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1. Introduction

Owing to its high sensitivity and specificity, enzyme-linked 
immunosorbent assay (ELISA) has become a gold standard 
immunoassay strategy, playing a prominent role in disease 

The development of a powerful immunoassay platform with capacities of both 
simplicity and high multiplexing is promising for disease diagnosis. To meet this 
urgent need, for the first time, a multiplexed luminescent oxygen channeling 
immunoassay (multi-LOCI) platform by implementation of LOCI with suspen-
sion array technology is reported. As the microcarrier of the platform, a unique 
dual-functional barcode with a host–guest structure composed of a quantum 
dot host bead (QDH) and LOCI acceptor beads (ABs) is designed, in which 
QDH provides function of high coding capacity while ABs facilitate the LOCI 
function. The analytes bridge QDH@ABs and LOCI donor beads (DBs) into a 
close proximity, forming a QDH@ABs–DBs “host–guest–satellite” superstruc-
ture that generates both barcode signal from QDH and LOCI signal induced 
by singlet oxygen channeling between ABs and DBs. Through imaging-based 
decoding, different barcodes are automatically distinguished and colocalized 
with LOCI signals. Importantly, the assay achieves simultaneous detection of 
multiple analytes within one reaction, simply by following a “mix-and-measure” 
protocol without the need for tedious washing steps. Furthermore, the multi-
LOCI platform is validated for real sample measurements. With the advantages 
of robustness, simplicity, and high multiplexing, the platform holds great poten-
tial for the development of point-of-care diagnostics.

diagnosis, drug discovery, and basic biolog-
ical investigations.[1–4] However, the ELISA 
platform faces two major challenges. On 
the one hand, a typical ELISA protocol 
requires repeated separation and washing 
steps to eliminate unbound species that 
cause a background signal, which is not 
only labor-intensive and time-consuming 
but also susceptible to cumulative error 
that may cause false results. Thus, a facile 
and easy-to-use immunoassay platform 
satisfies the needs for rapid and accurate 
“on-site” detection. On the other hand, 
since the combination of multiple targets 
is more effective for improving disease 
diagnostics than only concentrating on a 
single target, there is an increasing need 
for multiplexed immunoassays wherein 
all the targets involved in the diagnosis of 
a disease can be detected in parallel within 
one reaction, greatly decreasing the total 
analytical time and sample volume. How-
ever, most of the current ELISA platforms 
lack the capacity for multiplexing.

“No-wash” immunoassay platforms, 
depending on the simple “mix-and-measure” protocol, are par-
ticularly attractive due to the advantages of simplicity, rapid 
response, and suitability for automation.[5] Increasing efforts 
have been made toward the development of no-wash immuno-
assay platforms, typically including colorimetric assay based on 
target induced aggregation of Au or Ag nanoparticles,[6,7] fluo-
rescence polarization immunoassay,[8] fluorescence resonance 
energy transfer immunoassay,[9] homogeneous chemilumines-
cent immunoassay,[10] and luminescence oxygen channeling 
immunoassay (LOCI).[11–13] Among these methods, LOCI, a 
commercialized product known as AlphaLISA further devel-
oped by PerkinElmer, has been used in a wide range of applica-
tions in singleplexed analyte immunoassays over recent years, 
owing to its high sensitivity and repeatability.[14–18] LOCI is an 
assay approach in which the analyte of interest bridges anti-
body-coated donor beads (DBs) and acceptor beads (ABs) into 
a close proximity via forming immunocomplexes. In this state, 
laser irradiation on DBs at 680 nm generates a flow of sin-
glet oxygen, triggering a cascade of chemical events in nearby 
ABs, which provokes a chemiluminescent emission at 615 nm. 
In the absence of analytes, however, no chemiluminescence 
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emission occurs, as the DBs and ABs are not in close proximity. 
Hence, the LOCI platform provides an efficient way for quan-
titative detection without involving complex reagent loading 
and washing steps as in conventional immunoassays. In addi-
tion, LOCI technology has been proved to be particularly suit-
able for immunoassays in microfluidic devices, since chamber 
functionalization and integration of complex washing steps 
can be eliminated, thus simplifying the design and operation 
of the devices.[19–21] Nevertheless, the current LOCI approach 
lacks the capacity for multiplexing, limiting its application in 
high-throughput assays. Unfortunately, few efforts have been 
reported on the development of LOCI platform for multiplexed 
detection. PerkinElmer launched the AlphaPlex system, in 
which three different types of ABs with emissions at specific 
wavelengths (615, 545, and 645 nm) were assigned to target 
different analytes in one assay.[22] However, the capacity for 
multiplexing was hampered by the limited number of suitable 
rare earth luminescent materials with distinct wavelengths. In 
addition, there is a remarkable difference in the signal inten-
sities of the three types of ABs, which may cause significant 
differences in detection performance when detecting different 
analytes. Simon and colleagues put forward an aqueous two-
phase system that enabled LOCI for multiplexed detection.[23] 
The positions of micropatterned droplets at the bottom of 
96-well plates were utilized as the coding addresses. However, 
the capacity for multiplexing was limited because the number 
of droplets was restricted by the bottom area of the wells. 
Moreover, the APTS for multiplexed immunoassays requires 
special droplet deposition system. Therefore, the development 
of an LOCI system with high multiplexing capability while pre-
serving the advantages of convenience and robustness is still in 
urgent demand.

