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A B S T R A C T   

Simultaneous detection of free and complexed prostate-specific antigen (f-PSA and c-PSA) is critical to the 
prostate cancer (PCa) diagnostic accuracy for clinical samples with PSA values in the diagnostic gray zone be
tween 4 and 10 ng mL� 1. Herein, red and green magnetic-quantum dot nanobeads (MQBs) with superior mag
netic property and high luminescence were fabricated via polyethyleneimine-mediated electrostatic adsorption 
of numerous quantum dots onto superparamagnetic Fe3O4 magnetic cores, and were conjugated with f-PSA 
antibody and c-PSA antibody, respectively, as versatile fluorescent probes in test strip for immune recognition, 
magnetic enrichment, and simultaneous detection of f-PSA and c-PSA analytes in complex biological matrix with 
t-PSA antibody on the test line. A low-cost and portable smartphone readout device with an application was also 
developed for the imaging of dual-color test strips and data processing. This assay can simultaneously detect f- 
PSA and c-PSA with the limits of detection of 0.009 ng mL� 1 and 0.087 ng mL� 1, respectively. Clinical serum 
samples of PCa and benign prostatic hyperplasia patients were evaluated to confirm the clinical feasibility. The 
results suggest that the proposed dual-color MQBs-based fluorescent lateral flow immunoassay is a promising 
point-of-care diagnostics technique for the accurate diagnosis of PCa even in resource-limited settings.   

1. Introduction 

Prostate cancer (PCa) is a common cancer among males in the United 
States with a death rate of 13%, and accounts for the second leading 
cancer death (Lacher and Hughes, 2015; Sonawane et al., 2016). The 
association of increased PCa risk with elevated expression of certain 
genes is indicated (Emami et al., 2019). Great efforts have been made for 
cancer prevention (Thompson et al., 2014), in vivo cancer probing (Liu 
et al., 2017a), and therapeutic intervention (Liu et al., 2017b). Never
theless, early diagnosis and treatment are critical for curing PCa. 
Prostate-specific antigen (PSA) is currently considered as the most 

reliable serum biomarker for the diagnosis of PCa (Healy et al., 2007). 
Despite its wide application, PSA alone is not a cancer-specific 
biomarker because other non-cancerous prostate diseases, such as 
benign prostatic hyperplasia (BPH) and prostatitis can also induce the 
rising release of PSA into the circulation. The lack of specificity, 
particularly in the “diagnostic gray zone” of PSA values between 4 and 
10 ng mL� 1, can induce to unnecessary prostate biopsies (Hoffman et al., 
2000). In blood, PSA primarily binds to the serum protease inhibitor 
α1-antichymotrypsin (ACT) and forms a complex PSA-ACT (c-PSA), 
whereas a minor part appears as free PSA (f-PSA). The proportion of 
f-PSA in PCa is decreased, and the use of free-to-total PSA (f/t-PSA) ratio 
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in the serum can improve the specificity of PSA testing for PCa diagnosis 
(Catalona et al., 1998; Egawa et al., 1997; Jung et al., 2000). A cutoff 
value of 25% f/t-PSA ratio can detect 95% of cancers. Therefore, the 
simultaneous detection of f-PSA and c-PSA is critical to the PCa diag
nostic accuracy for clinical samples with PSA values in the diagnostic 
gray zone. 

Various analytical techniques, including surface-enhanced Raman 
scattering (SERS) immunoassay (Cheng et al., 2017; Gao et al., 2018), 
surface plasmon resonance immunoassay (Jiang et al., 2014), chem
iluminescence enzyme immunoassay (Zhao et al., 2017), immuno fluo
rometric assay (Eriksson et al., 2000; Zhu et al., 2003), electrochemical 
sensor (Escamilla-G�omez et al., 2009), and chemiluminescence micro
array immunoassay (Liu et al., 2016), have been developed for the 
simultaneous detection of f-PSA and c-PSA (or t-PSA) for PCa diagnosis. 
Nevertheless, most of these approaches require expensive laboratory 
instruments, skilled personnel, and time-consuming manual operation. 
These limitations have hindered their wide point-of-care detection ap
plications, particularly in resource-limited settings, such as home, 
clinics, and infirmaries. Consequently, a simple, affordable, and 
easy-to-use diagnostic system with multiplex diagnostic capability is still 
urgently needed. 

