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ABSTRACT: Convenient and fast testing using an immunochromatog-
raphy test strip (ICTS) enables rapid yes/no decisions regarding a disease
to be made. However, the fundamental limitations of an ICTS, such as a
lack of quantitative and sensitive analysis, severely hampers its application in
reliable medical testing for the early detection of cancer. Herein, we
overcame these limitations by integrating an ICTS with quantum dot
nanobeads (QD nanobeads), which were fabricated by encapsulating QDs
within modified poly(tert-butyl acrylate-co-ethyl acrylate-co-methacrylic
acid) and served as a robust signal-generating reagent for the ICTS.
Prostate specific antigen (PSA) was used as a model analyte to demonstrate
the performance of the QD nanobeads-based ICTS platform. Under
optimized conditions, the concentration of PSA could be determined within
1S min with high sensitivity and specificity using only 40 uL of sample. The
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detection limit was enhanced by ~12-fold compared with that of an ICTS that used QDs encapsulated by commercial 11-
mercaptoundecanoic acid (QDs@MUA) as the signal-generating reagent. At the same time, the possible clinical utility of this
approach was demonstrated by measurements recorded from PSA-positive patient specimens. Our data suggest that the QD
nanobeads-based ICTS platform is not only rapid and low-cost but also highly sensitive and specific for use in quantitative point-
of-care diagnostics; thus, it holds promise for becoming a part of routine medical testing for the early cancer of detection.
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1. INDRODUCTION

The presence of certain cancer protein biomarkers or irregular
protein concentrations can be a sign of disease-related
biological processes.’ Protein-sensing methods provide the
potential to enable and hasten early disease detection and to
rationalize treatments, especially for cancers."” The early
diagnosis of cancer is very critical to improve the cure and
survival rates.’ However, identifying specific cancer protein
biomarkers for early cancer detection remains a longstanding
barrier for cancer therapy. During the past decade, although
methodological advances have been achieved, detection
methods are still severely restricted because they require
expensive instruments, highly skilled personnel to perform the
procedures, and tedious analysis time. Therefore, the demand
for point-of-care diagnostic tests that can be carried out for on-
the-spot patient care is enormous.

The immunochromatography test strip (ICTS) is the most
common commercial point-of-care diagnostic format.* This
device depends upon fluid migration or flow technology, which
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includes porous membranes, antibodies, and a visible signal-
generating entity. It benefits from several advantages:** a short
time is consumed for sample purification, no incubation and
washing steps are required before analysis, small sample
volumes are needed, and skilled technicians are not required.
As a viable point-of-care diagnostic, the signal-generating
reagent used in an ICTS plays a critical role for producing
and transducing the signal in an immunoassay,®” which directly
determines the ability of the ICTS to be used for quantitative
detection as well as the sensitivity of the assay. Therefore,
developing a robust signal-generating reagent is extremely
critical for the quantitative and sensitive ICTS-mediated
detection of analytes.

Great efforts have been made toward developing the signal-
generating reagent. For this purpose, different materials have
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been introduced, such as colloidal gold nanoparticles,g_10
colored latex particles,'”"> up-converting phosphors,"*"*
17,18

magnetic nanoparticles,'¥'® and organic fluorophores.
Among these candidates, quantum dots (QDs) as nanoscaled
fluorescent labels have attracted great interest in biological and
medical detection in recent years because of their fascinating
optical and electronic properties.'”*° Their high level of
brightness and extraordinary photostability enables ultra-
sensitive detection for biomedical applications,”"** which also
provides new opportunities for their use in an ICTS.***
Although QDs have great potential to overcome the limitations
of an ICTS, their longstanding problems of chemical and
colloidal instability in biological environments after the phase-
transfer procedure® ™" might preclude them from facilitating
accurate quantitative analysis. To address these issues, we put
forward an amphiphilic molecule self-assembly strategy to
encapsulate the QDs into nanobeads in order to obtain both
good chemical and colloidal stability. The combination of QD
nanobeads and ICTS can be used to generate rapid and
quantitative point-of-care analysis.

