, = 657 nm) emission remains constant. A
linear function is obtained by plotting -log (I.oqc/1ref) against the concentration of rhodamine B. Alternatively, the intensity of

the NIR emission can be selectively tuned by S-0378. (d) NaYF4:Yb,Tm upconversion nanoparticles display dual emission
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lines that can be individually tuned by either fluorescein for the blue emission (A, = 475 nm) or NIR-797 for the NIR
emission (Ay.x = 802 nm). (¢) Mixing equal amounts of NaYF4:Yb,Er and NaYF4:Yb,Tm, which have been tuned by
S-0378 and NIR-797, each exhibiting three different values of -log(I,oae/lrer) and yielding nine (3%) ratiometric codes. (f) A
2D matrix of the coding combinations. The ratiometric coding elements are independent of absolute signal intensities and

are well separated, leading to ready identification.”

When compared to QDs, UCNPs possess a lower encoding capacity. This is due to the fact that the peak
positions of the multicolor emission UCNPs are determined by the doped lanthanide ions, leading to an
underutilization of spectral space. Another obstacle is finding labels suitable for use in UCNPs
encoded-microspheres for a suspension array. Organic dyes and QDs are less than suitable, since they need
extra excitation in the form of a short wavelength laser. A better choice might be UCNPs. However, most
UCNPs are not used as matched labels due to their multicolor emission spectra. Currently, efforts to
8388 \yith UCNPs at a red emission peak of 650
nm and an NIR emission peak of 800 nm having been produced.

develop UCNPs with single-band emissions are ongoing,

2.3. Luminescence life-time-encoded microspheres

Currently, fluorescence color encoding in combination with a modern, multi-color flow cytometer® as
the decoding equipment is one of the most popular methods for multiplexing. Despite this popularity, it
has several limitations. First, the crowded spectral domain allows for fewer than 20 channels in the
decoding instrument, resulting in practical limits on the number of codes. Second, there are several
equipment constraints, including: three to five lasers (QD-encoded microspheres only need a single
laser™), tens of filters, and up to 20 light detectors. Moreover, the unavoidable spectral overlap leads to
complicated and tedious color compensations. Therefore, the use of additional, distinguishable coding
dimensions (e.g. spatial fluorescence encoding,lg‘ 3 SERS encoding,sg‘ % metal ion-based mass encoding,zg’

39 . . 17,91
and lifetime encoding

) have all been exploited for multiplexing. The luminescence lifetime is an
intrinsically, self-referential parameter that is insensitive to variations in excitation light intensity and dye
concentration.”® Moreover, lifetime multiplexing relies on dyes with sufficiently different lifetimes, yet
that can be excited at the same wavelength and detected within the same spectral window.”

In recent years, life-time encoding methods based on organic dyes,92 QDs,” ** and metal ligand
complexes’ have been developed. Chen et al.”* developed NIR-emitting, 2D codes based on emission (1)
and lifetime (t) of lattice-strained CdTe/CdS QDs (with short lifetime, g-dots) and lattice strained
CdTe/CdS:Cu QDs (with long lifetime, d-dots). However, most fluorescence chromophores (including
organic dyes and QDs) are not the most optimal choices due to their short lifetimes.”” Some rare-earth
metal-based materials can exhibit longer lifetimes—from microseconds to even milliseconds—and have

96, 97 - .
>”" The lifetimes of downconversion

been widely used in time-resolved luminescence immunoassays.
lanthanide complexes can be tuned using the scheme of lanthanide-based resonance energy transfer
(LRET).” * Recently, Lu et al.'™ utilized a LRET scheme to tune the lifetimes of downconversion
lanthanide complexes-containing microspheres. Meanwhile, lifetimes of lanthanide doped UCNPs (called
‘t-dots”) were able to be tuned by controlling the doping amount of lanthanide ions, crystal phases'’ and
sizes,'”" or the surface ligand passivation.'” Given this wide range of tuning ability, dozens of lifetime
barcodes could be generated (Figure 6(a)). When combined with time-gated, orthogonal scanning
automated microscopy (OSAM, on-the-fly scanning cytometry) as the decoding instrument (Figure
6(b)),'"” ' the realization of a lifetime barcode-based suspension array would be possible (Figure

6(c)).100 ‘t-dots’ encoded barcodes have several advantages over fluorescent color and intensity based
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barcodes. Firstly, similar to multicolor encoding scheme of UCNPs, ‘t-dots’ show high stability and no
background interference due to the NIR excitation and time-resolved measurement.”’ Secondly, since
luminescence lifetime is independent of absolute PL intensity, ‘t-dots’ are more tolerant of ambient
background, as well as instrument disturbances including electronic noise, varying collection efficiencies
and chromatic aberration associated with optical defocusing. While compared with fluorescence color
barcodes, the decoding speed of lifetime barcodes is much slower.

Figure 6

Figure 6. (a) Eu-LRET barcodes (left) (Donor: Eu complex of thenoyltrifluoroacetonate; Acceptor: hexafluorophosphate
salt of cationic coumarin) and t-dots-encoded populations of microsphere barcodes (right). (b) Concept of t-dots-encoded
microspheres-based lifetime multiplexing suspension array (left), the microsphere barcodes embedded with Tm doped
UCNPs can be decoded by the time-resolved scanning cytometry system (right). (c) Lifetime-encoded Eu-LRET
microsphere-based multiplexed DNA detection and time-resolved OSAM decoding. The five selected Eu-LRET microsphere
barcodes were conjugated to five different DNA sequences, with Qdot 565 used as a universal reporter dye in the bead-based
assay. The microspheres were identified based on their lifetime codes while the amount of target DNA in the test samples

. . o 17,100
was determined by the intensities of the fluorescence reporters.

2.4. Surface-enhanced Raman scattering (SERS) spectrum-encoded microspheres

109, 11 59, 111, 112

0 S .
and biological sensing
106

SERS'"* ' is a widely used optical signal in biological imaging

that is traditionally based on plasmonic materials such as noble and coinage metals (e.g. silver, 107

108

gold,
and copper ) that have nanoscale features (e.g. roughened surfaces and nanoparticles). Some
nanomaterials including graphene,'” TiO,''* and QDs'"® have also been reported to show SERS. When
SERS is used as a coding element, it offers several unique advantages, such as:

(1) Ultrasensitive detection, which is of greater sensitivity than fluorescence-based methods,'' "8
offering detection capabilities down to the level of a single molecule;

(2) No photo-bleaching in Raman scattering;' "’

(3) Excitation light wavelength falls within a flexible range, covering the UV to NIR regions;'**

(4) High capacity of multiplexing.'”” Owing to the narrow spectral features of SERS, large numbers of
different Raman signatures can be obtained using different reporter molecules.

9, 121, 122 . 90, 123, 124
> 77" and readout techniques have

In recent years, various SERS-encoding nanomaterials
been reported. Most SERS-encoding nanomaterials are based on composite organic—inorganic
nanoparticles (COINs),"”’

be used to encode carriers as well as labels, due to their high encoding capacity and high sensitivity
7125

also called “SERS dots”. In suspension array technology, SERS signatures can
(Figure 7). Jun et a generated spectroscopically-distinguishable SERS barcodes by using three
different Raman labels in silver nanoparticle-embedded sulfonated polystyrene beads (Ag NPs). SERS
signals were then used to distinguish various targets, with a Cy5 fluorescent label used for quantitative
analysis (Figure 7(a)). To prevent fluorescence quenching, Cy5 was separated from the Ag NPs by coating
a silica shell on the nanoparticles. Moreover, additional barcodes were generated by coating several types
of SERS dots together with different intensities onto the microspheres.'> It is worth noting that signals
from the fluorescent labels can overlap with the SERS signal. In the future, overlap will have to be
avoided in this platform via careful selection of Raman dyes and fluorescent labels.

SERS dots can also act as simultaneous barcodes and labels (Figure 7(b))."* "“*'** Mirkin and

8

colleagues'”® encoded different oligonucleotide sequences by conjugating each oligonucleotide with a

unique combination of fluorescent dyes onto gold nanoparticles. The Raman probes were then used as
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in microbead assays and the Raman signals of the bound labels were enhanced by
gold-nanoparticle-catalyzed silver deposition. Thirteen oligonucleotide sequences were encoded by using
Cy3 and Cy3.5 fluorescent labels at five different intensity levels, resulting in the generation of
approximately 8000 barcodes by using six dyes with non-overlapping SERS spectra. However, the Raman
spectra will contain an increasingly large amount of unwanted features as more dyes are used, thus it is
unlikely to produce a large number of barcodes that will have robust and precise readouts. In 2007,

developed Nanoplex technology, which is based on the Nanoplex™ biotag'*’

and designed for use in
multiplex bioassays (Figure 7(c)). The Nanoplex' " biotag is composed of Raman active molecule-tagged
gold nanoparticles encapsulated within a silica shell. In a typical multiplex assay, the biotags, analytes, and
magnetic beads are immobilized with capture probes to form two-particle sandwich complexes. These are
then concentrated and detected at a specific location reaction vessel under application of a magnetic field.
This platform permits a fast, homogeneous reaction, no-washing, multiplexed analysis of biomolecules
high sensitivity (pg/mL for protein). Furthermore, infrared light excitation is used in this platform,
in reduced background fluorescence. However, the achievable multiplexing capacity depends on precise
decoding of the signals from mixed Raman labels. Therefore, the Raman dyes suitable for this platform are
limited to those with a simple molecular structure that provide less complicated SERS signals. Typically,

Nanoplex ™ biotag platform can multiplex about ten tests using a low-cost, handheld decoding reader.

Figure 7

Figure 7. (a) SERS barcode microsphere-based suspension assay; (b) Suspension assay that uses SERS dots as barcode

labels. (c) Nanoplex biotag,'?* 127- 128

129, 130 e . 131
and work on the distribution of site enhancements, = use of

55116

According to theoretical calculations
the Nanogap area''® (or the so called “hot spot™ ) of a noble metal colloidal aggregation can dramatically
increase the SERS signal and potentially enhance its detection sensitivity. Therefore, SERS probes with
built-in nanogap hot spots have attracted much attention, and various multimeric ensembles of metal
nanostructures with tailored interparticle nanogaps have been produced using self-assembly approaches.**
3 Anisotropic SERS signal from multimeric ensembles suffer from poor reproducibility of the
SERS-active sites, and the nonuniform SERS signal resulted from the wide distribution of the
enhancement factor (EF) values brings down detection sensitivity134. Recently, both the Nam'** and Duan
groups'®® reported core—shell SERS nanoprobes with interior nanogaps, which showed highly uniform and
efficient SERS activity (Figure 8). This kind of nanoprobe would be an ideal label for suspension arrays,
since it can provide uniform and high EF values (narrowly distributed between 10° and 5 x 109), which

result from its high sensitivity.

Figure 8

Figure 8. (a) TEM images and schematic diagrams of SERS probe with multimeric, inter-nanogap structure (left) and
monomeric SERS probe with an interior nanogap structure (right). The monomeric interior nanogap structure has a more
uniform surface gap junction, resulting in uniform SERS. (b) Excitation wavelength and dye position dependence of SERS
of gold nanobridged nanogap particles (Au-NNPs) in solution. All spectra (2—4) were acquired under the same detection

i . . 132,134
conditions at the same particle concentration.