Lateral flow immunoassay (LFIA) is a rapid, affordable, and user- 
friendly point-of-care diagnostic technique for various bioanalysis ap
plications. Two approaches are used to achieve multiplex detection 
based on the LFIA system. The first method is setting parallel test (T) 
lines or dots on nitrocellulose (NC) membrane with each T line for one 
analyte detection by using various kinds of report labels, including gold 
colloids (Brangel et al., 2018; Song et al., 2014), fluorescent nano
particles (Song et al., 2015), upconversion nanoparticles (He et al., 
2018; You et al., 2017), quantum dots (QDs) (Fang et al., 2018; Wu et al., 
2016), and SERS tags (Wang et al. 2017, 2019). However, multiplex 
immunoassays for f-PSA and c-PSA detection usually share t-PSA anti
body as the common capture antibody. Therefore, a multiplex detection 
approach based on parallel T lines is not capable of the duplex detection 
of f-PSA and c-PSA. Alternatively, the multiplex detection of analytes on 
a single T line has been reported based on multiplex report labels, such 
as multiple-color microspheres (Lee et al., 2016), and SERS tags (Noble 
et al., 2012; Tran et al., 2019; Zhang et al., 2018). However, colorimetric 
LFIA exhibits limited detection sensitivity and lacks quantitative di
agnostics capability. The major drawbacks of SERS-based LFIAs are the 
relatively long readout time and their dependence on expensive Raman 
spectrometer for signal readout (Tran et al., 2019). Particularly, 
QDs-based fluorescent LFIA has been developed for the high sensitive 
detection of various analytes due to its distinguished optical features 
(Hu et al. 2016, 2017; Li et al., 2014; Qu et al., 2016). Different-sized 
QDs can be excited by using a single UV light source, and emit sharp 
and intensive fluorescence spectra with low crosstalk between the 
characteristic fluorescence peaks (Hu et al., 2010; Jennings et al., 2011; 
Wang et al., 2015b). As such, their multiplex encoding capacity for the 
simultaneous detection of several analytes was indicated. 

Recently, magnetic-quantum dot nanobeads (MQBs), a kind of 
composite nanomaterial with distinct magnetic and fluorescent prop
erties, have been employed as alternative probes for LFIA to improve the 
sensitivity and feasibility for analytes in complex biological metrix (Guo 
et al., 2019; Hu et al., 2019; Huang et al., 2019). Numerous QDs and 
magnetic nanobeads (MBs) were assembled or embedded into a single 
nanocomposite, thus yielding a substantially enhanced fluorescence 
signal. Moreover, specific antibody-conjugated MQBs can immune 
recognize, magnetically separate and enrich the analytes in complex 
samples under external magnetic field. Given the multiplex encoding 
capacity of QDs and analyte enrichment capability of MBs, the 
MQBs-based fluorescent LFIA possesses a considerable application po
tential for the high-sensitive and simultaneous detection of dual PSA 
markers on a single T line. 

Herein, red and green MQBs with superior magnetic property and 
high luminescence were fabricated via polyethyleneimine (PEI)- 

mediated electrostatic adsorption of numerous QD625 or QD525 onto 
140-nm-diameter superparamagnetic Fe3O4 magnetic cores. The syn
thesized dual-color MQBs were conjugated with f-PSA antibody and c- 
PSA antibody, respectively, as versatile fluorescent probes in test strip 
for immune recognition, magnetic enrichment, and simultaneous 
detection of f-PSA and c-PSA analytes in complex biological matrix. The 
t-PSA antibody was dispensed on a single T line as the common capture 
antibody. In the presence of f-PSA and c-PSA biomarkers in the sample, 
sandwich immunocomplexes would form on the T line through anti
body� antigen reactions. A low-cost smartphone readout device, with 
some modifications to our previous work (Rong et al., 2019), was 
developed by integrating a 3D-printed smartphone attachment and op
tical and electrical components for dual-color fluorescent lateral flow 
strip imaging. A smartphone application was also created to facilitate 
image recording and data analysis. This LFIA platform achieved simul
taneous point-of-care detection of f-PSA and c-PSA on a single T line 
with high specificity and sensitivity. Further, clinical serum samples of 
PCa and BPH patients were collected and evaluated to confirm the 
clinical feasibility of the proposed approach. To the best of our knowl
edge, MQBs-based fluorescent LFIA for simultaneous detection of dual 
biomarkers has not been reported. This work may provide new insights 
into the design and application of high-sensitive multiplex detection 
techniques for analytes in complex sample matrix. 