During the past few decades, suspension arrays based on 
barcoded microcarriers (e.g., microbeads) have emerged as 
one of the most promising platforms for multiplexed bioas-
says, benefiting from fast reaction kinetics, high flexibility, and 
outstanding multiplexing capability.[24–29] Immunoassays using 
barcode technology have continuously been developed, aiming 
at rapid and cost-effective clinical detection.[30–36] Typically, 
these assays are based on the formation of sandwich immuno-
complexes on the surface of barcoded microbeads comprising 
an immobilized capture antibody, an analyte of interest, and 
a fluorophore-labeled detection antibody. The fluorophores 
concentrated on the microbeads exhibit strong fluorescence, 
making no-wash assays possible. However, large amounts of 
free fluorophores cause high background signals and dramati-
cally reduce the sensitivity of the assay. Therefore, washing 
steps via centrifugation or magnetic separation are often inevi-
table to achieve good detection performance. Unfortunately, the 
repeated separation and resuspension steps undoubtedly make 
the assay process complicated and time-consuming, remarkably 
limiting their applications in rapid and on-site measurements. 
As discussed above, it is highly desirable to develop an easy-to-
use immunoassay platform based on barcode technology that 
avoids tedious multistep separation and washing procedures.

In this work, for the first time, we proposed a multiplexed 
luminescence oxygen channeling immunoassay (multi-
LOCI) strategy based on barcode technology. As illustrated in 
Scheme 1A, a dual-functional host–guest structure comprising 
a quantum dot (QD)-encoded host bead (QDH) and AB guest 
particles is constructed ingeniously as the microcarrier for mul-
tiplexed assay. The QDHs are first prepared by depositing two 
kinds of QDs with different emission wavelengths (520 nm, 
denoted as green QDs, and 600 nm, denoted as red QDs) on 

Small 2020, 1907521

Scheme 1. Schematic illustration of A) the fabrication of barcoded QDH@ABs and B) the principle of multi-LOCI for multiplexed assay.
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the surface of magnetic spheres (MSs), followed by encapsu-
lating a hybrid shell consisting of silica and polyelectrolytes 
(PEs). By adjusting the fluorescence intensities of the green 
QDs (GQDs) and red QDs (RQDs), QDHs with different bar-
codes can be generated. Then, ABs are closely packed on QDHs 
through a carbodiimide-assisted coupling reaction. Here, the 
QDHs provide barcode signals to facilitate the identification 
of multiple targets, while the ABs serve as the source of LOCI 
signals. Scheme 1B shows that the formed QDH@ABs is com-
patible with LOCI for multiplexed assay in a simple “mix-and-
measure” mode. Through mixing capture antibody-conjugated 
QDH@ABs (QDH@ABs-Ab1) with analytes, biotinylated 
detection antibody (Ab2), and streptavidin-coated DBs (DB-SA), 
QDH@ABs, and DBs are bridged into a close proximity via a 
sandwich immunoassay, forming a QDH@ABs–DBs “host–
guest–satellite” superstructure. A flow of singlet oxygen trans-
fers from DBs to ABs upon laser irradiation, resulting in strong 
luminescence of ABs. Free DBs themselves are not luminescent 
and do not interfere with the assay. Without any separation and 
washing steps, QDH@ABs–DBs can be directly imaged on a  
customized fluorescence microscope, where barcode signals 
and LOCI signals are measured and automatically analyzed by 
a customized program. The barcode signals originating from 
QDHs accurately distinguish different types of analytes, while 
LOCI signals from ABs are proportional to the amount of ana-
lyte. Importantly, the established multi-LOCI platform is sup-
posed to greatly improve the multiplexing capacity of LOCI 
technology, allowing facile and high-throughput assays. As a 
proof-of-concept, simultaneous detection of multiple cytokines 
secreted by peripheral blood mononuclear cells (PBMCs) from 
clinical samples was realized by this newly developed multi-
LOCI platform.