Here, we report the fabrication of a kind of QD nanobeads
with extraordinary stability in the development of an ICTS
platform for cancer protein biomarker detection. Prostate
specific antigen (PSA), which has been recognized as a valuable
biomarker for prostate cancer diagnosis, was used as the model
analyte in our study. The properties of these QD nanobeads,
such as their structure, morphology, size distribution, and
stability, were fully evaluated and further compared with QDs
coated with conventional 11-mercaptoundecanoic acid (QDs@
MUA). As expected, a higher fluorescent response was
observed with the QD nanobeads-based ICTS. Then, the
performance of the QD nanobeads-based ICTS platform was
comprehensively displayed by investigating the effective
reaction time, sensitivity, and specificity as well as the capability
for quantitative detection. Our data proved that the assay can
be completed in a rather short amount of time, providing facile
quantitative detection of trace amounts of analyte with high
sensitivity and specificity. Thus, as a first-response point-of-care
device, the QD nanobeads-based ICTS may be widely used for
early cancer detection in hospitals, communities, and even
homes.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. Cadmium oxide (CdO, 99.5%),
selenium powder (Se, 99.99%), sulfur (S, 99.98%), zinc oxide (ZnO,
99.9%), poly(tert-butyl acrylate-co-ethyl acrylate-co-methacrylic acid)
(ABC triblock copolymer), and 11-mercaptoundecanoic acid (MUA)
were purchased from Sigma-Aldrich and used without further
purification. 1-Ethyl-3-(3-dimethyllaminopropyl)-carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from GL Biochem (Shanghai) Ltd. and used without further
purification. Fetal bovine serum (FBS) and bovine serum albumin
(BSA) were purchased from Beijing Dingguo Biotechnology Co., Ltd.
(China) and used without further purification. Mouse monoclonal
antibody, goat anti-mouse IgG, reaction membrane, sample pad,
conjugate pad, and absorbent pad were supplied by Bioscience
(Tianjin) Diagnostic Technology Co., Ltd. and used as provided.

2.2. Synthesis of the ODA-Modified ABC Triblock Copoly-
mer. To prepare the ODA-modified ABC triblock copolymer, a
typical procedure®®*® was used. One gram of ABC triblock copolymer
was mixed with 20 mL of DMSO in a 150 mL three-necked flask. After
stirring for 24 h at 60 °C, the solution was cooled to room
temperature. A freshly prepared anhydrous solution of 0.16 g of ODA,
dissolved in 10 mL of DMSO, was added. The solution was stirring for
30 min at 60 °C. After the addition of an anhydrous solution of 0.354
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g of NHS in 6 mL of DMSO, 0.354 g of EDC was slowly added over
the course of 40 min under vigorous stirring. The solution was allowed
to react for 16 h at room temperature under constant stirring. After the
reaction was complete, the resulting oily liquid was precipitated and
rinsed with water five times to remove excess EDC and other
byproducts. Then, the mixture was successively dialyzed against
alcohol and distilled water for about 2 days for further purification.
The final solution was lyophilized at —40 °C and stored at room
temperature.

2.3. Synthesis of CdSe/CdS/Cd,Zn,_,S/ZnS Nanocrystals. The
core/shell QDs, CdSe/CdS/Cd,Zn,_,S/ZnS, were synthesized on the
basis of a successive ion-layer adsorption and reaction (SILAR)
method. First, CdSe nanocrystals were prepared by a typical synthetic
procedure:*® 0.0386 g of CdO, 4 mL of ODE, and 0.4 mL of OA were
added to a three-necked flask and heated at 260 °C under argon until
complete dissolution of CdO. After cooling to room temperature, 0.5 g
of TOPO and 2.5 g of ODA were added into the flask. The solution
was heated at 300 °C under argon flow. A second solution, containing
0.14 g of selenium and 2 mL of TOP, was injected into the cadmium
precursor solution quickly. Then, 250 °C was set as the growth
temperature. After 10 min, the heating was stopped, and about 20 mL
of methanol was added at room temperature to precipitate the CdSe
nanocrystals. The particles were isolated by at least three hexane/
methanol extractions. After centrifugation, the CdSe nanocrystals were
dispersed in hexane.