2.5. Structure color-encoded microspheres

Structure color comes from the reflection of periodic nanostructures of dielectric materials (called
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“photonic crystals” *") and is another novel coding element. Structure colors are electromagnetic waves

7 Their colors are

fall in a specific frequency range and are prohibited by photonic crystals (PC).
determined by the structural period and system refractive index of the dielectric system according to the
Bragg’s law, mA = 2ndsinf, where m is the diffraction order, A is the light wavelength in vacuum, n is the
refractive index of the material, d is the diffracting plane spacing, and 0 is the Bragg glancing angle. Thus,
structure color is tunable and resistant to photo bleaching. Stable barcodes can then be obtained from the

138, 139 . : 138
> For instance, Cunin et al. ~° prepared PC-encoded,

tunable reflectance peaks of photonic crystals.
porous silicon microparticles by galvanostatic anodic etching of crystalline silicon wafers. Silicon particles
with porosity variation were prepared, with the periodicity of the porosity variation controlled by the
parameters. In this way, particles with different reflectance peaks could be produced. Importantly, particles
with multiple reflectance bands could also be precisely produced.'*” The wavelengths of peak reflectance
were used as encoding elements, resulting in the fabrication of more than one million encoded porous
PC microparticles. Of note is that the decoding process required that the anisotropic 2D microparticles
properly dispersed and correctly orientated,"*’ which is difficult to achieve. However, this problem can be
solved by using isotropic 3D PC microspheres.”

Gu et al."™ "' have done comprehensive work on photonic crystal microsphere- based suspension
arrays. As shown in Figure 9, opal colloidal photonic crystal structure composed of either submicron silica
nanobeads or submicron polystyrene nanobeads with an inverse opal colloidal, photonic crystal structure
were used to generate barcodes. However, the number of photonic crystal barcodes is limited because it is
a one-dimensional encoding method. Given this limitation, other encoding elements such as QDs144 were
added to enrich the barcode library. Recently, multiple-core photonic crystal barcodes'*® with multiple
structure colors have also been produced. When photonic crystal microsphere barcodes were applied in a
suspension array, high sensitivity (0.92 ng/mL for IgG) was obtained due to the high surface-to-volume ratio
(SVR) resulting from the ordered and porous nanostructure.”’ However, the photonic crystal barcodes

were found to be larger than 100 pm, which would pose a challenge for high-density multiplexing.

Figure 9

Figure 9. (a) Reflection spectra of the opal photonic crystal beads (PCBs) composed of silica nanoparticles with different
sizes (left to right, 200, 225, 240, 260, and 295 nm) and (b) SEM image of opal PCBs surface, Insert is a 200 pm opal PCB;
(c) 3D image of the seven kinds of inverse-opaline PCBs in water and (d) SEM image of the inverse-opaline photonic bead

surface. Insert is a 10 um inverse-opaline PCB. 14

Table 1. Comparison of different encoding methods.
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2:::;5 enc«El:;Ze:p:ciw Reported barcode number Stability Advantages Disadvantages or problems to be solved Refs
. up to 500 ( Luminex FLEXMAP easy forencoding and decoding; better need multiple excitation; limited
Organic dyes ++ ™ + P . . L 25
3D system) batch uniformity encoding capacity; poor stability
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background interference

combination of lifetime, color and
Life-time ++ 8 (Yiging Lu et al.) +4+++ low background interference intensity for encoding is a challenge; 17
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limited by cross-talk between barcodes
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. produce large numbers of barcodes that
carriers) .
have robust and precise readouts
SERS unlikely to produce large numbers of
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Structure color ++ different single structure colors +++++ high stability 1orary 1as been obtaned by combining - ¢

with QDs; large size limits its

(Gu et al) . . .
multiplexing capacity

Fabrication technologies for nanoparticle-tagged barcodes

Most suspension arrays using nanoparticle-tagged barcodes require uniform and biocompatible
microspheres that are incorporated with different nanoparticles. It is therefore of great importance to
develop techniques that allow for (i) highly efficient and reproducible barcode preparation that (ii) have
excellent properties. Currently, most of the reported fabrication processes can be divided into the
following five categories:°

6] Trapping nanoparticles into porous microspheres through the use of swelling methods;

(i1) Coating nanoparticles onto spherical template surfaces using layer-by-layer self-assembly
methods;

(iii) Embedding nanoparticles into microspheres during their formation process via emulsification
and/or polymerization methods;

(iv)  Micro-engineering emulsification and/or spray technique-assisted methods;

%) Using sol-gel processes to encapsulate nanoparticles into the silica shell of spherical templates or
silica microspheres.

It is important to evaluate these manufacturing techniques and assess whether or not they are well-suited
to barcode production. First, barcodes should be efficiently and reproducibly generated with corresponding
high yields. Second, the methods employed should have low requirements on the need for synthesis
equipment in addition to as simple a protocol (including purification steps) as possible. Third, barcode
properties including size, monodispersity, stability, interior nanoparticle distribution, and the compatibility
with probe molecules coupling should all be evaluated.

As for QD barcodes, poor monodispersity—as indicated by a large coefficient of variation (CV)
value—Ileads to variations in QD incorporation. This has adverse effects on deconvoluting the intensity
of the barcodes, thus limiting its encoding capacity.'” Furthermore, the non-uniformity of barcode sizes
also lead to large CV values of detection, resulting in limited sensitivity. Maldistribution of QDs in
microspheres increases the FRET effect among different QDs, resulting in limited encoding capacity. Note
that the FRET effect among different QDs can be prevented by controlling the locations of different

146

QDs within microbeads. ™ The stability of barcodes may also impact the accuracy of barcode

identification.®’ Additionally, the raw material for barcodes should be carefully chosen for subsequent
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functional modification and probe immobilization. A comparison of some typical manufacturing

is shown in summary Table 2.
3.1. Swelling method

In commercial suspension array systems, barcode preparation processes usually involve swelling the
polymer beads in an organic dye-containing solvent, thereby allowing the dye molecules to infiltrate the
beads.”"'*" After removing the solvent, the beads shrink and effectively trap the dye molecules. Nie et al.
were the first encoded polystyrene microspheres with hydrophobic QDs via the swelling method.'? By
using a modified procedure, Nabiev ez al.'** doped water-soluble CdSe/ZnS QDs into polystyrene latex
beads with the carboxylic groups on the surfaces to allow for further bioconjugation. Afterwards, Nie et
al.® transformed commercial polystyrene microspheres into mesoporous microspheres (pore diameter of
2-50 nm), and doped them with QDs. This doping was shown to be much more efficient than when used
on nonporous beads, resulting in barcodes with fluorescence intensities that were 1000-fold brighter and
five-fold more uniform than those of nonporous beads.

" In the

QDs were pushed into

The key principle behind the success of the swelling method is the driving force of penetration.

12, 13, 68, 150 : 148
L= > and Nabiev et al.,

swelling method employed by Nie et a
microspheres using either a hydrophobic'? or hydrophilic interaction,'*® with poor solvents used to
increase the driving force. Another driving force is the difference of QD concentration between the interior
and exterior of the microspheres. Thus concentrating the QDs outside the microsphere during the doping
process can more effectively drive penetration. Song ef al.">' combined these two types of driving forces
via a gradual solvent evaporation method. However, the fluorescence intensities of the QDs were often

149 o
To address this issue, a

decreased during the swelling process due to the use of a poor solvent.
“swelling-evaporation” method'* was recently developed, in which the swelling process was combined
with gradual solvent evaporation, avoiding the use of a poor solvent (Figure 10). The relationship found
between pore size and fluorescence indicates that when used with microspheres that have no or small
pores, QDs will remain on the surface. In contrast, microspheres with pores that are too large will fail to
trap Qidertfhneghalyove, mesoporous microspheres facilitate efficient incorporation of QDs, but of concern
is the fluorescence stability of barcodes produced by this method.®' In order to obtain stable QD-encoded
barcodes, QDs should be positioned well inside the polymer matrix to prevent leakage from the

213 Ty this end, Gao et al.'® encapsulated QD-doped mesoporous microspheres

microspheres.
(QDMMs) with silica shells to prevent potential leakage and/or chemical-induced degradation of the
embedded QDs. To create anchor points for silane condensation, a polyvinyl alcohol layer should be

L. ' proposed a “self-healing”

coated onto QDMM firstly via a microemulsion procedure. Song et a
encapsulation strategy to seal the surfaces of QD-embedded porous poly(styrene-co-EGDMA-co-MAA)
microspheres. The QD barcodes obtained via this “self-healing” encapsulation strategy were promising
and showed high stability. However, both methods are complex and time consuming and will need further
reftneoeetite use of swelling methods has resulted in excellent monodispersity of barcodes , they have been
widely employed to produce other nanoparticle-encoded microspheres, including multicolor UCNPs
encoded barcodes'® and ‘t-dots’ encoded barcodes.'” Compared with QDs, UCNPs (or ‘t-dots’) are more

tolerant of degradative chemical environments.

Figure 10

Figure 10. (a~b) Swelling-Evaporation (SE) method versus the swelling method originally proposed by Nie et al. (a)

Fluorescence spectra of 525 nm QD-microspheres prepared by the two methods. Vp/c is the volume ratio of butanol to
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chloroform. (b) The use of different primary diffusion driving forces in both the SE and the swelling approaches. (¢) SEM
images and laser confocal fluorescence images of microspheres with suitable pores (b1-b4), microspheres with exceedingly

large pores (c1-c4), and nonporous microspheres (d1-d4).'*

3.2. Layer-by-Layer (LBL) self-assembly method

Traditionally, the LBL deposition method'™* is based on alternating adsorption of oppositely charged
species. This then allows for various nanostructures to be held together by electrostatic forces and
hydrogen bonding interactions. Incorporating QDs onto microspheres through layer-by-layer technology

was first used by Rogach et al.”

. Furthermore, multicolor QDs have been shown to be rapidly and
precisely deposited onto different spherical templates (Figure 11).'**"**"*® Usually, the LBL method for
QD-encoding uses hydrophilic and charged QDs, which are transferred from hydrophobic QDs either

° or encapsulation with amphiphilic copolymers.”® However,

through ligand exchange techniques'
oftentimes the quantum yields (QYs) of QDs significantly decreases during the solvent transfer process.
Hydrophobic QDs have also been deposited onto microspheres,157 but the resulting QD fluorescence
intensities are compromised due to the poor solvent capacity of water. Moreover, an extra layer is always
needed to protect the QDs. Instead of utilizing electrostatic forces, Rauf and coworkers'™ '® deposited
multilayer QDs onto microspheres containing magnetic nanoparticles by a biotin-streptavidin system
(Figure 12). This method provided for a reagent-less, self-assembly process for barcode production that
was stable even at high temperatures (as indicated by no fluorescence signal variation after treatment at 95
°C for 15 min). Moreover, streptavidin also provided a blocking coating to minimize non-specific
bidfhaliBL process is also suitable for deposition of other nanoparticles, such as magnetic iron oxide'®’
and colloidal metal nanoparticles.'®® However, the LBL process will become more complex and

time-consuming as more and more layers are needed.