2. Experimental section 

2.1. Materials 

Polyethyleneimine (PEI, MW 25 kDa), N-Hydroxysulfosuccinimide 
sodium salt (sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodii
mide⋅HCl (EDC), polyclonal goat anti-mouse IgG antibody, and bovine 
serum albumin (BSA) were purchased from Sigma-Aldrich. Carboxyl- 
functionalized CdSe/ZnS quantum dots (QD525 and QD625) were pro
vided by Meso light Technology Corp. (Suzhou, China). Free prostate- 
specific antigen (f-PSA) was obtained from Lingchao Biotechnology 
Limited Company (Shanghai, China). Prostate-specific antigen-α1-anti
chymotrypsin complex (c-PSA), carcinoembryonic antigen (CEA), alpha- 
fetoprotein (AFP), carbohydrate antigen 19–9 (CA19-9), cancer antigen 
125 (CA125), and cancer antigen 153 (CA153) were obtained from 
Fitzgerald Industries International, Inc. (Acton, MA, USA). Mouse 
monoclonal f-PSA, c-PSA, and total PSA (t-PSA) antibodies were ob
tained from BiosPacific, Inc. (CA, USA). Hi-Flow Plus 90 nitrocellulose 
(NC) membranes were obtained from Millipore (Billerica, MA, USA). 

2.2. Preparation and antibody conjugation of MQBs 

The superparamagnetic Fe3O4 magnetic nanobeads (MBs, 140 nm 
diameter) were synthesized through a solvothermal reaction (Wang 
et al., 2015a). Then, 0.1 g of prepared Fe3O4 MBs were mixed with PEI 
aqueous solution (5 mg mL� 1, 10 mL) under sonication for 30 min to 
self-assemble a positive-charged PEI layer on Fe3O4 MBs surface. After 
washing trice, Fe3O4@PEI MBs were mixed with 
carboxyl-functionalized QD525 or QD625 (10 μM, 50 μL), and sonicated 
for 30 min to form Fe3O4@PEI@QDs MQBs via electrostatic 
interactions. 

Red-colored MQBs (MQB625) and green-colored MQBs (MQB525) 
were conjugated with f-PSA antibody and c-PSA antibody using carbo
diimine chemistry, respectively. In brief, 500 μL of MQB625 or MQB525 
suspension in MES solution (10 mM, pH 6.0) was mixed with EDC 
(10 mM, 10 μL) and sulfo-NHS (15 mM, 10 μL) at 37 �C for 15 min. After 
purification, carboxyl-activated MQBs were incubated with 15 μg of 
mouse monoclonal f-PSA antibody or c-PSA antibody for 1 h. Then, 
25 μL of 1% BSA was added to block unreacted carboxyl sites. After 
purification again, MQB-antibody conjugates were resuspended in 
200 μL of buffer solution for further use. 
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2.3. Preparation of lateral flow strips 

The test line and control line were fabricated by spotting mouse 
monoclonal t-PSA antibody (0.8 mg mL� 1) and goat polyclonal anti- 
mouse IgG antibody (0.5 mg mL� 1) in coating buffer (10 mM PB, 3% 
methanol, pH 7.4) onto the NC membrane, respectively. Then, the 
plastic backing card assembled with the sample pad, NC membrane, and 
absorbent pad were cut into 3 mm wide lateral flow strips. 

2.4. Simultaneous detection of f-PSA and c-PSA 

A series of diluted f-PSA or c-PSA antigen solutions in 500 μL of 
buffer solution (10 mM PBS (pH 7.4), 0.05% Tween 20, and 25% fetal 
bovine serum) were prepared, and then incubated with f-PSA antibody- 
conjugated MQB625 (1 μL) and c-PSA antibody-conjugated MQB525 
(1.5 μL) for 30 min. After magnetically separation and enrichment, im
mune complexes were resuspended in buffer solution (50 μL), and 
loaded onto the test strip for immune reaction of 20 min. The resulting 
strips were excited under UV light source and the fluorescence images 
were captured and analyzed by using the in-house created smartphone- 
based dual-color fluorescent lateral flow strip reader. 

2.5. Analysis of clinical serum samples 

Human serum samples of four PCa patients and four BPH patients 
were collected from the Department of Urology, Nanjing Jinling Hos
pital, and stored at � 80 �C until use. Ethical approval for this research 
from the Research Ethics Committee of the hospital and informed con
sent documents from all these patients were obtained. Each clinical 
serum sample was tested by using the dual-color MQBs-based fluores
cent LFIA platform. The values of f-PSA and c-PSA were simultaneously 
determined and compared with those determined by the chem
iluminesent microparticle immunoassay (CMIA) system (Architect 
i2000SR, Abbott Laboratories, USA) at the hospital. 