2. Results and Discussion

2.1. Construction and Characterization  
of Host–Guest-Structured QDH@ABs

In this research, the dual-functional QDH@ABs with both bar-
coding and LOCI capability are fundamental for multi-LOCI. 
First, QDH barcodes were prepared via a modified layer-by-layer 
assembly approach followed by encapsulation of a hybrid shell 
consisting of silica and PEs, according to previously reported 
studies.[33,37] As schematically showed in Scheme 1A, a mixture 
of GQDs and RQDs were immobilized on poly(ethylenimine) 
(P E I)-modified MSs via coordination interaction between amino 
groups and zinc atoms on the QD surface. The as-prepared 
MS@QDs were further coated with a hybrid shell consisting  
of silica and PEs to improve the fluorescence stability of QDs. 
The beads were modified with an additional layer of PEI to pro-
vide amino groups for further construction of the host–guest 
structure. By tuning the concentrations of embedded GQDs 
and RQDs, barcoded QDHs with different combinations of 
GQD and RQD intensities were generated. As a proof-of-
concept, 12 QDH barcodes, named G1R1 to G3R4, were indi-
vidually fabricated by a combination of three intensity levels 
of GQDs and four intensity levels of RQDs. Laser-scanning 
confocal images of the barcodes in Figure 1A show that the 

fluorescence of GQDs and RQDs are uniformly distributed on 
the surface of QDHs, forming a ring-like structure, indicative 
of controllable fabrication process. Furthermore, the intensities 
of GQDs or RQDs increase with an increasing amount of cor-
responding QDs.

Then, QDH@ABs were constructed based on a host–guest 
structure. Surface-carboxylated ABs, nanoparticles receiving 
the energy of singlet oxygen and generating LOCI signals, 
were covalently bound with amino-functionalized QDHs fol-
lowing a convenient carbodiimide reaction. Figure 1B shows 
scanning electron microscopy (SEM) images of QDHs and 
QDH@ABs. The as-prepared QDHs exhibited a uniform mor-
phology and narrow size distribution with a mean diameter 
of 6.20 ± 0.18 µm (Figure S1A, Supporting Information). ABs 
also displayed monodispersity with a mean particle diameter 
of 209 ± 8 nm (Figure S1B, Supporting Information). In con-
trast to the QDHs, QDH@ABs displayed an obviously dif-
ferent surface morphology, with ABs densely packed on the 
surface of QDHs. The surface coverage of ABs on QDHs 
was calculated to be 76.1% following a previously reported 
method,[38] demonstrating a high packing density of the host–
guest structure.

Compared with conventional decoding strategy via flow-
cytometry, imaging-based decoding method possesses the 
advantages of cost effectiveness, instrument miniaturiza-
tion, and versatility. To investigate the decoding feasibility by 
imaging, the as-prepared twelve QDH@ABs barcodes were 
mixed and a total number of ≈10 000 of the QDHs@ABs were 
imaged on a microscope. Figure 1C displays one part of the 
imaging area, in which the QDH@ABs were well dispersed 
with few aggregates. By employing a customized program, the 
intensities of each barcode at green and red channels (emis-
sion wavelength range of 512–558 and 580–620 nm, respec-
tively, excited by 488 nm light) were automatically analyzed 
and plotted in a scatter plotting diagram. Twelve clusters in 
a 3 × 4 panel are obviously distinguishable with no overlaps. 
This result was in accord with that obtained by flow-cytom-
etry strategy (Figure S2, Supporting Information). As verified 
in Table S1 of the Supporting Information, the coefficient of 
variation (CV) ranged from 16.1% to 25.6% for the fluorescent 
intensity of GQD and 15.5% to 23.7% for the fluorescent inten-
sity of RQD, which were similar with the CVs obtained by flow-
cytometry strategy (15.7–29.0% for the fluorescence intensity of 
GQD and 9.8–50.5% for that of RQD). These results indicate 
good decoding accuracy by imaging when applied in multi-
plexed assays.

Moreover, the uniformity of the number of ABs packed 
on different QDH microbeads was investigated. The “blank” 
host beads (BHBs) with the same structure as QDHs except 
that there are no QDs embedded were prepared. Then, BHBs 
were further coated with ABs and the resulted BHB@ABs 
were imaged with a 360 nm excitation. The 360 nm source 
can excite the fluorescence of ABs at 615 nm, as can be seen 
in the excitation and emission spectra of ABs (Figure S3, Sup-
porting Information). Fluorescence images of BHB@ABs were 
obtained, and the signal intensity of every bead was collected 
and analyzed. As depicted in Figure 1D, the fluorescence of 
ABs on each bead was bright and uniformly dispersed, with the 
CV of fluorescence intensity calculated to be 12.9%. This would 
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provide sufficient and homogeneous LOCI signals when con-
ducting the multi-LOCI assay.

2.2. Formation and Characterization of the QDH@ABs–DBs 
“Host–Guest–Satellite” Superstructure

The conjugation of QDH@ABs with capture antibodies (Ab1) 
was conducted via a typical carbodiimide reaction. It was esti-
mated that 1.81 pg corresponding to ≈7 × 106 of Ab1 could be 
immobilized onto one QDH@ABs, by following a standard 
BCA protein quantification approach. The QDH@ABs–DBs 
immunocomplex was formed by incubating Ab1-conjugated 
QDH@ABs with antigen and biotinylated detection antibody 
(Ab2), followed by the addition of streptavidin-coated DBs 

(SA-DBs). It should be noted that the whole immunoassay 
process involves no washing steps. Figure 2A,B shows SEM 
images of QDH@ABs-Ab1 and QDH@ABs–DBs, respectively. 
It was clearly observed that QDH@ABs–DBs exhibited an extra 
layer of nanoparticles deposited on the surface of QDH@ABs, 
forming a “host–guest–satellite” superstructure, demonstrating 
successful formation of the immunocomplex caused by the 
“sandwich” reaction.