Figure 11

Figure 11. (A) Confocal laser scanning microscopy (CLSM) image of three sets of microspheres encoded with (I) three
layers of green QDs (three green layers), (II) one red layer and two green layers, and (III) one red layer, one yellow layer,
and one green layer (B) The emission spectrum of one (circled) microsphere from each set. Colors of the circles correspond

to the line colors of the emission spectra indicated in panel B.'Y’

Figure 12

Figure 12. Schematic illustration for fabricating inorganic nanoparticle-composite microspheres using the LBL method

and via the interaction of biological molecules'>’
3.3. Embedding nanoparticles during the formation of microspheres

Embedding nanoparticles into microspheres during the formation of the microspheres themselves is
another popular method and can be divided into two types according to a synthesis process of either
polymerization or emulsification/solvent evaporation.

The most direct application of the polymerization method is to introduce hydrophobic nanoparticles into
drops containing monomers, an initiator, and a crosslinking agent, and then trigger the polymerization.163
However, using this method results in QD barcodes that have a maldistribution of QDs within the
microspheres. This is due to the incompatibility between QDs and the polymer, thus requiring surface
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modifications of the QDs to allow for a more equal distribution.'® '®® Bawendi er al.'® modified QDs
various phosphorus oligomer ligands, then encapsulated QDs in polystyrene beads. Although the results
indicated that a uniform, spatial distribution of QDs within the polystyrene beads could be obtained, the
microspheres showed poor monodispersity. As for hydrophilic nanoparticles, hydrophobic modifications
would need to occur prior to encapsulation. For instance, Gao et al.'®'® transferred hydrophilic
nanoparticles to hydrophobic ones by using various surfactants and ligands. These nanoparticle-tagged
microspheres were then synthesized by emulsion polymerization.

Although polymerization methods provide high yield with a low demand on synthesis equipment,
modifications to nanoparticles are needed to improve the compatibility between  nanoparticles and
polymers. In turn, these modifications may reduce the fluorescence intensity of nanoparticles such as QDs.
Gao et al.'® found that several oxidative initiators such as benzoyl peroxide, potassium persulfate, and
hydrogen peroxide caused fluorescence quenching of QDs during the polymerization process. The reactive
QDs could adversely affect the nucleation and growth of the copolymerization process, leading to broad

particle size distribution.'*

Additionally, lengthy and tedious purification steps are needed, providing
further limitations.

When compared to the polymerization method, the emulsification/solvent evaporation process can
encapsulate nanoparticles into polymeric microspheres without the need for chemical modifications to the
nanoparticles. Moreover, the mild emulsification conditions are beneficial and provide protection to the
nanoparticles. During the emulsification method, the polymers and nanoparticles are dissolved directly
into the dispersed phase solvent. Stirring action (e.g. homogenization) or ultrasonic dispersion then
enables the emulsion droplets to form in continuous phase containing surfactants. Finally, the droplets
solidify into microspheres via solvent evaporation and the nanoparticles are embedded into the resulting

170-172

polymer matrix. However, the broad distribution of bead size also renders this method problematic

for barcoding applications.

146,173,174 :
" For mstance, Ku et

Self-assembly processes have been introduced into emulsification methods.
al. " developed multi-color emitting, hybrid block copolymer (BCP)-QD microspheres by locating
differentially-colored QDs in different BCP micelles. The FRET effect among different QDs was
completely suppressed due to the thick protective micellar corona. Gao ez al.'” reported a synthetic route
for QD nanobarcode based on epitaxial assembly of nanoparticle amphiphilic polymer complexes in
homogeneous solution. When polar solvent dimethylformamide (DMF) was added into QD and
poly(maleic anhydride-octadecene) (PMAO) containing tetrahydrofuran (THF) solution, the QD-PMAO
complexes epitaxially grew into highly fluorescent nanobeads with narrow size dispersity via multivalent
hydrophobic interactions. Furthermore, the polymer chains in the nanobeads were cross-linked with
small-molecule diamines, resulting in enhanced stability.

SERS microspheres and UCNP-embedded microspheres can also be synthesized by both the

175, 176 174, 177 .. 175
Fenniri et al.

polymerization and emulsification methods. synthesized SERS-active
microspheres via suspension polymerization, whereby AgNPs that had been functionalized with
polymerizable groups (i.e. the Raman labels) were used as cross-linking agents. Wang et al'™ fabricated
UCNP-encoded superparticles (SPs) via a convenient microemulsion, self-assembly technique. A colloidal
cyclohexane solution containing one or more kinds of NaYF 4:Yb* /Lo’ nanocrystals was added to anionic
surfactant SDS- (sodium dodecyl sulfate) containing aqueous solution, then the system was emulsified by
vigorous stirring. After evaporation of cyclohexane, UCNPs had assembled to form highly-ordered, 3D

SPs.
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3.4. Microengineering emulsification and spray techniques

166

Nanoparticle embedded microspheres that have been prepared by either the polymerization to

traditional emulsification methods'”* are not uniform enough in size for use in a suspension array. To solve

. . . . . . . 178 - . . . g 65, 82, 145
this problem, microengineering emulsification techniques ", including microfluidic technology ™ °~ ™

17918 and membrane emulsification techniques,so‘ % have been introduced that can produce monodispersed
droplets. The mechanisms underlying microfluidic and membrane emulsification are similar, both of
which involve two steps: (i) the formation of emulsion droplets and (ii) the solidification of droplets (via

. .30, 65 181, 183
solvent evaporation™ ’

or polymerization ). However, these two methods differ in the formation
process of emulsion droplets. With microfluidic emulsification, the disperse phase containing polymers or
monomers is broken into emulsion droplets by continuous phase in microfluidic channel (Figure 13).
Contrastingly, membrane emulsification employs a disperse phase that passes through a number of
uniform pores of rigid membrane (e.g. Shirasu Porous Glass (SPG) membrane) under appropriate pressure.
This then enters into the continuous phase to yield uniform emulsion droplets (Figure 14).

Microfluidic techniques offer excellent control of emulsion droplets, thereby providing a powerful
platform for continuous and reproducible production of polymer microspheres with precise control over
their monodispersity, structure, and composition.'”” Thus, uniform nanoparticle-tagged microspheres with
controlled structure and composition can be produced by taking advantage of the controllable structures
and independently tunable compositions of microfluidic emulsions (Figure 13). Chan ef al.®® developed a
set of concentration-controlled flow-focusing (CCFF) devices (Figure 13(a)) based on microfluidic
technology, resulting in the production of 4~20 pm uniform QD-encoded microspheres. The size of the
encoded microspheres could be controlled by varying the polymer concentration and/or flow rates. Both
increasing the focusing flow (the flow of the continuous phase, water) and decreasing the focused flow
(the flow of the disperse phase, QDs/polymer-containing CH;Cl; which is broken into droplets by the
continuous focusing flow) led to smaller particles. By using the microfluidic device shown in Figure
13(b), uniform microspheres (46.4 + 1.0 um) encoded with lanthanide nanophosphors were also
produced.® Hydrophilic lanthanide nanoparticles and pre-polymer-containing water flow (disperse phase)
were broken into uniform droplets by a continuously flowing oil stream at the T-junction of the device.
The droplets were then polymerized into beads via UV light illumination.

Microfluidic devices have also been engineered to operate a double emulsification process, resulting in
the production of multi-core microsphere barcodes.'®" "** ' Gu er al."™®' produced 50 pm QD-encoded
microspheres with PEG shells by polymerizing O/W/O type emulsion using a capillary microfluidic device
shown in Figure 13(c). By using double-emulsion droplets with two inner droplets (QD- and magnetic
nanoparticle-dispersed droplets) as templates, they fabricated 100 um anisotropic magnetic barcode
microspheres with either two separate cores or with a Janus core. Chen et al'™® generated multicolor
QD-encoded core-shell microspheres by using double emulsions using multiple cores as templates. By
embedding different QDs into different cores, the FRET effect among different QDs could be effectively
avoided. Furthermore, using the protection of hydrogel shells, the QD leakage was prevented, leading to a
significant enhancement of barcode stability. Kim et al.'® developed an encoding scheme by using core
droplets with three distinct colors (red, green, and blue, (RGB)) and optically identifiable codes were
generated by controlling the number of RGB core droplets encapsulated within the shell droplet. As shown
in Figure 13(d), by using a photocurable resin flow with silica nanoparticles (indicated as the middle
flow), silica particle arrays were formed on the surfaces of both the core and shell of the barcodes.
Moreover, microfluidic-assisted methods have also been widely used to prepare photonic crystal
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barcodes.® '** By using a capillary microfluidic device with multiple injecting channels (see Figure 13(e))

and silica nanoparticles-dispersed ETPTA (Ethoxylated trimethylolpropane triacrylate) solutions as the

145
L

inner phase, Gu ef a generated multiple-core opal colloidal photonic crystal barcodes.

Figure 13

Figure 13. Schematic illustration of the fabrication of inorganic nanoparticle-composite microspheres by using various
microfluidic devices. Microfluidic generation of monodispersed, single emulsions: (a) Concentration-controlled,
flow-focusing (CCFF) device for preparation of QD barcodes. (b) Lanthanide nanophosphor-encoded microspheres
synthesis using a microfluidic device. Stage 1: hydrophilic lanthanide nanoparticles (Eu alone (red), Eu/Sm (green), Eu/Dy
(orange)) suspended pre-polymer mixture are mixed on the chip using a herringbone mixer. Stage 2: Water (blue) pushes the
lanthanide mixture (pink) towards a T-junction, where the water phase breaks it into droplets (inset high-magnification
image) by a continuously flowing oil stream. Droplets are polymerized into beads via illumination of a downstream UV
light and collected for later use. (c¢) Anisotropic magnetic barcode microspheres prepared via controlled double
emulsification by using a microfluidic device with two inner jets. (d) Multicore-encoded microsphere with silica particle
arrays at the inner and outer surfaces produced via double emulsification. (e) Schematic of the capillary microfluidic device
used to generate the multiple core double emulsions (top), 3D image and reflection spectra of four-core barcodes with red,

green, and blue opal photonic crystal cores and one magnetic core (bottom), 6% 82 143, 181185

Although microfluidic techniques provide the versatility necessary for precise control over the
monodispersity, structure, and composition of barcodes, their productivity is limited andmost resulting
barcodes—especially those with complex structures—are too large for use in high-density, multiplexing
applications. When compared to microfluidic techniques, the membrane emulsification technique results in
higher productivity,30 since many droplets can be produced simultaneously. The most commonly used

188
Membrane

membranes for membrane emulsification are SPG'™" ' and microsieve membranes.
emulsification techniques have been widely used to produce uniform particles, with the mean particle size
ranging from sub-micrometer to several hundred micrometers in diameter, with a typical CV of
10-20%."™ Recently, SPG membrane emulsification was successfully used to prepare QD-encoded

. 30, 66
microspheres.