Next, for shell growth, a procedure reported previously was slightly
modified*>*' The solution containing the CdSe nanocrystals was
mixed with 5.0 g of ODE and 1.5 g of ODA in another three-necked
flask, and the system was kept at 100 °C under argon flow for 15 min
to remove the hexane and other undesired materials. Subsequently, the
system was heated at 240 °C for shell growth. The amount of the
injection solution for each monolayer was determined by calculating
the number of surface atoms for a given size of nanocrystal, and the Cd
precursor (0.4 M) solutions, Zn precursor (0.4 M) solutions, and
sulfur precursor (0.4 M) solutions were previously prepared. The
reaction products were redissolved in hexane after extracting with
methanol at least three times.

2.4. Preparation of QD Nanobeads, QDs@MUA, and QD—
Antibody Conjugates. To prepare QD nanobeads, 40 uL of core/
shell QDs and 2 mg of ABC-g-ODA were mixed with 960 uL of
dichlormethane to form a uniform organic phase. Then, 10 mL of
deionized (DI) water was added into the organic phase. The mixture
was emulsified with an ultrasonicator at 100 W for 10 min. Then, the
organic phase of the mixture was removed by magnetically stirring for
2 h. After that, the QD nanobeads were purified by washing at least
three times with DI water and were collected by centrifugation. Final
products were redissolved in phosphate-buffered saline (PBS) buffer
solution (0.01 M, pH 7.4). For the control group, a typical ligand-
exchange procedure was used.*® The QDs (40 uL) were dissolved in 3
mL of chloroform. Then, a PBS buffer solution (0.01 M, pH 7.4)
containing 0.03 g of MUA was added into the mixture. After a 2 h
reaction, the aqueous layer containing QDs@MUA was extracted.
Excess MUA was removed by centrifugation at least three times.

The QD—antibody conjugates were prepared by using a previously
described method.** Water-soluble QDs (QD nanobeads, QDs@
MUA), mouse monoclonal antibody, and EDC were mixed in PBS
buffer solution (0.01 M, pH 7.4) at a QDs/antibody/EDC molar ratio
of 1:10:4000. After 2 h of reacting at room temperature, the final QD—
antibody conjugates were purified by centrifugation and stored in PBS
buffer solution (0.01 M, pH 7.4, 0.5% BSA) overnight at 4 °C.

2.5. Test Strip Preparation. The test strip consists of a sample
pad, conjugate pad, reaction membrane, absorbent pad, and backing
card. The sample pad was pretreated with blocking buffer (pH 8.0,
containing 20 mM tris (hydroxymethyl) aminomethane-HCI (Tris-
HCI), 0.1% (w/v) Tween-20, and 0.5% (w/v) PVP) and dried at 37
°C for 2 h. After being diluted 20-fold in a second blocking buffer (pH
7.4, containing 0.01 M PBS, 5% (w/v) BSA, 7% (w/v) sucrose, 2%
(w/v) PEG4000, and 0.1% (w/v) Tween-20), QD—antibody
conjugates were dispensed onto the conjugated pad and dried at 37
°C for 2 h. Using the dispenser (XYZ-3050 BioJet Quanti 3000), the
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desired volume of mouse monoclonal PSA antibody solution (1 mg/
mL) and goat anti-mouse IgG (1 mg/mL) was dispensed on the
reaction membrane to form the test zone and control zone,
respectively. After 2 h of drying at 37 °C, all of the parts mentioned
above were assembled on a plastic adhesive backing card, which was
cut into 4 mm strips and stored at room temperature.

2.6. Design of the Test Strip Reader and Fluorescence Assa
Procedure. The test strip reader was portable and laboratory-built,”
which consisted of several core parts: a 405 nm laser diode, an optic
fiber spectrometer, a miniprinter, a tablet computer, and a stepper
motor. QDs were excited by the 405 nm laser diode. The generated
fluorescence signal was converted into an electrical signal by the optic
fiber spectrometer. The moving of the test strip was controlled by the
stepper motor. All analysis procedures were automatically conducted
and monitored by the tablet computer.

The fluorescence assay procedure was as follows: 40 uL of the
sample solution was dropped onto the sample pad and flowed through
the reaction membrane under capillary action. After the completion of
the immunoreaction, the strip (in a cassette) was inserted into the
laboratory-built test strip reader to read the fluorescence intensity of
the test zone and the control zone to quantify the abundance of the
analytes in the sample.