For signal readout of multi-LOCI, QDH@ABs–DBs were 
imaged on a customized fluorescent microscope, where bar-
code and LOCI signals were separately excited and collected 
(Figure S4A, Supporting Information). The barcode signal, 
consisting of GQD fluorescence on the 512–558 nm channel 
and RQD fluorescence on the 580–620 nm channel, was excited 
by 488 nm. The LOCI signal on the 605–625 nm channel was 
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Figure 1. A) Laser-scanning confocal images of the 12-plexed QDH barcodes. B) SEM images of QDHs and QDH@ABs at low and high magnification. 
C) Fluorescence image of 12-plexed QDH@ABs barcodes, and the scatter plot of the library of the barcodes obtained by imaging based decoding.  
D) Fluorescence image of BHB@ABs with excitation at 360 nm and histogram of the distribution of fluorescence intensities of BHBs.



1907521 (5 of 10)

www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

excited by a 680 nm laser (Figure S4B, Supporting Informa-
tion), which perfectly matched the maximum absorption of 
DBs (Figure S5, Supporting Information). Here, we demon-
strated that despite the spectral overlap between the RQD and 
LOCI channels, barcode and LOCI signals can be separately 
excited without interfering with each other. This was con-
firmed by imaging and spectral measurements. As illustrated 
in the images in Figure 2C, the green and red fluorescence 
encoding signals of QDH@ABs-Ab1 were excited by 488 nm 
light, whereas no signal was observed under 680 nm excita-
tion. Moreover, the spectrum of QDH@ABs-Ab1 excited by 
488 nm light displayed two emission peaks that originated 
from GQDs and RQDs, while no peaks emerged under 680 nm 
excitation, which agrees with the imaging measurement. These 
results demonstrated that the barcode signal can be accurately 
obtained by 488 nm excitation without being disturbed by the 
680 nm laser. In the presence of antigens, however, QDH@
ABs–DBs superstructure was formed and exhibited a pure and 
strong LOCI signal when excited by the 680 nm laser. Mean-
while, the barcode signal remained unchanged under 488 nm 
excitation (Figure 2D). Through the strategy that barcode and 
LOCI signals were separately excited and collected, accurate 
multi-LOCI signal readout was ensured. It should also be noted 
that by employing the customized program, different barcodes 
can be automatically and rapidly distinguished and colocalized 
with LOCI signals from raw images, which enables convenient 
data analysis in subsequent assays.

2.3. Quantification of Cytokine Using the Multi-LOCI Platform

The rational signal readout of QDH@ABs–DBs prompted 
us to investigate the performance of multi-LOCI for quan-
titative detection. Figure 3A displays fluorescence images 
of the QDH@ABs products with coding address of G1R4 
for IFN-γ quantification. It was observed that barcode sig-
nals on both GQD and RQD channels were unchanged with 
varying IFN-γ concentrations. By contrast, signals on the 
LOCI channel were highly dependent on IFN-γ abundance. 
In the absence of IFN-γ, no LOCI signal was detectable. 
This result was ascribed to the inherent low background of 
LOCI signal benefiting from the unique luminescence mode 
that a longer excitation wavelength induces a shorter emis-
sion wavelength. In addition, the large amount of unbound 
SA-DBs contributed no background signals since DB itself 
did not emit fluorescence signals without being triggered 
by singlet oxygen. With increased concentrations of IFN-γ, 
QDH@ABs showed continuous LOCI signal enhancement 
due to the increased amount of DBs loaded onto QDH@ABs.  
For further quantification, mean intensities of QDH@ABs–
DBs on the LOCI channel were also calculated, and the cali-
bration curve for detecting IFN-γ is depicted in Figure 3B. The 
limit of detection (LOD) was estimated to be 55.6 pg mL−1 fol-
lowing the 3σ criteria, and the dynamic range of 3.5 logs was 
defined, which were comparable to previously reported single-
plexed LOCI approaches.[16,19,39] It should be noted that when 
the IFN-γ concentration was higher than 100 ng mL−1, the 
LOCI signal gradually decreased with further concentration 
increments due to the “hook” effect, which mainly results from 
the reduced amount of sandwich complexes caused by the high 
level of analytes.[40] Mean intensities of QDH@ABs–DBs on 
barcode channels were also calculated, and they are plotted in 
Figure 3C. The CV values of GQD and RQD intensities were 
determined to be 6.4% and 4.8%, respectively (Figure 3C). The 
stable barcode signal during detection was ascribed to the com-
posite shell comprising silica and PEs that acted as a barrier 
to stabilize the QD emission by shielding the embedded QDs 
from the environment.