This method has the potential to provide approximately 1000-fold increased
productivity over that of the CCFF technique, resulting in encoded microspheres that show good
monodispersity (CV < 10%). By using SPG membrane with different pore sizes, a barcode library

combining color encoding and size encoding could be produced (Figure 14).

Figure 14

Figure 14. (a) Schematic diagram of SPG membrane emulsification device and process; (b) Schematic illustrating the

preparation of carboxylated QD barcodes by a SPG membrane emulsification-solvent evaporation approach.** '

A spray technique'” that is based on the atomization of uniform droplets has also been successfully
introduced for the high yield production of uniform barcodes.'®*"-'> Previous work has shown that it is
capable of producing uniform microspheres with sizes ranging from nano to micron.'” Couzis et al.'®
produced 50 um QD barcodes using a spraying-suspension polymerization method (see Figure 15(a)). The
QDs and pre-polymer containing solutions were ultrasonically atomized into droplets with resulting
barcodes polymerized from the droplets showing good monodispersity. Yang et al.'’' generated highly
monodisperse (CV < 1%) photonic crystal microspheres via an electrospray device as shown in Figure

15(b). Further, Sun et al."* produced QD barcodes with a mean size of approximately 1 pm by using an
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electrospray/solvent evaporation method.

Figure 15

Figure 15. (a) Schematic of the experimental set up for the spraying suspension polymerization technique. (b) Preparation of

monodisperse opaline photonic crystal balls (2) and inverse opaline photonic crystal balls (3) via an electro-spraying method
) 165, 191

3.5. Encapsulating nanoparticles by sol-gel process

Silica materials obtained via the solution—gelation (“sol—gel”) inorganic polymerization process'’> are
of particular interest since they are resistant to degradation and can be easily modified with a wide range

of functional groups.194 The sol-gel method'** %

is a widely used approach for encapsulating organic dyes
or nanoparticles into silica microspheres or the silica shell of template microspheres (Figure 16), with
resulting microspheres showing good monodispersity. Insin ez al.'”* encapsulated water-soluble QDs and
iron oxide nanoparticles into silica shells to generate dual-functional silica microspheres. Zhang et al.*!
encapsulated hydrophilic UCNPs via a traditional sol-gel process and generated upconversion
nanobarcodes (<90 nm). Ma et al."”® developed multicolor-encoded silica microspheres using a stepwise
encapsulation of quantum dot/silica multilayers and a reverse microemulsion method. In this manner,
hydrophobic QDs were used without the need for phase transfer, lending further protection to the QDs.
Moreover, energy transfer processes between different QDs leads to a deviation of the designed signal

1.7 produced multi-component barcode

ratios that can be suppressed by the pure silica layers. Wang et a
nanospheres that contain a magnetic nanoparticle (MNPs) core, with different emission QDs separated into
spatially distinct silica layers (shells) and QD-free silica layers (insulation layers) using a stepwise sol-gel
process.

Sol-gel methods are also versatile for producing dual-functional®® or multi-functional particles, for
tuning the optical properties of nanoparticles,'”” or for producing protective layers for SERS dots.'* 2%

Moreover, the silica surface is amenable to later modification and bioconjugation.

Table 2. Comparison of different methods for producing QD barcodes.

Concentration-controlled Membrane

Swelli L -by-Li Pol izati
wering ayer-by-Layer Oymerization flow-focusing (CCFF) emulsification

Synthetic steps 3 or more more than 3 2 1 1
Purification tedious tedious tedious no need no need
b:isoed?rfg difficult easy easy easy easy
monol;ies::rsity excellent (<3%)  excellent (<3%)  poor (>10000%) good (<10 %) good (<10 %)
Size range 100 nm~10 pm 100 nm~100 pm undifined 4~20 um 0.1~20 pm

1000-fold
Yield high high high not enough greater than
CCFF
oor(need ood (due to
Stability proltaecti(()n layer) pritectifm layer) good good good
Bioconjugation feasible feasible feasible feasible feasible
poor stability; lack of
Prbolems for = hard to create low encoding monodispersity ~does not allow microspheres undifined
application  large barcode capacity and control of smaller than 4pum
library size
Refs 12 157 201 65 30

Figure 16
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Figure 16. (a) Silica-shell-encapsulated nanoparticles made by a sol-gel process (b) Illustration of the procedure used to

prepare multiplexed, color-encoded silica nanospheres encapsulating QDs multilayers. '** '

Optical label and signal amplification

In order to apply the barcodes in a suspension array, an additional labeling step is usually required to
monitor biomolecular binding events. Various types of optical labels have been used in suspension arrays,
including organic dyes, QDs, and SERS dots (see Table 3).%%6%:126. 51 However, some label-free patterns

202-204

have also been developed. Moreover, various patterns for signal amplification have been developed

to increase overall sensitivity.”*>>"
Usually, labels are used to generate a quantitative signal for binding events, with label elements capable
of acting as barcodes for the recognition of different binding events (e.g. SERS label). When combined

210 . 211 .
and /or nanostring” ', organic dyes can produce a

with special structures such as dendrimer-like DNA
number of encoded labels by varying the color and amount of the organic dyes. This scheme can be
expanded to other types of labels, including QDs and SERS dots, as well as other structures such as

polymer beads.
4.1. Label-based suspension arrays

Using a suitable label leads to high sensitivity. In order to obtain a high signal-to-noise ratio, labels can
be chosen according to the following principles:

1) Minimization of background signal (e.g. less background signal produced when NIR-exciting rather
than UV-exciting dyes are used; using labels with relatively long lifetimes, using time-resolved
measurements to temporally discriminate background signal from label signal®’)

2) Avoiding interference between barcodes and labels (e.g. minimizing spectral overlap and FRET
effects between labels and barcodes)

3) Maximization of label brightness: (e.g. QDs have higher molar absorption coefficients and quantum
yields than organic dyes, making them brighter labels.)

Traditional labels such as organic dyes® " ?'* 2B(eg. FITC, Alexa488, Alexa647, Cy5) and
fluorescent proteins30 (e.g. R-phycoerythrin) are still the most widely-used labels in suspension array
technology. When compared to FITC, R-phycoerythrin214 and Alexa488>" are brighter dyes due to their
high extinction coefficients and quantum yields. R-phycoerythrin has a large Stokes shift, which can make
it easier to separate its signal from background.*'* Cy5 is one of the most popular organic dye labels and
gives a high signal-to-noise ratio due to its low background signals with long wavelength excitation.*'®

Inorganic nanoparticlesm‘ 218 (e.g. QDs, UCNPs) and nanostructures”'’ (e.g. SERS dots,
nanoparticle-containing organic dyes) are more stable and carry higher density optical signals. As such,

111, 220, 221 126, 151

they have also been widely used as labels in planar microarrays and suspension arrays.

When compared to traditional organic dyes, QDs exhibit brighter fluorescence due to their much higher

. . . . . . .. . . 57.221
extinction coefficients, which are beneficial for highly sensitive biosensing.” "

The increased brightness
of QDs also minimizes the working concentration of QD conjugations (labels), thus reducing the type of
non-specific binding that can occur using highly concentrated QD conjugations.22 Moreover, the large
Stokes shifts of QDs provide a way to easily separate the QD fluorescence from background

autofluorescence, even if excited by UV light.***
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SERS dots have also been used as barcode labels in suspension arrays (e.g. Nanoplex™ biotag), which
enable an ultrasensitive, fast, no-washing, homogenous reaction and multiplexed analysis of biomolecules.
Moreover, higher sensitivity can be achieved by taking advantage of the nanogap areas of noble metal
colloidal agg,rregations132 or core-shell SERS nanoparticlesl34. As discussed in Section 2, UCNPs can
provide high sensitivity, but they have not yet been used as labels for suspension arrays due to their
multicolor emission properties. Fortunately, UCNPs with a single-band emission have been developed.® ™

Currently, there are several unaddressed concerns regarding the use of nanoparticles in biosensing.”” "

**3 First, nanoparticles should be modified with an amount of ligand that not only introduces suitable
functional groups for conjugation with biomolecules, but also maintains long-term colloidal stability and
the stability of the nanoparticles’ optical properties.”* For a more detailed discussion regarding the surface
modification of inorganic nanoparticles, please refer a recent review by Sperling and Parak.””

Second, nanoparticle conjugation techniques have not yet been perfected.”*® Pathak ez al.**’ studied two
models for antibody labeling with QDs: (1) direct coupling of functionalized QDs with monoclonal
antibodies via standard bioconjugation techniques, and (2) indirect coupling via the biotin—streptavidin
binding of streptavidin-coated QDs with biotinylated antibodies. Their results demonstrated that there
were very few antibodies available for target binding in the direct coupling approach. This was due to the
orientation of the recognition sites (Fab region) of most antibodies, which were located close to the QD
surface, ultimately resulting in inadequate target binding (Figure 17). Comparatively, biotin—streptavidin
conjugations increased the space between the QD and antibody, thus offering more structural opportunities
for light chain fragments (Fab region) to bind to their targets. When used in immunoassays (including
suspension arrays), the biotinylated antibodies were shown to bind with the target protein first, after which
they were captured by the QDs-streptavidin (labels) through the specific biotin—streptavidin conjugation.
This sequence of events thus eliminated all of the worst possible orientations.

Finally, to overcome the shortcomings of the traditional random orientation binding methods,
directional-oriented  conjugation techniques’® have been developed. Directional orientation
immobilization of mAbs occurs when the Fab region (the recognition site) is oriented away from the
support surface to preserve the full functionality of the antibody. Kumar er al**® developed a
directional-oriented conjugation protocol by attaching a heterofunctional linker to the nontargeting portion
(Fc region) of a glycosylated antibody, thereby leaving the antigen-binding portion (Fab region)
unhindered (Figure 17(c)).