2.6. Smartphone-based dual-color fluorescent lateral flow strip reader 

The smartphone readout device, with some modifications to our 
previous work (Rong et al., 2019), was developed to record the image of 
dual-color fluorescent lateral flow strips by integrating a smartphone 
(Mix2, Xiaomi) and optical and electrical components into a 3D-printed 
optomechanical attachment. A UV LED (3 W, 365 nm) was driven by a 
constant current driving circuit powered by two lithium batteries with a 
switch key. After being filtered by a 365 nm band-pass filter (Yongxing 
Optics, Beijing), UV light source was utilized to excite the MQBs probes 
captured on the test and control lines of LFIA strips with a 45� incidence 
angle. Fluorescence signals passed through a dual-band emission filter 
(524/628 nm, Edmund Optical, USA) to reduce background noise sig
nals and crosstalk between red and green channels, and were collected 
by an external plano-convex lens (focal length: 20 mm, Edmund Optical, 
USA) before reaching the smartphone CMOS image sensor. For fluo
rescent lateral flow strip imaging, the optimal camera settings are an 
exposure time of 1/30 s and an ISO of 100. The smartphone application 
was designed by using Android Studio to facilitate image recording and 
data analysis. The application provides interfaces for users to input 
patient information, configure parameters, take strip images, and pro
cess data. 

2.7. Characterization 

Transmission electron microscopy (TEM) images of nanoparticles 
were taken using a Hitachi H-7650 TEM. Emission spectra were recor
ded by using a spectrometer (USB2000þ, Ocean Optics, USA) under 
excitation of a handheld UV lamp. Zeta potentials were characterized by 
using a Nano-ZS90 Zeta Sizer (Malvern, UK). The magnetic properties 
were investigated using a superconducting quantum interference device 

magnetometer (SQUID, MPMSXL-7) at 300 K. 

3. Results and discussion 

3.1. Dual-color MQBs-Based fluorescent lateral flow immunoassay 
principle 

In this work, the 140-nm-diameter superparamagnetic Fe3O4 MBs 
were synthesized through a solvothermal reaction, following the depo
sition of an ultrathin positive-charged PEI layer via self-assembly. Sub
sequently, numerous green- and red carboxyl-functionalized QDs were 
electrostatically adsorbed to form MQBs. Meanwhile, the as-synthesized 
MQB625 and MQB525 were conjugated with f-PSA antibody and c-PSA 
antibody, respectively, serving as the enrichment substrate as well as 
fluorescent probes in the LFIA (Fig. 1A). As shown in Fig. 1B, the as- 
synthesized Fe3O4 MBs are highly monodisperse nanospheres with a 
uniform diameter of ~140 nm. The positive-charged PEI mediate layer 
self-assembled as a bright ultrathin shell (~2 nm) surrounding the Fe3O4 
cores in Fig. 1C for further electrostatic adsorption of negative-charged 
carboxylated QDs. Fig. 1D and E shows the as-synthesized MQB525 and 
MQB625 with numerous adsorbed QDs as small dots on the surface, 
which possess high luminescence and abundant carboxyl sites for anti
body conjugation through amide reaction. The zeta potential increased 
from � 27.7 mV of MBs to 42.5 mV of MB@PEI after self-assembly of 
positive-charged PEI layer, and then decreased to � 4.76 mV of MQB525 
and � 6.62 mV of MQB625 because of numerous adsorbed carboxylated 
QDs (Fig. 1F). These results further confirm the successful preparation of 
MQBs. The magnetic property is critical to the separation efficiency and 
recovery of analytes. As shown in Fig. 1G, the magnetic hysteresis curves 
of MB, MB@PEI, MQB525 and MQB625 indicate their superior super
paramagnetic property with a saturated magnetization of 66.1, 63.1, 
54.5 and 55.9 emu g� 1, respectively. The decrease in magnetization is 
attributed to the less proportion of Fe3O4 in the as-synthesized nano
composites (Guan et al., 2015). The magnetizations of as-synthesized 
MQBs are much stronger than that of recently reported similar nano
composites (Guo et al., 2019; Hu et al., 2019; Huang et al., 2019), owing 
to the employment of superparamagnetic Fe3O4 magnetic cores and 
ultrathin PEI mediate layers in this work. The resultant MQB525 and 
MQB625 nanocomposites can be thoroughly enriched by using a mag
netic bar in 30 s (Fig. S1). Furthermore, each MQB nanocomposite 
containing numerous QDs is expected to emit intensive fluorescence 
spectrum compared to a single QD (Guo et al., 2019). The photographs 
and fluorescence spectra of as-synthesized nanoparticles, and 1:1 
mixture of MQB525 and MQB625 are shown in Fig. 1H and I. As ex
pected, bright green and red optical emissions were observed for 
MQB525 and MQB625, respectively. As for their mixture, the fluores
cent emission was yellow colored with two distinct peaks at 525 and 
625 nm, and no obvious overlap was found between these two kinds of 
MQBs, indicating their great application potential for multiplex di
agnostics technique with a low crosstalk between the different signal 
channels. 