Although multi-LOCI enables facile and rapid quantitative 
detection and is applicable for most needs, we hope that it can 
satisfy the needs for measuring analytes in extremely low or 
high abundance, such that the method has a higher sensitivity 
and wider dynamic range. Since the core of QDH@ABs is an 
MS that facilitates bead manipulation by a magnetic field, we 
demonstrated that multi-LOCI was also compatible with proto-
cols including washing steps to avoid the influence of “hook” 
effect and to achieve higher sensitivity. The “washing” protocol 
is schematically shown in Figure S6 of the Supporting Informa-
tion. QDH@ABs-Ab1 was sequentially incubated with targets, 
Ab2 and DB-SA. Repeated washing steps were employed after 
each incubation. The calibration curve for detecting IFN-γ fol-
lowing the “washing” protocol is illustrated in Figure 4C. It was 
observed that this approach exhibited higher sensitivity than 
the “no-wash” protocol and had an LOD of 9.2 pg mL−1. This 
result is because, for the “no-wash” protocol, large amounts of 
SA-DBs were bound directly with excess free Ab2 rather than 
being deposited on the surface of QDH@ABs when the tar-
gets were present in low concentrations. Thus, the LOCI signal 
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Figure 2. SEM images of A) QDH@ABs-Ab1 and B) QDH@ABs–DBs. 
Spectra of C) QDH@ABs-Ab1 and D) QDH@ABs–DBs excited at 
488 and 680 nm. The fluorescence images illustrate the barcode chan-
nels and the LOCI channel excited at 488 and 680 nm, respectively. Scale 
bar: 20 µm.
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was decreased. By contrast, the “washing” protocol eliminates 
the excess Ab2, allowing more DBs to couple with QDH@
ABs, showing a higher LOCI signal intensity than in the “no-
wash” protocol. Furthermore, the “washing” protocol displayed 
a wider dynamic range of nearly five logs with no “hook” effect 
observed even at IFN-γ concentration as high as 104 ng mL−1. 
By employing washing steps, excess free analytes, which were 
bound directly with free Ab2 in the case of “no-wash” protocol, 
were eliminated. As a result, the amount of formed immuno-
complexes would not decrease when the analyte abundance 
was high. Therefore, the LOCI intensity showed a continuous 
increase with increasing analyte concentration. As a result, 
the “hook” effect was avoided and a wider dynamic range was 
obtained. These results demonstrate that multi-LOCI can serve 
as a versatile platform to satisfy the need for higher assay per-
formance depending on different requirements, by simply 
switching to different assay strategies.

2.4. Multiplexed Assay and Real Sample Assay

To demonstrate the capability of multi-LOCI for multiplexed 
assays, as a proof-of-concept, four types of barcodes with coding 
addresses of G1R4, G3R3, G1R2, and G3R1 were assigned to 
detect IFN-γ, IL-4, IL-10, and IL-17A, respectively, which are 
featured cytokines for CD4+ T cell subset characterization.[41] 

The specificity of multi-LOCI in multiplexed detection was 
evaluated by challenging a mixture of the four barcodes with 
samples containing no cytokine (blank), each of the four 
cytokines, or a mixture of the four cytokines. Here, the con-
centrations of the four cytokines were identical (10 ng mL−1). 
After imaging-based decoding and LOCI signal acquisition, 3D 
diagrams with the X axis and Y axis denoting barcode signals 
and the Z axis denoting the LOCI signal were established and 
are shown in Figure 4A, where the calculated intensity of each 
bead is plotted. It was clearly observed that the four barcodes 
were readily distinguished, forming four separate clusters that 
matched well with those in Figure 1B. More importantly, each 
cluster elevated along the Z axis only when the corresponding 
cytokine was present. Figure 4B shows the mean LOCI inten-
sity of each cluster. The presence of cytokines induced up to 
tenfold increases in the LOCI signal due to efficient oxygen 
channeling. Moreover, the target-induced increase in the LOCI 
signal corresponded well to the barcodes. For example, the 
presence of IFN-γ only selectively induced an increase in the 
LOCI signal of barcode G1R4, and all the other barcodes exhib-
ited comparable signals with the blank. In the cases of the other 
assays, similar results were obtained, indicative of high speci-
ficity in multiplexed detection.