Figure 17

Figure 17. (a) Schematics of a QD-antibody conjugate (direct conjugation). Most antibodies show worst-case orientations,
meaning that the recognition site (Fab region) of the antibody is oriented close to the support surface, resulting in a lack of
target binding. (b) A comparison for two conjugation schemes using calculated values for the average number of antibodies

available for target binding on the QD surfaces. (c) Directional-oriented conjugation of antibodies to AuNPs, *7227-228

Table 3. Comparison of properties of different labels®” '*7- 24229
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Fluorescent protein

Organic Dyes

Quantum dots (QDs)

SERS dots

Upconcversion nanoparticles

visible organic dyes I NIR organic dyes

Examples R-phycoerythrin FITC, Alxea488 | Alexa647 ,CY5 CdS, CdSeS Nanoplex" biota, NaYF4:Yb,Er NaYF4Yb,Tm
Absorption spectra narrow absorption spectra narrow absorption spectra quasl-co:bl;r;umutril;:lg::;(:smon of nano ab;[(l)g:eloriloipeclra n
L asymmetric, tailing to long- asymmetric, often tailing to long- . . . multicolor emission, from UV
t il fi t SERS
Emission spectra wavelenath side b symmetric, gaussian profile ingerprinf TONR
Molar abs orption - - I
ored 1.96<10° M e ! 25%10°2.5%10°M 'em ' 1x10°~1x 10°M 'em '
coefficient
Quantum yield 0.82 0.5~1.0 0.05~0.25 0.1-0.8 (visible), 0.2-0.7 (NIR) 0.00005~0.03
Stokes shlﬂ]:l'rﬂanu-smkes 80 nm small Stokes shifts typically <50 nm for intrinsic QDs large anti-Stokes shift
shi
Fluorescence lifetimes 29ns 1-10ns 10-100ns ol

milliseconds

Binding to biomolecules

via functional groups
following established
protocols

via functional groups following
established protocols; several dyes bind
to a single biomolecule

via ligand chemistry, few protocols available; several biomolecules bind to a single nanoparticle

Size( molecular weight)

240000 Da (Mw)

0.5 nm; molecule

6-60 nm (hydrodynamic diameter);
colloid

300~500 nm

10nm~200 nm

Stability

++

++ +

o+

o+

++ -+

Sensitivity (signal to
noise ratio)

+++

+ ++

+++

+++

have not been used as labels
in suspension array

Disadvantages

background interference,
cross talk with barcodes

background interference, cross talk with
barcodes, stability for NIR organic dyes

background interference, limited by
complexstructure and surface
chemistry

multiplexing capcity is
limited by decoding
instrument

limited by complex structure
and surface chemistry

4.2. Label-free suspension arrays

Label-based detection strategies have several limitations, such as the limited number of matched-pair

antibodies, ™’ alterations of surface characteristics of the reporter molecules, and time and effort required
for the labeling procedure, to name a few. Label-free techniques that monitor inherent property changes of
reaction carriers induced by target binding events could be used to avoid these problems. To this end, a
number of label-free planar arrays™' have been developed, including microarrays based on surface

232 233
carbon nanotubes (CNTs)
15,203, 204

234
plasmon resonance (SPR), , and nanowires.”" In recent years, a few

label-free suspension array methods and some bead-based label-free patterns which can also be
expanded for multiplexingm’238 have been developed (see Table 4).

Gu et al.'>*? developed an inverse photonic crystal-based label-free platform, in which the target
quantity can be detected by monitoring the reflection-peak shift of photonic crystal microbeads (Figure
18). Although this platform is promising, the sensitivity is low (I nM for DNA), and needs further
improvement.

Jun et al.”” reported a label-free method based on a molecular beacon (MB) approach. They introduced
an RNA aptamer-based molecular beacon that can undergo spontaneous conformational changes upon
hybridization between proteins and aptamers. Such spontaneous conformational changes lead to blocking
of the FRET effect between fluorophores and quenchers, thus “turning on” the fluorescent light of the MB.
However, only a few RNA aptamers have been reported for protein targeting, thus limiting the number of
applicable target proteins that can be detected by this method.

Label-free patterns using conjugated polymers (CPs) as signal transducers have also been developed.204’

233,236 A5 novel optoelectronic materials, CPs have been widely used in biosensing, bioimaging,

239-243

therapy , and barcoding® due to their high fluorescence quantum yields and large extinction

coefficients. Jun et al.”* coated polydiacetylene (PDA, a water-soluble fluorescent conjugated polymer**")
layer onto optically-encoded microspheres, with the PDA layer exhibiting a blue to red color change
induced by external stress. However, color change of the PDA can be induced not only by
antibody-antigen binding but also by other stressors, including pH and temperature, thus limiting their
practical application for high-throughput, multiplexing of targets. Moreover, the blue to red color change
of PDA occupies a broad spectral range, thereby compressing the total encoding space.

Further work by Liu et al. showed the feasibility of label-free, bead-based biomoleculear detection
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based on conjugated polymer staining.”*> *** As shown in Figure 19(a).”” lysozymal selective
aptamer-coated silica nanoparticles were used as carriers and binding events resulted in an alternation of
the surface charge from negative to partial positive. A highly fluorescent, anionic poly
(fluorene-alt-vinylene) (PFVSO;) was then stained onto protein/aptamer-NP complexes via electrostatic
interactions, which transferred the binding events into fluorescent signals. However, this convenient,
label-free bead based assay gave a low limit of detection (~0.36 pg/mL for lysozymes). This CP
staining-based label-free scheme can be expanded for multiplexing by using proper barcodes like QD
barcodes instead of silica nanoparticles. To obtain high multiplexing capacity, a large portion of the visible
light region should be reserved for QD barcodes. Thus water-soluble anionic CPs with narrow band or
near-infrared band emission spectrum would be preferred.

Moreover, CPs also show efficient energy-transfer properties and excitations can be efficiently
transferred to lower electron/energy acceptor sites over long distances, leading to fluorescence
superquenching of CPs or signal amplification of acceptors.245 Liu et al®* developed a label-free,
single-nucleotide polymorphism (SNP) detection platform by utilizing FRET effect of CPs. As shown in
Figure 19(b), after the sequence-specific hybridization between the DNA probes on the silica
nanoparticles to the targets of interest, DNA molecules were successively treated with ethidium bromide
(EB) and a cationic tetrahedralfluorene. The target recognition events were then transferred into enhanced
sensitized EB emission via FRET. Due to the selective response of tetrahedralfluorene to intercalated EB,
the complementary DNA targets were differentiated from those with a single base mismatch. Moreover,
this FRET-based SNP DNA detection platform is capable of conducting multiplexed detection if proper
barcodes, rather than silica nanoparticles, are used. However, fluorescent or SERS barcodes are not
suitable for this multiplexed detection scheme due to their severely restricted excitaion and emssion bands.
Similarly, Boudreau et al®’ developed a label-free, DNA sensing strategy combining the molecular
recognition capabilities of a cationic conjugated polymer (CCP) transducer with highly fluorescent,
core-shell nanoparticles (NPs with an Ag core and fluorescent silica shell) (Figure 19(c)). The binding
events were monitored via enhanced FRET effects between the CCP transducer (donor) and fluorophores
(acceptor), which had been doped in the silica shell of the Ag nanoparticles. The presence of the metal core

246, 247

has been shown to efficiently enhance dye emission , thereby reduce the lifetime**® of the excited

states and resulting in enhanced sensitivity and photostability. Moreover, the plasmonics enhancement can
be beneficial for FRET efficiency, range, and transfer rate.**">*°

Recently, an enzyme-assisted target recycling scheme™"*** has been used in ultra-sensitive, label-free
biomolecules detection. Importantly for this method, the cyclical utilization of the target acts as a signal
amplification mechanism®>, which can dramatically increase detection sensitivity and is comparable to
that of polymerase chain reaction (PCR) amplification. Lu et al™® developed exonuclease IlI-aided target
recycling amplified bead-based DNA detection (Figure 20). When compared to conventional, direct
hybridization, bead-based assays, sensitivity was greatly enhanced by a factor greater than 56.8. This route
has clear transferability to suspension arrays that have high multiplexing capacity and ultra-sensitivity by
encoding the magnetic beads used. Moreover, an enzyme-assisted, target recycling scheme also can be
extended to rapid, label-free, and multiplexed detection of various nucleic acids and proteins by using
different kinds of fluorescent nucleotide analogues and specific aptamers as probes.”>

Figure 18

Figure 18. (a) Encoding inverse opal colloidal photonic crystal beads by incorporating multicolor QDs into the beads at

different intensities. (b) Schematic diagram of the DNA-responsive hydrogel photonic beads-based, label-free DNA
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detection (c) Optical response (reflection-peak shift) of the DNA-responsive hydrogel photonic beads incubated with their
corresponding target DNA at different concentrations. (d) Reflection-peak shift of the DNA-responsive hydrogel photonic

beads (HPBs) incubated in their corresponding target DNA with different concentrations.'

Figure 19

Figure 19. Label-free, bead-based assay using conjugate polymers (CP) as signal transducers. (a) Label-free lysozymal
detection with aptamer-immobilized silica NP and CPs.*** (b) FRET-based, label-free SNP DNA detection scheme.?*® (c)

DNA detection on fluorescent multilayer core—shell NPs via plasmonics-enhanced FRET.?’

Table 4. Label-free suspension array platforms and bead-based label-free patterns.

Quantification signal /Signal Multiplexing capacity

Rltiod jElatiorn transducer Semilily (only considering spectrometrical barcodes) ety
Photonic crystal based ~ reflection-peak §hiﬂ of photonic 1 1M for DNA high, encoded by enbedd@g QDs into the photonic 15,202
method crystal microbeads crystal microbeads
Molecular be (MB fl t signal of th
olecuiar beacon ) S 100 nM for thrombin high, can be QD barcodes, SERS barcodes and so on 203
based method molecular beacon
Conjugated polymers undefined, color change of the CPs
(CPs) coated barcodes color change of CPs c;;n ?ell,ndll:cedt;:Ot :nly by vt?\rrgets low, color change of CPs occupies a broad spectral 204
based method ut also by other stressors from range
enviroment
. undefined, water soluble anionic CPs with narrow
Conjugated polymer

band or near-infrared band emssion would be 235
preferable to obtain high multiplexing capacity

fluorescent signal of CPs ~0.36 pg/mL for lysozymes

staining method

FRET based SNP FRET from CPs to fluorescent
detection reporter

low, fluorescent or SERS barcodes are not proper
barcodes to expand this platform for multiplexing

35 fold higher than fluorescent

236

reporter used alone

high, clear trans ferability to suspension arrays with
high multiplexing capacity

Enzyme-assisted target  the signal fromreporter binding
recycling scheme on the surface of beads

high, 56.8 fold over direct

hybridization, bead-based assays 25

4.3. Signal amplification

Various methods have been used to obtain higher detection sensitivity, including signal amplification
and target amplification (pre-concentrating targets) (see Table 5).

Analytes of interest in serum or plasma can be pre-concentrated by specific solid phase extraction,
but this is not suitable for high-throughput multiplexing. Methods for pre-concentrating all serum proteins
have also have been developed, such as the freeze-thaw technique.”>* Although analytes can be
pre-concentrated by the freeze-thaw method, the concentrations of interferents will also become higher,
thus increasing background signals. PCR amplification—a classical method used for ultrasensitive
detection of nucleic acids—has also been used for the pre-amplification step in suspension arrays.255 Chan
et al. ™ used an isothermal amplification technology, termed Recombinase Polymerase Amplification
(RPA)*’, in QD barcode-based multiplexed detection. When compared to PCR technology, RPA offers a
portable, low-cost method for nucleic acid analysis, which is ideally suited for point-of-care use. As
mentioned above, enzyme-assisted target recycling scheme almost always increases target concentration
(Figure 20).%*

Figure 20

Figure 20. Schematic representation of exonuclease IlI-aided target recycling based amplification flow cytometry, DNA
bead assay. Each round of target recycling can remove one Cy5 molecule from the microsphere surface. The resulting drop
in fluorescence intensity of individual microspheres that have been functionalized with a Cy5-tagged probe is proportional to

the concentration of target DNA. Fluorescence intensity of Cy5 was detected by flow cytometry. As shown in the bottom
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right graph, the microsphere fluorescence gradually decreased due to the activation of target recycling by exonuclease IT1.>*

Signal amplification in suspension arrays can also be achieved through amplification of labels
(creating more labels) and signal enhancement. Lowe et al*® developed a signal amplification approach
by introducing biotinylated dendrimers in order to provide increased binding sites for
streptavidin-phycoerythrin (SA-PE) molecular labels (Figure 21(a)). Similar amplification approaches
have been used in immunoassays that are based on various structures, including branched DNA,**

fluorescent vesicles,”’ polymer chains®® and dye-doped nanoparticles®'. This approach has also been

. . . : : 258, 260
used in suspension arrays, with further expansion possible.