2.7. Characterization. Photoluminescence (PL) spectra were
measured by a Gangdong F-280 spectrophotometer. Transmission
electron microscopy (TEM) images were taken on a JEOL 100CX
transmission electron microscope with an acceleration voltage of 100
kV. Particle size was analyzed by dynamic light scattering (DLS).
Surface charge was analyzed by a zeta potential analyzer (Brookhaven
Instruments). '"H NMR was recorded on a NMR spectrometer
(INOVA 500 MHz).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the QD
Nanobeads. Synthesis of the ODA-modified ABC triblock
copolymer (ABC-g-ODA) is demonstrated in Figure S1A,
Supporting Information. The original ABC triblock copolymer
(M,, ~ 100 000) consisted of a polymethacrylic acid segment, a
polyethyl acrylate segment, and a polybutyl acrylate segment,
with a weight distribution of 77% combined butyl ethyl
acrylates and 23% methacrylic acid. In this study, 30% of the
—COOH groups in the ABC triblock copolymer were modified
by ODA (estimated from the feed ratio of ODA and —COOH
groups). The "H NMR spectra (see Supporting Information)
was used to characterize the structure of ABC-g-ODA. As
shown in Figure S1B, new peaks appeared at ¢ 0.88 and 2.80,
which were attributed to the methylene protons adjacent to
—CO—NH- after the grafting of ODA on the side chain, and
the integrals at § 3.65 (representing the protons of —COOH
groups) decreased after grafting with ODA; these data
confirmed the successful reaction between ODA and the
—COOH groups in the ABC triblock copolymer side chains.
Additionally, by calculating the peak integrals at 6 3.6S, the
grafting degree of ODA was about 27.0%.

Figure 1A illustrates the formation of the QD nanobeads:
ABC-g-ODA self-assemble into micelles under ultrasonication
(because of the strong hydrophobic interactions between the
TOPO and ODA segments), QDs cluster inside the hydro-
phobic core of the micelles, and the block copolymer shell on
the surface of the QDs stabilizes the particles in the aqueous
solution, resulting in uniform and monodisperse hydrophilic
nanobeads that were obtained after oil evaporation. TEM, DLS,
and zeta potential analysis of the QD nanobeads were
conducted to fully characterize their structural and optical
properties, and the results are shown in Figure 1. The well-
defined crystal structure in the HRTEM images (Figure 1B)
revealed the high crystallinity of CdSe/CdS/Cd,Zn, ,S/ZnS.
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Figure 1. Characterization of the structural and optical properties of
the QD nanobeads. (A) Schematic illustration of the QD nanobeads
formation mechanism. (B) HRTEM image of the original QDs
dissolved in cyclohexane. (C) TEM image of the QD nanobeads
dissolved in PBS buffer solution (0.01 M, pH 7.4); the inset shows an
individual QD nanobead image at high magnification. (D) Size
distribution of the QD nanobeads and (E) identical fluorescence
emission spectra of the original QDs dissolved in cyclohexane (blue
line) and QD nanobeads dissolved in PBS buffer solution (0.01 M, pH
7.4) (red line).

Figure 1C demonstrates that the QDs were incorporated into
the well-isolated ABC-g-ODA polymer with a uniform spherical
shape of around 60 nm in diameter. The low size dispersity of
the QD nanobeads was also confirmed by their polydispersity
index (0.162). The surface zeta potentials of the QD nanobeads
were —30.9 + 3.2 mV, and the hydrodynamic size in solution
was 68 + 1.2 nm (Figure 1D). The discrepancy between the
two measurements could be attributed to the electrical double
layer created by abundant carboxylic acid groups and the
swelling of the polymer chains. These two effects increased the
colloidal hydrodynamic radius compared to the size observed
by TEM, which is recognized as the “dry” size of the
particle.>>** Spectroscopy measurement (Figure 1E) showed
that there was almost no shift in the wavelength of the original
QDs compared to that of the QD nanobeads, indicating that
the surface ligands of the original QDs were not damaged by
the generation of the QD nanobeads. The quantum yield of the
QD nanobeads was around 50—70%.