The analytical principle for simultaneous detection of dual PSA 
markers based on dual-color MQBs fluorescent probes is illustrated in 
Fig. 2. F-PSA antibody-conjugated MQB625, and c-PSA antibody- 
conjugated MQB525 would recognize, separate and enrich their 
responding antigens. After being loaded onto the lateral flow strips, the 
magnetic immunocomplexes migrated toward the absorption pad due to 
capillary effect and were captured by t-PSA antibody on the T line, 
forming sandwich immunocomplexes through antibody� antigen re
actions. Under UV light, the T line of the strip used for f-PSA and c-PSA 
detection was red and green colored, respectively. Meanwhile, the 
resulting test line for their mixture was yellow colored as the merging of 
red and green fluorescent emissions. Thus, high-sensitive simultaneous 
point-of-care detection of dual PSA markers is expected based on the 
magnetic enrichment effect and dual-color high luminescence of the 
versatile MQBs probes in test strip. 
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As portable wireless communication devices, smartphones are inte
grated with high-performance digital camera and computational pro
cessing power that allows for the miniaturization of the optical readout 
device for point-of-care diagnostics applications (Ding et al., 2019; Draz 

et al., 2018; Joung et al., 2019; Kong et al., 2017; Min et al., 2018). 
Despite current great efforts (Brangel et al., 2018; He et al., 2018; 
Michelini et al., 2019; Rong et al., 2019; You et al., 2017; Zhao et al., 
2018), the optimal optical design and data processing algorithm of 

Fig. 1. Fabrication of dual-color MQBs fluorescent probes. (A) Schematic illustration of the synthesis process. TEM images of (B) MB, (C) MB@PEI, (D) MQB525, and 
(E) MQB625, and their (F) zeta potentials, (G) magnetic hysteresis curves, (H) photographs and (I) fluorescence spectra under UV light. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Schematic illustration of the dual-color MQBs-based fluorescent LFIA. (i) Mixing of f-PSA, c-PSA, f-PSA antibody-conjugated MQB625, and c-PSA antibody- 
conjugated MQB525. (ii) Magnetic separation and enrichment of dual PSAs. (iii) Loading magnetic immunocomplexes onto the lateral flow test strips. (iv) Simul
taneous capture of immunocomplexes by t-PSA antibody on the T line. (v) Imaging and interpretation of results. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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smartphone-based reader for dual-color fluorescent test strip remain 
challenging. In this study, a 3D-printed smartphone attachment was 
employed to integrate a smartphone (Mix2, Xiaomi) and optical and 
electrical components for the dual-color imaging of the fluorescent 
lateral flow strip. The sharp and size-tunable fluorescent emission 
spectra of QDs can be excited by a single UV light source, regardless of 
their different emission wavelengths. Therefore, the simplified and 
compact optical design with a single 365 nm UV light excitation source 
for both MQB625 and MQB525 was enabled as shown in Fig. 3A. As a 
contrast, multiplex imaging analysis based on traditional organic fluo
rescent dyes requires separate excitation light sources, filters, and op
tical paths (Awqatty et al., 2014; Kuhnemund et al., 2017). In particular, 
a dual-band emission filter was employed in this work to reduce the 
background noise signals and crosstalk between red and green signal 
channels. An external plano-convex lens fixed in front of the smartphone 
CMOS image sensor allows for signal collection and image magnifica
tion, and the object distance was reduced to 20 mm that enables the 
miniaturization of the smartphone readout device with an overall 
dimension of ~160 mm � 80 mm � 40 mm (Fig. 3B). The optical and 
electrical components of the proposed dual-color strip reader cost 
approximately $250. 