Another scheme to increase label amount is based on step-by-step label amplification.*** Xiang et al.**
achieved layer-by-layer assembly of CdS QDs through the use of a biotin-avidin interaction, resulting in a

263
L

17-fold signal enhancement (Figure 21(b)). Ren et a reported the use of a linear hybridization chain

reaction (HCR)-based layer-by-layer signal amplification to detect DNA. The detection limit was about
three orders of magnitude lower than that performed without HCR amplification (Figure 21(c)). There

have also been additional reports on other cascade label amplification strategies for immunoassays, such as

rolling circle amplification (RCA),*** ** loop-mediated isothermal amplification (LAMP)**’, and
267

nonlinear HCR™’, which are all extendable for use in suspension arrays (see Table 6 for a brief summary

of these isothermal nucleic acid amplification technologies).

Figure 21

Figure 21. (a) Biotinylated dendrimer, (b) Biotin-streptavidin system, and (c) Hybridization chain reaction-based label

. . 205, 206, 263
amplification methods.

Enzymatic amplification methods can also be used to increase the generated signal as well as improve
detection sensitivity. Commercially available catalyzed reporter deposition (CARD)*® has been widely

. . g . . - 269, 270
used for in situ hybridization and microarray analysis.”

Tyramide signal amplification (TSA) is a
CARD technique that converts tyramide derivatives to highly reactive intermediates using peroxidase,
leading to enrichment of the tyramide substrate on the surface of the enzyme (Figure 22). When
fluorescent tyramide derivatives are used as labels, localized enhancement of fluorescent signals will

271 209
occur.”” George et al.

assessed the potential to improve sensitivity of CARD for the Luminex100
platform. Their results showed that (i) TSA was better than dye-labeled antibodies for signal amplification
and (ii) that it improved the detection limit up to 100-fold over Cy3-labeled antibodies. Recently, Liu et
al*” developed a label amplification strategy based on the integration of TSA and polymerization-assisted
signal ampliﬁcation.273 As shown in Figure 22, in the TSA system, HRP can catalyze the deposition of
QD-tyramide conjugates on the enzymatic site, resulting in localized, high-density labeling. Meanwhile
the increased loading of HRP via ATRP further increases the accumulation of the QD signal, thus
providing a near 10-fold improvement in sensitivity. Importantly, this strategy is extensible to suspension

209

arrays, as indicated by previous TSA’” and polymerization-assisted signal amplification”” work.

Figure 22

Figure 22. Schematic representation of typical tyramide signal amplification (TSA) for common ELISA using QD—tyramide
conjugates as labels (Route 1), the polymerization-assisted amplification via surface-initiated ATRP and subsequent direct
binding of CdTe QDs (Route 2), and the sandwich immunoassay using QD-tyramide conjugates as labels via SI-ATRP and
TSA (Route 3). 272
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Moreover, conjugated polymer-based FRET*®

and nanoplasmonic-assisted  fluorescence
enhancement™’ have also been developed for signal enhancement. Liu ez al.>”’ used a cationic conjugated
polymer (CCP) poly(fluorenyldivinylene-altl,4-phenylene) (PFVP) as either a signal amplifier (FRET
pattern) or a signal reporter (label-free pattern) in a bead-based array for DNA detection (Figure 23) with
SNP selectivity. The presence of CCP provided a 110-fold increase in amplification, the FRET pattern
yielded a detection limit of 10" M, and the label-free pattern yielded a detection limit of 5x10™° M. In a

*™ they added CCP as an energy donor to the protein immunoassay sandwich structure, thus

separate study,
resulting in a six-fold higher increase in detection sensitivity.

Nanoplasmonic-assisted fluorescence enhancement based on metal nanostructures” > is another
promising pattern for use in signal amplification in suspension arrays. Goldys et al ™™ demonstrated that
silver nanostructures deposited on a silica bead surface can be used to enhance the signal of fluorophores
for bead-based immunoassay. Specifically, the silver deposited silica beads enhanced emission intensity of
an Alexa 430 fluorophore by factors of 8.5 and 10.1 for 400 nm and 5 um beads, respectively. Furthermore,
Chan et al.*’® synthesized metal nanoshell-coated QD barcodes using a seed-mediated strategy (Figure 24),
which exhibited enhanced stability and two orders of magnitude improvement in analytical sensitivity
when compared to QD barcodes that lacked the metal coating. They also developed nanobarcodes
composed of a gold nanoparticle cores and quantum dot-encoded shells via layer-by-layer polyelectrolyte
deposition®”’, which showed enhanced fluorescence and suppressed blinking. Suppression of blinking
from plasmon interaction®”® is of great importance for single-molecule level detection, as blinking of labels

may lead to false-negative signals.

Figure 23

Figure 23. Bead-based assay using a cation conjugate polymer (CCP), PFVP as the amplifier (a) or reporter (b). Peptide
nucleic acids (PNA)  probes immobilized onto PS beads that were hybridized with target DNA. PFVP incorporated into the
PNA/DNA duplexes. The Cy5 label (a) and the polymer fluorescence signal (b) were then immediately detected upon

excitation at 408 nm. 2%’

Figure 24

Figure 24. (a) Schematic diagram of the fabrication and functionalization process of silver nanoshell-coated QD microbeads.

(b) Comparison of assay sensitivities using uncoated and silver nanoshell-coated microbeads. 2’6

Table 5. Summary of signal/target amplification technologies in suspension assay.

Sensitivity/ Reported

Type Method enhanced factor

Refs

a few target copies to

detectable levels 2%

polymerase chain reaction (PCR)

Target amplification recombinase polymerase a few target copies to 256
amplification (RPA) detectable levels

enzyme-assisted target recycling 56.8 238

hybridizationchainreaction (HCR)  three orders of magnitude 263

layer-by-layer assembly via biotin-

T . 17 206
avidin interaction

dendrimers/branched DNA/polymer
chains...(big structers to provide 8.5/10/100 205, 258, 260
Label amplification = increased binding sites for labels)

catalyzed reporter deposition

(tyramide signal amplification) 100 209

polymerization-assisted signal

amplification 10 22
conjugated polymer-based FRET 110-fold for DN‘.A detecqon, 207,274
6 fold for protein detection
Signal enhancement . .
nanoplasmonic-assisted

1~2 orders of magnitude 208,276
fluorescence enhancement
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Table 6. Comparison of different isothermal nucleic acid amplification technologies.

Method Amplification type Sensitivity Temperature Incu?)z:::/ﬁme Harware requirement  Refs

Recombinase polymerase amplification target amplification M 37°C 10~15 min little or no 256
(RPA)

Lincar hybridi:;t(ijz)chain reaction M room temperature 2h little or no 263

Nonlinear HCR undefined  roomtemperature 30 min little or no 267

label amplification
aM (ref. 264), 37 C (ref. 264),  1h (ref. 264),

Rolling circle amplification (RCA) <M (ref.265)  30°C (ref. 265) 4h (ref. 265)

little or no 264, 265
Loopmediated 10fe/nL 63C Ih temperature control

266
isothermal amplification (LAMP) moudle required

Taking advantage of fluorescence resonance energy transfer (FRET)

The fluorescence resonance energy transfer (FRET) effect’” is a non-radiative energy transfer process
which requires good overlap between donor emission and acceptor absorption bands. It is strongly
dependent on the distance between donor and acceptor molecules. The FRET effect usually acts as a
negative factor for suspension array, as FRET among QDs in QD barcodes limits their encoding capacity.21
Similarly, FRET amongst fluorescence intensities of barcodes and labels always leads to complicated and
tedious color compensations. However, the FRET effect can also be a positive factor in bioimaging and
biodetection, including use in suspension arrays.

5.1. FRET-based encoding

One of the shortcomings in using organic dyes to produce barcodes is their narrow absorption band.
This requires the use of multiple excitation lasers when several organic dyes are used. Recently, Wagh et
al”® proposed a sequential and multiple FRET cascade mechanism to overcome this issue (Figure 25).
They produced polymer nanoparticles encapsulated with combinations of four lipophilic
carbocyanine-based fluorophores: 3,3’-dioctadecyloxacarbocyanine (DiO), 1,1°-dioctadecyl-3,3,3’,3 -tetr-
amethylindocarbocyaine (Dil), 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD), and
1,1°-dioctadecyl-3,3,3,3’-tetramethylindotricarbocyanine (DiR). This approach resulted in the production
of more than 30 barcodes. The sequential and multiple FRET cascade mechanism was based on overlaps
between absorptions of DiO, Dil, DiD, and emissions of Dil, DiD, DiR, thus multicolor emission spectra
of these nanoparticles could be excited with a single excitation at 485 nm.

Figure 25

Figure 25. Schematic representations of particles designed for (a) multicolor and (b) multiplex imaging. (c¢) The chemical
structures of four lipophilic, carbocyanine-based fluorophores: DiO, Dil, DiD, and DiR. (d) The normalized absorption and
fluorescence emission spectra of the fluorophores in methanol. (¢) A TEM image of nanoparticles which were negatively

stained with 2% (w/v) uranylacetate in deionized water. 2%

FRET can also be utilized to tune the emission of upconversion nanoparticles” and lifetime of
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downconversion lanthanide complexes,'” which have both been used to fabricate barcodes. The peak
positions of multicolor emission UCNPs are determined by the doping lanthanide ions, thus the spectrum
are underused which limits the encoding capacity of UCNPs. UCNP-dye complexes based on FRET can
overcome  this disadvantage.76 By incorporating QDs or FITC into a silica shell,
NaYF4:Yb,Tm@FITC-silica and NaYF,;:Yb,Tm@QD-silica nanoparticles have been produced, which
adds another emission to NaYF,: Yb,Tm nanoparticles. By then using UCNP@dye-silica nanoparticles,
more 980 nm exciting barcodes can be obtained than what can be produced by using UCNPs alone.

5.2. FRET-based ultrasensitive detection

The FRET effect has been widely used in biosensing because it leads to enhancement of detection
sensitivity. First, FRET is very sensitive to the distance between the donor and  acceptor (or quencher),
which can be used to realize single molecule detection.”®"*** Second, the FRET effect always results in a
larger Stokes shift when a fluorescent donor is used, which can then be used to separate label signal from
background autofluorescence. Finally, FRET is very attractive for bioanalysis since it is simple to build
ratiometric systems.zgs’285 Notably, the ratiometric systems which use the ratio of the two fluorescence
intensities to quantitatively analyze the targets can eliminate most detection disturbances by

286, 287

self-calibration of the two emission bands. External factors, such as excitation source fluctuations

and, in homogenous systems, sensor concentration, have no effect on ratiometric systems. Several

203, 288-291

FRET-based suspension assays have already been reported and as discussed in Section 4,

® and signal amplification strategies””’ based on FRET have also been

label-free suspension arrays>
developed.