3.2. Characterization of Chemical and Colloidal
Stability. The chemical and colloidal stability of QDs is a
vital prerequisite for their use in quantitative and sensitive
analysis, as the optical properties of QDs are highly sensitive to
the environment and fluorescence fluctuation might generate
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Figure 2. Stability comparison of QD nanobeads and QDs@MUA. Fluorescence images and corresponding intensity profiles of (A, B) QD
nanobeads and (C, D) QDs@MUA dispersed in solutions from pH 3 to 13 for 3 days. (E) PL intensity (normalized by PL intensity at pH 7), (F)
particle size, and (G) zeta potential of QD nanobeads and QDs@MUA in PBS buffer solution (0.01 M, pH 7.4) with temporal evolution.
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Figure 3. Schematic illustration of ICTS platform detection of cancer protein markers. (A) Typical assembly of the ICTS. (B) Positive tests show
two lines, and negative tests show only one line (the control line). (C) The positive and negative tests are displayed by the test strip reader.

inaccurate results.>* In this experiment, we prepared QDs@
MUA and QD nanobeads using the same batch of QDs. As a
result, the responding quantum yields of QDs@MUA and QD
nanobeads were about 38 and 55%, respectively. To assess the
chemical and colloidal stability, the PL intensity of the QDs@
MUA and QD nanobeads was first tested after storage in
solutions from pH 3 to 13 for 3 days. As can be seen in Figure
2, a clear difference is observed between the QDs@MUA and
QD nanobeads (Figure 2). QDs@MUA aggregated and
precipitated in both low- and high-pH solutions and maintained
relative stability only in a narrow pH range (about 80% in pH
8—11, normalized by fluorescence at pH 7). Compared with
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that of QDs@MUA, the fluorescence intensity of the QD
nanobeads remained constant over the larger pH range of 6—
13, and more than 67% of the fluorescence intensity was
preserved even at pH 3—35. Even after 20 days, there was more
than 40% of the fluorescence intensity at pH 3 (see Supporting
Information Figure S2). Both the QDs@MUA and QD
nanobeads were stored under physiological conditions and
taken for measurements at periodic intervals to further
demonstrate their chemical and colloidal stability. Here, PBS
buffer solution (0.01 M, pH 7.4) was chosen as the medium.
The results from Figure 2E—G suggest that the PL intensity,
particle size, and zeta potential of the QD nanobeads are stable
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Figure 4. Sensitivity comparison of QD nanobeads- and QDs@MUA-based ICTS platforms. (A) Fluorescence image and corresponding (B) T/C
and (C) S/N ratios of QD nanobeads- and QDs@MUA-based ICTS platforms after reaction with 40 uL of samples containing different
concentrations of PSA; the inset shows an enlarged view for select PSA concentrations (ranging from 0 to 2 ng/mL).

in PBS buffer during storage for 20 days, indicating their high
chemical and colloidal stability. Conversely, QDs@MUA
exhibited apparent fluctuations in PL intensity, particle size,
and zeta potential during 20 days.

These results provide strong evidence to prove the high
chemical and colloidal stability of the QD nanobeads; all of the
aforementioned tests are generally used in the literature to
discuss the stability of QDs.** ® We hypothesize that there are
several reasons to account for the outstanding stability of the
QD nanobeads: (i) long-chain hydrocarbons (18 carbon)
grafted to the ABC triblock copolymer not only interacted with
the QDs but also protected QDs from the diffusion of water-
soluble compounds through the shell.*” To demonstrate the
importance of ODA, ABC triblock copolymer without any
modification was used to encapsulate the QDs. As a result, the
products exhibited an irregular shape and poor dispersibility
(see Supporting Information Figure S3). (ii) A high-molecular-
weight ABC triblock copolymer (100 000 Da) formed a thicker
protective layer that provided a nearly complete surface
passivation of the QDs.**** (jii) The abundant carboxylic
acid groups on the polymer shell surface rendered the QDs
water-soluble and provided a negatively charged surface that
improved the colloid stability by electrostatic repulsion. In

6410

addition, the multishell structure of the QDs synthesized by
SILAR was highly stable because the nanocrystals were well-
passivated electronically by the radial increase of the respective
valence- and conduction-band offsets.>*>*' Therefore, the QD
nanobeads that we synthesized can be regarded as an excellent
signal-generating reagent for sensitive and quantitative
detection in an ICTS platform.