A smartphone application was custom-designed to facilitate the de
vice control and data processing. This application provides interfaces for 
users to input patient information, configure parameters, take test strip 
photos, and process data (Fig. S2). The application can simultaneously 
calculate the values of f-PSA and c-PSA following the image processing 
procedure as described in Fig. S3. Red and green fluorescence signals 
emitting from the dual-color MQBs probes were captured by the 
smartphone RGB CMOS sensor in the proposed reader. A 300 � 350 
rectangular region covering the test line was selected in the obtained 
RGB image, which was subsequently split into R, G and B channels. For R 
or G channels, each signal peak area and baseline signal were calculated, 
and background-subtracted average value was regarded as the R or G 
channel intensity. The calibration curves for f-PSA and c-PSA were ob
tained via the sigmoidal curve fitting of the calculated R and G channel 
intensities of standard analytes, respectively. The fitting parameters 
were fed to the parameter configuring menu of the application for the 
following calculation of f-PSA and c-PSA concentrations of the clinical 
samples. 

3.2. Assay development 

The fluorescent emission of MQB625 was more intensive than that of 
MQB525 due to their different quantum yields. Given the minor pro
portion of f-PSA existing in blood, MQB625 and MQB525 were conju
gated with f-PSA antibody and c-PSA antibody, respectively. Meanwhile, 
the volume of c-PSA antibody-conjugated MQB525 (1.5 μL) for prepa
ration of the conjugate pad was higher than that of f-PSA antibody- 
conjugated MQB625 (1 μL) to balance the optical emissions of red and 
green fluorescent signals. In this assay, MQBs with a magnetic core size 
of 140 nm and 200 nm were synthesized to evaluate its effect on assay 
performance. As shown in Fig. S4, MQBs with a core diameter of 140 nm 
exhibited a stronger fluorescence intensity on the test line, which is 
attributed to the high surface-to-volume ratio to facilitate immune re
action efficiency. Furthermore, the relative-small diameter size with 
sufficient magnetic property was selected in this assay to avoid potential 
steric hindrance and non-specific adsorption when the magnetic 
immunocomplexes immigrated through the NC membrane. The detec
tion antibody amount was optimized to improve the analytical perfor
mance of the dual-color LFIA. The optimal detection antibody amounts 
for f-PSA antibody and c-PSA antibody were both 15 μg for antibody 
conjugation to 500 μL of MQBs based on the test line intensities for the 
resulting test strips of 1 ng mL� 1 of f-PSA (red channel intensity) and 
5 ng mL� 1 of c-PSA (green channel intensity), respectively (Fig. S5). 

Dual-color MQBs-based fluorescent LFIA for f-PSA and c-PSA detec
tion separately was performed to verify the feasibility of the assay. A 
series of diluted f-PSA and c-PSA solutions in the range 
0.01–100 ng mL� 1 were allowed to mix and immune bind with 
antibody-conjugated MQBs probes for 30 min. The resulting immuno
complexes were collected under the external magnetic field to separate 
and enrich analytes from complex sample matrix. Then, the concen
trated immunocomplexes were loaded onto the test strips and finally 
immobilized by t-PSA antibody on the test line, which were further 
excited by UV light and captured by the smartphone readout device. The 
analyte enrichment ability of MQBs probes were also confirmed 
(Fig. S6). Images of the test strips with red test line for f-PSA detection 
(Fig. 4A) and green test line for c-PSA detection (Fig. 4B) can be 
observed. The red and green fluorescent intensities were well fitted by 
sigmoidal curves (Fig. 4C and D). The red or green test line of the test 
strip became brighter with the increasing concentration of f-PSA or c- 
PSA in the sample. The test lines corresponding to 0.05 ng mL� 1 of f-PSA 
and 0.5 ng mL� 1 of c-PSA can be observed by the naked eye. This 