Sukhanova et al**® developed a FRET-based detection platform for autoantibodies between labels
(AlexaFluor633) and QDs located in the pre-surface layer of the QD barcodes (Figure 26). Since there is
sufficient spectral overlap between QD emission and the absorption of the dye, excitation energy can
efficiently transfer from QDs to the neighboring dye labels on secondary antibodies, thus confirming the
binding effect. When a QD-selective excitation lamp is focused on a single bead, the QDs from the
pre-surface layer of the microbeads can be highly effective FRET donors and can excite those
specifically-bound AlexaFluor633-labeled secondary antibodies. In this way, both the QDs and label dye
emissions can be detected, but free labels near the microbeads will not be excited. However, if a laser fit
for Alexa633 is used, any nearby free labels are also excited. Therefore, the FRET detection scheme that
operates under a QD-selective excitation lamp could be more specific and sensitive than the latter, which
uses a laser fit for labels.

Figure 26

Figure 26. Single bead immunoassay. (a) Scheme of a single bead assay, excited by a 532 nm laser or by a 450~500 nm
broad band lamp. Microbeads encoded with orange-emitting QDs, coated by monoclonal antibodies, and stained with
AlexaFluor633-labeled secondary antibodies. (b) Absorption and emission spectra of QDs and AlexaFluor633. The lamp
source was chosen to selectively excite QDs but not the dye, while the laser source excites both QDs and dye. (c) Emission
spectra for AlexaFluor633-labeled secondary antibody solution under the laser (purple line) and lamp (pink line) excitations.
(d~e) Emission spectra from a QD microbead with AlexaFluor633 captured on the surface and excited by either the laser (d)
or lamp (e). (f) Negative control: No red emission of AlexaFluor633 label is detected in the absence of primary antibody

and under the QD-selective lamp excitation focused on a single microbead. 2
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Magnetic nanoparticle-based suspension array

Magnetic microbeads composed of superparamagnetic nanoparticles have gained much attention in

2 Immunomagnetic separation-based

bioanalytic field, including in the use of suspension arrays.
suspension arrays have some advantages over nonmagnetic suspension arrays, such as facilitating assay
automation and improving both detection sensitivity and specificity.

In recent years, magnetic separation-based, optically encoded suspension arrays have been developed.
They have been based on one of two approaches: 1) using magnetic nanoparticles or magnetic microbeads
in mutiplexing detection as carriers for the separation and encoding of labels, respectively (e.g. the
Nanoplex " V'biotag technology'”’); 2) combining magnetic properties and optical barcodes in carriers to
create magnetic optical barcodes (e.g. MicroPlex® Microspheres from Luminex corporationzgz). Of the
two, the latter is the more commonly used.

In the first approach, encoded labels provide simultaneous signals for different binding events and
quantitative target analysis. This results in a limited number of barcodes, since intensity levels cannot be
fully used for encoding. The second approach is based on magnetic-optical bifunctional particles (e.g.

293

luminescent magnetic particles” ). The most common strategy for developing magnetic-optical

bifunctional particles is by the incorporation of superparamagnetic nanoparticles together with encoding

13, 66, 294 : 2 25
7" The Luminex corporation

elements (such as QDs and organic dyes) into polymer microspheres.
developed a MagPlex® Microspheres platform by incorporating iron oxide nanoparticles and organic dyes
into polystyrene microbeads. As previously discussed, Nie ef al."> embedded magnetic nanoparticles and
QDs into mesoporous silica beads by using the swelling method. However, it was found that iron oxide
nanocrystals decreased QD fluorescence intensities by absorbing excitation light and QD fluorescence
emissions."” NIR-emitting QDs and Fe;O,4 nanoparticles were capsulated into PSMA microspheres66
resulting in a similar decrease in fluorescence intensity, but to a lesser extent than visible light-emitting
1.'* coated SERS dots onto

magnetic microspheres to produce magnetic SERS barcodes. Nanoparticles that simultaneously provide

QDs due to the minimal NIR absorption of magnetic nanoparticles. Jun et a

superparamagnetism and SERS substrates have also been developed (e.g., Au-Fe nanoalloys®™,

Fe;0,@Ag nanoparticles™®)

Nonspecific adsorption effects (or so-called cross-reactivity)™’ is a major challenge for multiplexing
biodetection, especially for antibody-based protein detection. Cross-reactivity among immobilized
captured ligands, detection antibodies, and nonspecific analytes limits the number of proteins capable of
being subjected to multiplexing. Moreover, nonspecific binding may produce a high background signal,
resulting in decreased assay sensitivity. Theoretically, cross-reactivity between proteins is more likely to
happen in suspension assays due to the high, specific surface area of the microbeads, subsequently limiting
its multiplexing ability.20 However, immunomagnetic separation can partially decrease nonspecific
absorption,298 which is a step towards improving detection sensitivity.

Manual operation is a negative factor for detection robustness, reproducibility, and reliability,**’ thus

299, 300

there is a trend to develop automatic immune detection systems. In recent years, microfluidic-based

sample-in/answer-out systems’"" *** have attracted much attention, including bead-based microfluidic

30339 The key for operating a bead-based suspension array on an automated

system is how to more easily manipulate and transport the microspheres™.

immunoassays or arrays.
Immunomagnetic
microspheres make it more convenient for assay automation,”” and many magnetic bead-based automated

immunoassay platforms have been reported.””” **">'% Sasso et al.**’ developed a microfluidic platform and
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demonstrated that it could fully automate a three-stage, multiplexed magnetic bead-based immunoassay,
with the Luminex xMAP system chosen as a typical case.

Mechanistically, the microfluidic immunoassay system utilizes a magnetic separation scheme, whereby
magnetic microbeads are pulled from one reagent stream to the next under application of an external
magnetic field (Figure 27(a)). After magnetic separation, the bead carrier solution flows into a waste
outlet, while the beads flow into a spiral-like incubation chamber. The device uses three layers in
combination with a single magnet to automatically operate the three-stage assay (Figure 27(b)): one layer
for the antigen capture incubation, one for secondary antibody incubation and the other for labeling
streptavidin-PE. Moreover, the sensitivity of the suspension array operated on-chip is comparable with the
off-chip assay (Figure 27(c)). Chan et al.>'' designed an automated microfluidic biochip for operating
multiple steps in a magnetic QD barcode assay (Figure 28(a)) and the barcodes were detected by a
diagnostic system as illustrated in Figure 28(b).*'> As shown in Figure 28(a), the barcodes were
magnetically controlled in the microfluidic chip and the key to this control is the identification of optimal
magnet(s) position(s). Furthermore, the integrated automated detection system (Figure 28(b)) has been
shown to be more sensitive than currently available, FDA-approved methods in a proof of concept
infectious diseases detection assay.’'> This automated system is close to the initially discussed “sample-in/
answer-out” system and—with future development—shows promise as an eventual handheld point-of-care
diagnostic system.

Figure 27

Figure 27. (a) Schematic of magnetic-based bead transfer. The external magnet pulls magnetic microbeads from a carrier
stream into the reagent stream. The carrier stream is then diverted to waste while microbeads contained within the reagent
stream flow to an incubation spiral. The device uses three of these separation regions on three aligned and bonded device
layers: first to transfer the microbeads into the plasma sample, second to transfer them into the biotinylated secondary
antibody, and third, to transfer them into streptavidin-PE fluorescent tag. (b) CAD drawing of the entire microfluidic channel
layout. The large incubation spiral is identical for all layers. (c) Representative multiplexed calibration curves for a IL-6 (left)

and TNF-a (right), compared using an on-chip and off-chip Bio-Plex bead assay. 2%

Figure 28

Figure 28. (a) Microfluidic biochip capable of automating the entire barcode assay process. Magnetic barcodes were: (i)
magnetically attracted toward M1 to capture the target ssDNA in the upper laminar stream, (ii) pulled back to the lower
laminar stream and toward M2 to interact with the reporter probe, and (iii) pulled toward M3 to be washed and aligned for
detection. (b) Automatic detection platform for suspension array composed of a polydimethylsiloxane (PDMS) microfluidic

chip, photon counting detection system, and a signal processing system for deconvolution of QD optical barcode signals.*'"
312

Challenges and possible solutions

In recent years, researchers have invested enormous energy to improve the performance of
microsphere-based suspension array technology, including multiplexing capacity (or array density),
sensitivity, robustness, portability,’"> and assay throughput. However, there are still several foreseeable
challenges. Here, we focus on the following important issues: improving encoding capacity, developing
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better probes, nonspecific biofouling suppression, directional immobilization, and “point-of-care”
diagnosis.

7.1. Improving encoding capacity

The most popular encoding scheme involves wavelengths and intensities. Two approaches have been
evaluated to increase their collective encoding capacity and are in accordance with the formula: C = N™-1.
The first approach is to use the narrow emission bands of dyes such as QDs'? and Raman dyes,'*’ leading
to the fabrication of thousands of barcodes. Raman scattering bands have smaller FWHM values than
those of QDs, theoretically resulting in a higher number of total codes. However, the presence of multiple
Raman bands and relatively weak signals have seriously limited the possible number of codes.”* Another
approach is to increase the number of intensity levels used for encoding, which subsequently depends on
the decoding precision of the instruments used as well as the dye loading accuracy.**

To boost the loading accuracy of nanoparticles, the monodispersity of nanoparticle-tagged microspheres
and the distribution of nanoparticles inside microspheres will need to be improved. This relies heavily on
the further development of manufacturing techniques. Microengineering emulsification techniques such as
CCFF techniques® and the membrane emulsification solvent evaporation (MESE) method®® can provide
one-step synthesis of uniform (both in size and distribution of nanoparticles) barcodes. However, the CV
value of the barcode signal is usually up to 10%, so further improvement in the size monodispersity is
needed. Swelling methods can also be used to synthesize barcodes with excellent size monodispersity, but
the stabilities of the resulting barcodes remains relatively poor.®’ Since the overlap between different
intensities of nanoparticles (especially QDs) is the main practical limitation, controlling the locations of

146, 184, 196

different-colored nanoparticles inside microspheres seems to be a probable solution. Barcodes

with spatially isolated nanoparticles'* can be fabricated through microfluidic techniques, but the large size

of the barcode would prove problematic. Self-assembled BCPs'*

can yield various nanostructures when
the volume fraction and molecular weight of the blocks are controlled, leading to an improvement in the
size monodispersity of the barcode. Stepwise encapsulation of nanoparticles into multilayers is a lengthy
process with cumbersome steps.'”® Similarly, in order to obtain highly uniform SERS barcodes, the
loading accuracy of Raman dyes and the distribution of dyes will need to be improved. Importantly, noble
metal substrates should provide highly uniform loading sites for Raman dyes."*

Combining spectrometric encoding with other encoding schemes can dramatically increase the
achievable amount of barcodes. Some promising encoding schemes have been proposed, including

combining with physical encoding,’® ***'* lifetime encoding'” ** 33315316 pg

and graphical encoding.
proposed by Lu et al.,'” more than 10,000 distinguishable codes can be generated using a combination of
color, intensity, and lifetime. However, the operations for lifetime tuning can result in changes to colors or
intensities of lanthanide complexes and UCNPs. Furthermore, decoding barcodes with mixed lifetime
components is still relatively inaccurate. '’ Therefore, it remains a challenge to encode UCNPs using a
combination of color, intensity, and lifetime.