3.3. ICTS Platform Design. As schematically illustrated in
Figure 3, a test strip usually needs several functionalities that
are typically realized with five components: a sample pad, a
conjugate pad, a reaction membrane, an absorbent pad, and a
backing card (Figure 3A). A sample was dropped on the sample
pad, and it migrated through the test strip by capillary action.
The principle of the ICTS test is based on sandwich assays.
Generally, if an analyte is in a sample, then it will interact with
the QD—antibody conjugates and then will be captured on the
test zone to generate a positive result (Figure 3B). If no analyte
is present, then only QD—antibody conjugates will be bound to
the control zone, returning a negative result (Figure 3B). The
results from the reaction membrane were interpreted as the
presence or absence of signal in the test zone, which was read
either by the naked eye with hand-held ultraviolet lamp
excitation or with a strip reader to read the fluorescence

dx.doi.org/10.1021/am5012782 | ACS Appl. Mater. Interfaces 2014, 6, 6406—6414
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Figure S. Characterization of the specificity of the QD nanobeads-based ICTS platform. (A) Fluorescence image and corresponding (B) T/C and
(C) S/N ratios of the QD nanobeads-based ICTS platform after reaction with 40 uL of samples containing different standard antigens (CA19-9,

CEA, HCG, AFP, and PSA at 50 ng/mL) or FBS (blank control).

intensity. Herein, the fluorescence intensity ratio between the
test zone and the control zone (T/C) was used to determine
the amount of analyte in the sample. The signal-to-noise ratio
(S/N) was defined as the fluorescence peak area ratio between
the target and the blank control samples. Detection results
using the strips were analyzed three times by the test strip
reader, and the average values were plotted as a function of
analyte’s concentration.”*

3.4. Effect of the Signal-Generating Reagent. The
particle size was optimized to maximize the T/C and S/N
ratios. A small fraction of large particles were obtained by low-
speed centrifugation after their preparation to study the
influence of particle size on the signal that they produce.
There were three different signal-generating reagents with
different particle sizes, from 15 to 130 nm, including QDs@
MUA (~15 nm), QD nanobeads (~68 nm), and QD
nanobeads (~130 nm). Fluorescent measurements were
performed under the same conditions (10 ng/mL PSA, 40
uL). T/C and S/N ratios were tested to determine the most
efficient particle size. As seen in Figure S3, the T/C ratio of
QDs@MUA was obviously lower than that of the QD
nanobeads. Although the highest T/C ratio was measured by
the QD nanobeads with a size of 150 nm, the highest
nonspecific binding was measured at the same time (Figure
S3B). Therefore, the maximal S/N ratio was obtained by the
QD nanobeads with a size of 68 nm (Figure S3C).

We attributed the optimal S/N ratio to the signal-generating
reagent that we elaborated: (i) the outstanding chemical
stability and colloid stability of the QD nanobeads effectively
resisted the potential fluorescent decrease or particle
aggregation during the preparation of the ICTS, for example,
QDs specimens often exhibit deterioration in the course of
bioconjugation37 and (ii) proper particle size is important for
the signal response.””*’ To further investigate the effect of the
particle size on the fluorescence response, the fluorescence
intensity fluctuation on the test zone of the three different
signal-generating reagents was monitored within 30 min under
the same targeting molecule conditions. As seen in Figure SS,
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the smaller particle generated a fluorescence response in a
rather short amount of time, although it produced the weakest
fluorescence intensity. The larger particle generated a stronger
fluorescence intensity and required a longer time. In view of the
S/N ratio, the fluorescence intensity, and the reaction time, QD
nanobeads with a 68 nm diameter were identified as the
optimized signal-generating reagent in our study; thus, they
hold promise for improving the sensitivity of the ICTS.

3.5. Characterization of the QD Nanobeads-Based
ICTS Platform. For the practical application of point-of-care
diagnostics, the operation should be quick and simple, as
opposed to conventional techniques that rely on large and
complex instruments and skilled personnel. In our study, the
assay was done simply by adding a small amount of sample (40
uL) on the sample pad, and the results were easily interpreted
by the naked eye or using the strip reader. On the basis of the
optimized conditions, the properties of the ICTS were
comprehensively characterized in different formats.