To investigate the precision of the multi-LOCI platform for 
multiplexed assay, three samples that contained low (1 ng mL−1),  
medium (10 ng mL−1), and high (100 ng mL−1) levels of each 
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Figure 3. A) Fluorescence images of QDH@ABs–DBs complexes of barcode G1R4 with various concentrations of IFN-γ. Scale bar: 20 µm. B) Calibra-
tion curves for IFN-γ quantification by employing “washing” and “no-wash” strategies. C) Plots showing the RQD and GQD fluorescence intensities 
of QDH@ABs–DBs.
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cytokine were used for intra- and interassay measurements. To 
assess intra-assay variation, six duplicates of each sample were 
simultaneously measured in the same assay, and the CV among 
the six measurements of each cytokine was calculated. To deter-
mine the interassay precision, the CV of each sample in three 
independent tests conducted in three days was calculated. As 
shown in Table S2 of the Supporting Information, the CVs of 
intra-assay ranged from 5.01% to 10.33%, and the CVs of the 
interassay were within the 6.56–12.06% range. These values 
were lower than those for the commercial ELISA method.[42] 
The reason for this result is that multi-LOCI eliminates the 
need for multiple washing, staining, and blocking steps that 
are required for ELISA and traditional suspension array assays, 
which often cause contamination and unpredictable signal 
variations. For example, repeated washing steps usually cause 
the loss of beads, so the assay precision is decreased since the 
number of beads for each sample is different. This problem 
is avoided by the “no-wash” multi-LOCI method. In addition, 
compared with conventional ELISA, detection signals of multi-
LOCI are located on individual beads rather than distributed on 
a substrate or within a solution. Thus, for the detection of a spe-
cific analyte, the assay result originates from averaged signals 

of thousands of beads, meaning that the assay is conducted 
for thousands of replicated experiments, greatly increasing the 
precision.

On the basis of high sensitivity and specificity, the multi-
LOCI platform was validated for real sample measurements 
by detecting four cytokines (IFN-γ, IL-4, IL-10, and IL-17A) in 
supernatants from PBMCs. Before measurements, the matrix 
effect was evaluated by comparing the calibration curves per-
formed in AIM-V medium versus PBS buffer, since AIM-V was 
employed as the medium for PBMC incubation. As seen from 
the two curves in Figure S7 of the Supporting Information, 
the LOCI signals displayed no significant difference (p < 0.05) 
between the two matrices, indicating negligible matrix interfer-
ence. Then, calibration curves for multiplexed detection were 
established. Samples containing a mixture of the four cytokines 
in different concentrations were prepared. A mixture of the 
four types of QDH@ABs-Ab1 was incubated with the sam-
ples and Ab2, followed by the addition of DB-SA. The barcodes 
were then imaged on the microscope for decoding and LOCI 
signal acquisition. As shown in Figure 5A–D, the LOCI signal 
gradually increased with increasing concentrations of the four 
cytokines, suggesting a good correlation between LOCI signal 
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Figure 4. A) Scatter plots of mixed barcodes in the presence of 10 ng mL−1 of IFN-γ, IL-4, IL-10, IL-17, and a mixture of the four cytokines as indicated. 
B) Bar plot of the mean LOCI intensities under indicated conditions.
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intensity and cytokine concentration. The LODs of IFN-γ, IL-4, 
IL-10, and IL-17A measured by the multiplexed assay were cal-
culated to be 68.3, 45.3, 80.9, and 136.2 pg mL−1, respectively, 
which were similar to those measured by the singleplexed assay 
(76.7, 29.0, 43.1, and 91.6 pg mL−1, respectively). The sensitivity 
of multi-LOCI platform was comparable with those of conven-
tional LOCI or suspension array platforms. More importantly, 
this platform exhibited capacities of both simplicity and high 
capacity of multiplexed detection, allowing facile and high-
throughput assays (Table S3, Supporting Information).

PBMCs isolated from whole blood samples of 15 donors were 
incubated with lipopolysaccharide (LPS), a commonly used 
stimulator inducing strong immune response of T cells.[43] The 
supernatants of PBMCs were subjected to conventional LOCI 
and multi-LOCI assays simultaneously. For the LOCI assay, 
each sample was divided into four parts. Then each part was 
incubated with the one type of capture antibody-coated ABs and 
corresponding Ab2, followed by incubation with DB-SA. For the 
multi-LOCI assay, each sample was incubated with a mixture 
of four types of QDH@ABs-Ab1 and the corresponding Ab2, 
followed by incubation with DB-SA. The concentration of each 
cytokine was determined by the regression of signal intensities 
to calibration curves in Figure 5A–D and Figure S8 (Supporting 
Information). As illustrated in Figure 5E–H, the concentrations 
of each cytokine measured by multi-LOCI assays correlated 
strongly with those measured by conventional singleplexed 
LOCI assays, as indicated by Pearson’s correlation coefficients 
of 0.88, 0.71, 0.93, and 0.96 for IFN-γ, IL-4, IL-10, and IL-17A, 
respectively. More importantly, compared with LOCI that only 
one cytokine could be detected within a single assay, simul-
taneous detection of the four cytokines within a single assay 
was realized through multi-LOCI. Hence, the total assay time 

and sample volume were greatly decreased, which is suitable 
for point-of-care tests. These results demonstrate that multi-
LOCI is applicable for rapid and accurate cytokine profiling and 
immune cell phenotyping in clinical samples, which are critical 
processes in real-time monitoring of diseases and in tailoring 
drug treatments.