Fig. 3. Smartphone-based dual-color fluorescent lateral flow strip reader. (A) Internal structure of the smartphone readout device. MQB625 and MQB525 conjugates 
captured on the test line were excited by a 365 nm UV LED light source. Red and green emission signals passed through a dual-band emission filter (524/628 nm) and 
an external plano-convex lens, before reaching the smartphone CMOS sensor. (B) Image of the smartphone readout device. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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difference between the signal responses is mainly attributed to the 
stronger quantum yield of red-color QD625 than that of green-color 
QD525 and the difference in immunity affinity between the immuno
assays for f-PSA and c-PSA. The background signal arising from the 
nonspecific adsorption of MQBs probes and the crosstalk between red 
and green signal channels are critical for multiplex diagnostics method. 
In this work, the as-synthesized MQBs possess excellent monodispersity 
with a small diameter (<170 nm), thus leading to a low background 
signal level. Furthermore, the possible crosstalk can be hindered by the 
narrow distinct fluorescent emissions of MQBs and the employment of 
dual-band emission filter. Taken together, relatively low background 
and crosstalk signals were demonstrated in Fig. 4C and D. The calibra
tion curves of the red fluorescence for f-PSA detection and the green 
fluorescence for c-PSA detection exhibited a sigmoidal function of f-PSA 
and c-PSA value in the range of 0.01–100 ng mL� 1, respectively. The 
limits of detection (LODs), estimated from the sigmoidal fitting curve 
where the analyte concentration generates the signal intensity value that 
exceeds three times the standard deviation (SD) of the blank measure
ments, are 0.008 ng mL� 1 of f-PSA and 0.061 ng mL� 1 of c-PSA. This 
calculation is reasonable because the invisible fluorescent signals for the 
naked eyes can be analyzed by the processing algorithm to generate a 
lower LOD value. 

The specificity of this assay was investigated by using several cancer 
biomarkers, including CEA (100 ng mL� 1), AFP (100 ng mL� 1), CA19-9 
(1 kU mL� 1), CA125 (1 kU mL� 1), and CA153 (100 U mL� 1), as the 
interferents. These cancer biomarkers and blank control exhibited a 
relatively low signal in both red and green channels, whereas f-PSA 
(1 ng mL� 1) or c-PSA (5 ng mL� 1) exhibited a distinct signal in red 
channel and green channel, respectively (Fig. S7). The results indicate 
the high specificity of the dual-color LFIA toward the target analytes. 

3.3. Simultaneous detection of f-PSA and c-PSA 

The cross reaction between immunoassays for different analytes is 
another critical factor for a multiplex diagnostics method. A total of 
10 ng mL� 1 of t-PSA solutions with different concentration ratios of f- 
PSA and c-PSA were tested by using the proposed dual-color LFIA to 
evaluate the cross reactivity between f-PSA and c-PSA antigens. As 
shown in Fig. 5A, the test line of the test strip turned from green to red as 
the concentration of c-PSA was decreased and that of f-PSA was 
increased. The red and green channel intensities were readout as shown 
in Fig. 5B to characterize f-PSA and c-PSA, respectively. This result 
further confirmed the color trend of the test lines as expected. In addi
tion, the dual-color readout values were constant with those for only one 

kind of PSA antigen in the samples as shown in Fig. 4C and D. These 
results indicate that the red and green channel readouts depended on the 
corresponding concentration of f-PSA and c-PSA in the sample, and a 
negligible cross activity between these two PSA biomarkers exists. Thus, 
simultaneous detection of f-PSA and c-PSA on a single T line is feasible 
based on the multiplexing capability of the proposed LFIA platform. 