A combination of graphical encoding and spectrometric encoding can produce significantly more
barcodes, but it requires knowledge of the location of the encoding elements on the supports as well as

. 19, 315,316
their spectra. "~ >

This would result in a dramatically reduced barcode reading speed. Since physical
characteristics (including size and refractive index) can be conveniently decoded by modern flow
cytometers, they can be used as an additional encoding element with good compatability.’**'* To this end,
Trau et al.’'* prepared microspheres encoded with up to six fluorescent dyes located in separate shells

alternating with nonfluorescent shells around a silica core. The resulting microspheres displayed a diverse
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range of optical signatures combined with fluorescence wavelength as well as intensity with size and

refractive index.
7.2. Alternative probes for selective recognition

Solutions are needed to address the limitations presented by the use of antibodies, such as
cross-reactivity (nonspecificity)”’’ and the limited number of matched antibody pairs available.**
Recently, these have included label-free systems, plastic antibody based on molecule imprinted technology

318

(MIT),"" semisynthetic DNA—protein conjugates,”’® and alternative capture ligands. A few label-free

15, 202
’ and

suspension arrays have been proposed, but currently have problems with both sensitivity
multiplexing capacity.”” Artificial receptors prepared via MIT by using target molecules as templates have
garnered extensive attention because of their desired selectivity, high physical robustness, and thermal
stability, as well as their low cost and ease of preparation.’'” Although this technique has been shown to be
particularly effective for small molecules, expanding the technology for selective recognition of
biotemplates such as proteins, DNA, viruses, and bacteria will be challenging.319

Conjugation with artificial nucleic acids allows proteins to be modified with a synthetically accessible,
robust tag.’'® *** ! This DNA-directed immobilization (DDI) method allows for DNA-conjugated
proteins to be immobilized onto either microcarriers or nano-labels with conformational freedom and lack
of denaturation. Moreover, utilizing DNA allows for easier signal amplification by means of HCR
(hybridization chain reaction), RCA (rolling circle amplification),”* or LAMP (loop-mediated isothermal
amplification). Alternative ligands such as engineered protein scaffolds and nucleic acid scaffolds have
also been evaluated.”™ *** For example, aptamers, which are highly specific nucleic acid molecules,
possess target recognition features similar to antibodies and can also distinguish different protein isoforms
and conformations.’”

As for nucleic acid detection, nucleic acid analogues such as peptide nucleic acids (PNA)326 and locked
nucleic acids (LNA)327 can overcome the specific limitations presented by natural nucleic acids. As such,
they have attracted much attention for the development of high-performance affinity biosensors. For
instance, LNA-modified oligonucleotides with enhanced hybridization affinity toward complementary
DNA and RNA have been successfully applied in the suspension array of the FlexmiR™system for
microRNA detection.’™ Incorporating LNA into the array to capture probes greatly increased their affinity
for miRNA targets, thus increasing the overall selectivity of the array. PNAs, which are DNA analogues
containing neutral amide backbone linkages, possess stronger affinity for their complementary DNA or
RNA molecules due to the lack of electrostatic repulsion between the uncharged PNA backbone and that of
the natural nucleic acid. Moreover, a single mismatch between the PNA and its target leads to a 10-20 °C
32 thus PNA probes can provide high SNP selectivity. To this end, Darrell

et al.*®® have shown that PNA probe-conjugated microbeads have much higher sensitivity than DNA

decrease in melting temperature,

probe-conjugated microbeads in a bead-based assay.
7.3. Nonspecific biofouling suppression and oriented immobilization

Although suppressing the nonspecific biofouling and oriented immobilization of biomolecules for both
label parts and carrier parts are important for improving specific biorecognition,331 they have been
underdeveloped for suspension arrays. With the exception of better ligand development, particular efforts
have focused on preventing nonspecific binding at the surface modifications of either microcarriers or
nano-labels. Bovine serum albumin (BSA) has been widely used as a blocking agent in suspension
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arrays.”® Nonspecific biofouling can be robustly suppressed after BSA treatment, but it is often
insufficient. Moreover, BSA may have been contaminated by undesired particulates such as bacteria and/or

viruses. Therefore, various synthetic, water-soluble polymers (“polymer brushes”) have been investigated

as blocking agents, especially the popular poly(ethylene glycol) (PEG).>**** Dense PEG-chain-tethered
surfaces with proper structures can not only prevent nonspecific adsorption,”* **° but also improve
immune response and the orientation of capture probes (e.g. DNA and antibody).”* **” However, PEG
may degrade after long-term storage and functionalized PEG derivatives are also expensive.

Recently, viral-based hybrid materials have been used to build highly selective and sensitive
biosensors.”® It has been demonstrated that nonspecific binding can be extensively suppressed through the

339, 340 on the

formation of virus-like, biocompatible, and hydrophilic self-assembled monolayer (SAM)
surfaces of microspheres. Jeon et al**’ produced Au-layered magnetic microspheres with biomimetic
architectures (viral filamentous morphology SAM) on their surfaces to decrease nonspecific binding.
Extremely low non-specific adsorption and increased sensitivity were obtained when compared to bare
polymer beads. Moreover, captured antibodies also showed well-oriented binding to the nanoparticle

. . . 341
containing the virus-like monolayer.

Well-oriented immobilization of captured probes on substrates are
expected to have high reactivity, theoretical binding capacity,’** and low nonspecific absorption. The
widely used nondirectional immobilization methods result in random orientations of captured antibodies,
thus the fraction of active antibodies drops well below 4%.* Given this, developing mild chemical
procedures for the directional immobilization of captured probes (especially protein probes) has attracted
much attention. To this end, substantial progress has been made in planar microarray technology ***>*

which is extensible for bead-based assays.
7.4. Optifluidics and “point of care”

There is a strong demand for developing “point-of-care” (POC) diagnostic platforms, which are cheap
and can be operated by untrained personnel. Such POC platforms have been strongly promoted by
microfluidic techniques.*” In the past decades, the microfluidic technique has strongly driven the

exploitation of miniaturized analytical devices (“lab-on-a-chip” (LOC) or the*“micro total analysis system”

(LTAS)™), catalyzing an efficiency revolution in bioanalytics.”'

with bioanalysis, including monoplex assays (e.g. gPCR**>>>

311, 312, 355

Combining microfluidics technologies
) and multiplexing assays (e.g. microarray”
and suspension array ) is expected to yield much higher throughput and faster automated
biosystems. To exploit accurate, fast, miniaturized, and cheap innovative suspension array systems for
POC diagnosis, past studies have focused on three aspects: 1) operation of bead-based assays in automated
microfluidic systems; 2) development of miniaturized decoding devices; 3) integration of assay operation
modules and decoding modules. The key areas for the development of automated suspension arrays are the
propulsion of microfluidics and the manipulation of microspheres (particle trapping and sorting).*>
Compared to expensive, conventional decoding instruments (e.g. flow cytometers and high resolution
imaging systems), integrating detection instruments “on-chip” for micro bioanalysis has the potential to
dramatically improve cost-efficiency.

Although developing miniaturized decoding devices for optical barcodes is still in its infancy, there have
been some promising examples recently reported. For instance, Ozcan ef al.***** developed mobile phone
with imaging, sensing, diagnostics, and measurement functions by embedding high-end components
within the device. Gu et al.*> reported a strategy of automated image decoding with a photonic crystal

beads (PCBs) array in the microfluidic chip for multiplex assays. Tassaneewan et al*® designed a
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smartphone accessory (“dongle”) for cost-effective POC diagnostic of infectious diseases. With this
method, results can be obtained quickly (within 15 min) and conveniently using a single finger prick. The
dongle then performs a triplex test based on silver deposition on gold nanoparticle seeds bound to the
secondary antibodies. The final diagnostic results are comparable to those generated by the gold standard
of laboratory-based ELISA testing. Chan et al.*® designed a simple and low-cost chip-based wireless
multiplex diagnostic device by combining quantum dot barcode technology with smartphones and RPA.
Both the isothermal amplification of sample as well as the immunoassay on QD barcodes could be run
on-chip. The results of the multiplex, on-chip assays could then be obtained by the smartphone reader.
This device was shown to be capable of detecting multiple targets with high speed (in less than 1 hour) and
high sensitivity (1000 viral genetic copies per milliliter). Meanwhile, the micro-flow cytometer or the

lab-on-a-chip FACS system (WFACS) has also attracted much attention.**' %

However, integrating these
decoding modules together with microfluidic chips into optofluidics systems is challenging due to the need
to consider both cost and flexibility. Still, we believe that the miniaturization of biomedical instruments
and microfluidics-based, automated biochips may bring us closer to high-throughput multiplexing
“sample-in/answer-out” POC diagnostic platforms. For more detailed information about the development

of optofluidics, please refer to these recently published reviews.**>%

Concluding remarks

In this review article, we have provided a comprehensive view of the current development of suspension
arrays based on spectrometric nanoparticle-encoded microspheres. Thanks to the rapid development of
nanotechnology, tremendous progress has been made in recent years. Given scientific and financial factors,
further development of nanoparticle-encoded microsphere-based suspension array technology is
anticipated to achieve both higher performance (i.e., higher multiplexing capacity, higher sensitivity) as
well as simple and cost-effective device for point-of-care diagnoses. Undoubtedly, nanoparticles with
unique spectrometric properties have a bright future for suspension array technology, since they can
improve multiplexed detecting capabilities, photostability, and sensitivity. Magnetic nanoparticles also
play an important role in developing automatic immunoassay systems. To obtain high signal-to-noise
ratios for higher sensitivity, various labels and signal amplification methods—as well as nonspecific
suppression methods—have been developed. In many cases, the use of microfluidic techniques has
promoted and will continually improve suspension array technology, including more versatile preparation
of barcodes, miniaturization of bioanalysis, and exploitation of miniaturized and automatic systems for
point-of-care diagnosis. Comprehensive and detailed guidelines are provided in this review for designing
suspension arrays with excellent performance and provide a strong impetus which is expected to help drive
the development of suspension arrays and its related areas (e.g. nanotechnology, material chemistry,
barcode production techniques, optofluidics, and biomedical instruments). It is also anticipated that
nanoparticle barcode-based suspension array technology will elicit broad interest in biomedical
applications including disease diagnosis, drug discovery, genomics, and proteomics.
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