3. Conclusion

In summary, the multi-LOCI platform was demonstrated to 
provide a robust suspension array that combines LOCI with 
barcode technology for facile and multiplexed detection. A 
unique dual-functional barcode based on a host–guest struc-
ture was constructed as the microcarrier of multi-LOCI. As 
two building blocks of the host–guest structure, QDH offers 
barcode signals to enable multiplexing, while ABs serve as the 
source of the LOCI signal. The presence of analytes induced 
singlet oxygen channeling on the surface of barcode by 
forming a QDH@ABs–DBs “host–guest–satellite” superstruc-
ture. Thus, multiplexed detection was realized by following 
a simple “mix-and-measure” protocol, which greatly simpli-
fied the assay process. As an alternative, this method was also 
perfectly compatible with a protocol involving washing steps 
to further improve LOD and dynamic range. The multi-LOCI 
platform was validated for clinical application by simultane-
ously quantification of multiplexed cytokines in real samples. 
Together with future advances in assay optimization, micro-
fluidics and portable imaging platform, the capability of high 
multiplexing and ease-of-operation would facilitate the trans-
lation of multi-LOCI to point-of-care diagnostics in resource-
limited settings.

Small 2020, 1907521

Figure 5. A–D) Comparison of calibration curves for singlexed and multiplexed detection of IFN-γ, IL-4, IL-10, and IL-17A obtained by multi-LOCI. 
E–H) Correlation of measured cytokine concentrations in supernatants from PBMCs between the multi-LOCI and conventional LOCI assay.
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4. Experimental Section
Materials: Surface-carboxylated magnetic spheres (MSs) with a 

diameter of 5.8 µm were purchased from Bangs Laboratories. PEI (Mw =  
750 K, 25 and 10 K), poly(diallydimethylammonium chloride) solution 
(100 000 ≤ Mw ≤ 200 000), poly(sodium 4-styrenesulfonate) (PSS, Mw =  
70 000), 2-(N-morpholino) ethanesulfonic acid hydrate (MES), and LPS 
were purchased from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS) 
and ammonium hydroxide were purchased from Sinopharm Chemical 
Reagent. Green and red CdSSe/ZnS QDs were obtained from Najing 
Technology Corp. (Hangzhou, China). N-(3-(Dimethylamino)propyl)-
N′-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide 
(NHS) were purchased from Thermo Fisher Scientific. Carboxyl-modified 
ABs and streptavidin-coated DBs were obtained from PerkinElmer. IFN-γ 
and anti-IFN-γ antibody were provided by Hytest. IL-4, IL-10, IL-17A, and 
corresponding antibodies were purchased from R&D systems. Serum-
free RPMI medium 1640 and AIM-V medium were purchased from 
Gibco.

Characterization: The SEM images were obtained on a Zeiss Ultra 
Plus field emission scanning electron microscope (Carl Zeiss AG, 
Germany). Confocal images were obtained with a Leica TCS SP5 laser-
scanning confocal microscope (Leica, Germany). Fluorescence spectra 
were recorded by a fluorescence spectrometer (F-2700, HITACHI, 
Japan). For conventional LOCI signal acquisition, 96-well plates were 
placed in a SpectraMax i3× multimode microplate reader (Molecular 
Devices, CA) and were read in the ALPHA configuration. For the multi-
LOCI signal readout, the samples were imaged on a custom-built 
fluorescence microscope. In this setup, a 780 mW 680 nm laser diode 
(Changchun New Industries, Changchun, China) and a white light-
emitting diode (LED) were used for excitation of LOCI and multibarcode 
signals, respectively. For the LOCI signal readout, the laser light was 
guided into an inverted fluorescent microscope (IX-83, Olympus) and 
passed through an excitation filter (680/13 nm, Semrock) and a short-
pass dichroic mirror (653 nm, Semrock). A 10× objective lens was used 
to focus the excitation light onto the sample. After the excitation, the 
LOCI signal, which passed through the dichroic mirror and an emission 
filter (615/20 nm, Semrock), was then collected by an sCMOS camera 
(Photometrics). For barcode signal collection, after the LED light 
passed through the excitation filter (488/15 nm, Semrock) and long-
pass dichroic mirror (495 nm, Semrock), the signals from GQDs and 
RQDs passed through an emission filter (535/23 nm and 600/40 nm, 
Semrock) and were then collected by the camera. A customized software 
based on MATLAB (Mathworks, USA) was programmed to automatically 
analyze and colocalize the barcode and LOCI signals of every bead. The 
flow-cytometry analysis was carried out on an Accuri C6 flow-cytometer 
(BD, USA). The GQD (FL1 channel, 515/20 nm) and RQD (FL2 channel, 
610/20 nm) fluorescence were excited by a 488 nm laser.