Various concentrations of f-PSA (0.05–20 ng mL� 1) and c-PSA 

Fig. 4. Analytical performance of dual-color fluo
rescent LFIA. Images of the test strips at different 
concentrations of (A) f-PSA (0.01–100 ng mL� 1) 
and (B) c-PSA (0.01–100 ng mL� 1). Corresponding 
test line intensities of red channel (red square) and 
green channel (green dot) and calibration curves 
for (C) f-PSA and (D) c-PSA. Error bars represent 
the standard deviation of three repetitive experi
ments. (For interpretation of the references to color 
in this figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 5. (A) Images of the test strips and (B) corresponding test line intensities at 
different concentration ratios of f-PSA and c-PSA. Error bars represent the 
standard deviation of three repetitive experiments. 
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(0.2–80 ng mL� 1) with a 1:4 concentration ratio were spiked into FBS 
used to simulate the human serum matrixes, followed by testing using 
the dual-color lateral flow strips to verify the duplex detection capability 
of the proposed LFIA platform. The test strip images were captured 
(Fig. 6A), and the orange-yellow color as observed on the test lines 
became brighter with the increasing concentrations of f-PSA and c-PSA. 
Their corresponding red and green channel intensities were readout by 
the smartphone reader as shown in Fig. 6B, which increased with the 
increase in f-PSA and c-PSA concentrations, respectively. Corresponding 
calibration curves for f-PSA and c-PSA are shown in Fig. 6C and D. 
Subsequently, the fitting parameters were fed back to the parameter 
configuring menu of the application for the following simultaneous 
calculation of f-PSA and c-PSA concentrations of clinical serum samples. 
The LODs were calculated to be 0.009 ng mL� 1 of f-PSA and 
0.087 ng mL� 1 of c-PSA, which are acceptable for clinical diagnostics 
because the cutoff concentration of t-PSA is 4.0 ng mL� 1. As summarized 
in Table S1 in the Supporting Information, the proposed MQBs-based 
fluorescent LFIA shows superior analytical sensitivity for the simulta
neous detection of dual PSA markers. The reproducibility of dual-color 
fluorescent LFIA for simultaneous detection of f-PSA and c-PSA is 
shown in Fig. S8. The relative standard deviations for different con
centrations of f-PSA and c-PSA are indicated as acceptable. Furthermore, 
the as-prepared antibody-conjugated MQBs probes and test strips were 
lyophilized and then stored for 4 weeks at room temperature. A good 
stability of the proposed assay is shown in Fig. S9, indicating its wide 
application capability in low-resource settings. 

3.4. Application in clinical samples 

To investigate the clinical feasibility of the proposed method, re
covery experiments were performed by testing f-PSA and c-PSA analytes 
spiked into two human serum samples. As shown in Table S2, the re
coveries of f-PSA and c-PSA in human samples range from 91.00% to 
108.00%. Furthermore, f-PSA and c-PSA values in clinical serum sam
ples were tested by this platform. Human serum samples of four PCa 
patients and four BPH patients were collected from the hospital. The 
simultaneously determined f-PSA and c-PSA values were compared with 
results determined by using the CMIA system in Table S3. The results 

obtained from the dual-color fluorescent LFIA platform are consistent 
with those obtained from the CMIA system. The mean values of 
measured f/t-PSA ratios for BPH and PCa are 0.28 and 0.12, respec
tively, which are close to previously reported values (Jiang et al., 2014; 
Jung et al., 2000). Therefore, the proposed dual-color MQBs-based 
fluorescent LFIA platform possesses the capability of simultaneous 
point-of-care detection of f-PSA and c-PSA in clinical serum samples and 
could greatly facilitate the accurate diagnosis of PCa in the clinical 
practice. 

4. Conclusions 

In this study, we demonstrated the simultaneous point-of-care 
detection of dual PSA markers in clinical samples for accurate diag
nosis of PCa using MQBs-based fluorescent lateral flow test strip. Red 
and green MQBs were fabricated via PEI-mediated electrostatic 
adsorption of numerous QD525 or QD625 onto superparamagnetic 
Fe3O4 magnetic cores. The synthesized red and green MQBs possess 
excellent monodispersity, superior magnetic property and high lumi
nescence, and were conjugated with f-PSA antibody and c-PSA antibody, 
respectively, as versatile fluorescent probes for immune recognition, 
magnetic enrichment, and simultaneous detection of f-PSA and c-PSA 
analytes in complex biological matrix. A relatively low crosstalk and 
cross-reactivity between the immunoassays for dual PSA markers were 
demonstrated. This assay is capable of the simultaneous detection of f- 
PSA and c-PSA with LODs of 0.009 ng mL� 1 and 0.087 ng mL� 1, 
respectively, in a short assay time of 60 min. Clinical serum samples of 
PCa and BPH patients were collected and evaluated by using the pro
posed approach. The obtained results were consistent with reference 
values, indicating the clinical feasibility of this diagnostics technique for 
testing PSA markers in the diagnostic gray zone. Given its easy-to-use 
format, duplex detection capacity, and superior analytical perfor
mance, the proposed dual-color MQBs-based fluorescent LFIA is a 
promising point-of-care diagnostics technique for the accurate diagnosis 
of PCa even in resource-limited settings. 

Fig. 6. Simultaneous detection of f-PSA and c-PSA. (A) Images of the test strips and (B) corresponding test line intensities for simultaneous detection of a 1:4 
concentration ratio mixture of f-PSA (0.05–20 ng mL� 1) and c-PSA (0.2–80 ng mL� 1). Corresponding calibration curves for (C) f-PSA and (D) c-PSA. Error bars 
represent the standard deviation of three repetitive experiments. 
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