Preparation of QDHs: QDHs were prepared following the approach 
described previously with some modifications.[31] First, MSs were 
modified with PEI by suspending MSs in MES buffer (10 × 10−3 m, pH = 5.0)  
containing PEI (Mw = 750 K) and EDC with rotation for 3 h. Second, 
the PEI-modified MSs were encoded with a layer of QDs by reaction 
with a mixed solvent of chloroform and n-butanol containing GQDs and 
RQDs with different molar ratios for 0.5 h. The obtained QD-encoded 
MSs (MS@QDs) were further suspended in a PEI solution (Mw = 25 K) 
with rotation for 0.5 h. Third, the obtained MS@QDs were encapsulated 
with a silica shell to form MS@QDs@SiO2 via a condensation reaction 
of TEOS. Fourth, the beads were further coated with a shell of PEs via 
electrostatic interaction by alternatively absorbing with PDDA and PSS. 
As a result, the final QDH product was obtained.

Construction of Host–Guest-Structured QDH@ABs: As two building 
blocks of the host–guest structure, amino-functionalized QDHs and 
carboxylated ABs were conjugated via a carbodiimide reaction. Typically, 
2 × 107 of QDHs were washed in 100 × 10−3 m MES buffer three times. 
Then, the QDHs were dispersed in 150 µL of MES and added dropwise 
into 150 µL of MES buffer containing 0.6 mg of ABs with continuous 
sonication. After this mixture was rotated for 0.5 h, 200 µL of MES 
containing 10 mg of EDC and 10 mg of NHS was added. The mixture 

was allowed to react for 3 h at room temperature. Afterward, the beads 
were sequentially washed with 0.01 m sodium hydroxide and water. 
Hence, the host–guest-structured QDH@ABs were prepared.

Bioconjugation with Antibodies: The bioconjugation of carboxyl-
modified ABs or QDH@ABs with capture antibodies was conducted via 
the carbodiimide reaction. Typically, 1 mg of ABs or 0.75 mg of QDH@
ABs were suspended in 400 µL of 10 × 10−3 m MES buffer (pH 6.0) 
containing 25 mg mL−1 EDC and NHS with rotation for 30 min, followed 
by washing with phosphate buffer (10 × 10−3 m, pH 7.4) twice. Then, the 
activated ABs or QDH@ABs were incubated with 0.1 mg of antibodies 
for 2 h at 37 °C. An additional 200 µL of phosphate buffer containing 
0.5 wt% bovine serum albumin (BSA) and 0.3 wt% glycine was added, 
and the mixture was incubated for another 1 h at 37 °C. Finally, the 
antibody-conjugated ABs or QDH@ABs were washed and stored in 
100 µL of phosphate buffer containing 0.1% BSA.

Conventional LOCI assay: The LOCI assay was performed in 
96-well plates. First, 25 µL of ABs conjugated with capture antibodies  
(100 µg mL−1), sample and biotinylated detection antibodies  
(10 µg mL−1) were mixed and incubated for 1 h at 37 °C. Then, 175 µL of 
SA (60 µg mL−1) were added and the plate was incubated for another 1 h 
at 37 °C, followed by signal readout on the microplate reader.

Multi-LOCI Assay: The multi-LOCI assay was performed in a 50 µL 
assay system. First, ≈2000 number of QDH@ABs conjugated with each 
type of capture antibody (QDH@ABs-Ab1) as well as the corresponding 
biotinylated detection antibody (Ab2) were added to a tube containing 
a sample with a certain concentration of cytokines. The tube was 
incubated for 30 min at 37 °C. Then, DB-SA were added, and the 
mixture was incubated for another 30 min at 37 °C. The solution was 
pipetted into a homemade microchamber where all of the barcodes were 
dispersed into a monolayer. Finally, the microchamber was subjected 
to the customized microscope for imaging. By using the customized 
software based on MATLAB, different barcodes were distinguished and 
the mean LOCI intensity of each barcode was obtained.

Real Sample Measurements: Whole blood samples were provided by 
Shanghai Chest Hospital. PBMCs were separated from whole blood 
samples by standard Ficoll-HyPaque density gradient centrifugation at 
1000 × g for 20 min at room temperature, followed by washing twice with 
serum-free RPMI 1640 medium. The obtained PBMCs were resuspended 
in serum-free AIM-V medium and counted using an automatic blood 
cell counter (Sysmex, Japan). The wells in the 96-microwell plates 
were seeded with a total number of 2.5 × 105 PBMCs per well. Then,  
1 µg mL−1 of LPS was added to the wells, and the plates were incubated 
at 37 °C with 5% CO2 for 24 h. Afterward, the PBMCs were removed by 
centrifugation, and the supernatant was collected. Finally, the abundance 
of cytokines in the collected samples was simultaneously measured by 
the LOCI and multi-LOCI approaches.
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