The effective reaction time, ranging from 5 to 30 min, was
investigated by using 40 uL of samples containing 10 ng/mL
PSA; FBS without PSA was used as a blank control (see
Supporting Information). The T/C and S/N ratios were tested
to determine the effective reaction time. As displayed in Figure
S4, the detectable T/C ratio emerged S min after samples were
applied. Both the T/C or S/N ratios reached a constant value at
1S min, which revealed that 15 min was enough time for an
effective reaction. Thus, the T/C and S/N ratios for
quantitative analysis were measured 15 min after sample
addition in all of the succeeding studies.

The detection sensitivity of the ICTS was characterized by
analyzing standard PSA samples at a concentration gradient of
0—128 ng/mL diluted in FBS; FBS without PSA was used as a
blank control. Qualitatively, Figure 4 reveals that the brightness
of the test zone (Figure 4A), the T/C ratio (Figure 4C), and
the S/N ratio (Figure 4D) were increased with the increasing
concentrations of PSA. Compared with the ICTS using QDs@
MUA as the signal-generating reagent, our QD nanobeads-
based ICTS afforded increased sensitivity owing to the robust
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Figure 6. Quantitative detection in clinical samples. (A) Calibration curve of the quantitative detection by the QD nanobeads-based ICTS platform.
(B) Results of the clinical serum specimens analyzed with the QD nanobeads-based ICTS platform.

signal-generating reagent. With the QD nanobeads-based ICTS,
the detection limit was 0.33 ng/mL, which was defined as being
three times the blank control sample’s (FBS) standard
deviation (S/N = 3). The standard error was based on three
duplicate measurements of the analytes. The detection
sensitivity afforded an enhancement by up to ~12-fold
(~3.87 ng/mL) compared with that of the QDs@MUA-
based ICTS (Figure 4). In the event that the concentration of
the analyte is low, an ICTS with low sensitivity are not viable
because the intensity of the fluorescent band in the test zone is
too weak to be detected. These results indicate that with the
use of the QD nanobeads as the signal-generating reagent the
sensitivity of the ICTS can be improved effectively.

To determine the specificity of the ICTS, five groups of
analytes were used. Herein, the strip with PSA added was used
as the test group; the strips with carbohydrate antigen 19-9
(CA19-9), carchinoembryonic antigen (CEA), human cho-
rionic gonadotropin (HCG), and alpha-fetoprotein (AFP)
added were used as the negative control group; the strip with
FBS added was used as the blank control group. If nonspecific
binding exists, then the protein markers from the negative
control group would be recognized by the QD—PSA conjugates
and captured on the test zone. Consequently, the signal
response of the test zone would be obviously higher than that
from the blank control group. Figure SA shows an image of all
of the groups, in which a clear distinction can be observed
between the test and control groups. For the test group, an
obvious fluorescent band of the test and control zones was
observed (Figure SA). The T/C (Figure SB) and S/N (Figure
SC) ratios were remarkably higher than those in the blank
control group. At the same time, there was no crosstalk or
interference with the negative control group that was observed
by naked eye (Figure SA) or the test strip reader (Figure SB,C).
These features provide strong evidence of the high specificity of
the ICTS.

The QD nanobeads-based ICTS could be readily applied for
the detection of other cancer biomarkers by changing the
antibody conjugated to the QD nanobeads and immobilizing
them on the test zone. To assess the potential applications in
the detection of various cancer biomarkers, AFP and HCG
monoclonal antibodies were conjugated to the QD nanobeads,
respectively. Abnormal AFP and HCG serum concentrations
are closely associated with liver cancer and gestational
trophoblastic diseases, respectively. As expected, high specificity
was successfully detected (see Supporting Information Figure
SS). These results indicate that the ICTS platform might be
versatile for detecting different cancer biomarkers.
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3.6. Quantitative Detection in Clinical Samples. The
ability to use the QD nanobeads-based ICTS for quantitative
analysis was corroborated by their calibration curve and their
use for clinical sample analysis (Figure 6). The calibration curve
for PSA quantification was obtained by recording the T/C ratio
of different PSA concentrations using the test strip reader under
optimized conditions.”* Error bars represent the standard
deviation of the mean over the three sets of duplicate
measurements of the analytes. As indicated in Figure 6A, the
data could be fit to a polynomial with * = 0.9936 (y = 0.27114
+ 0.04294x — (1.371 x 107*)a?). The detection limit of 0.33
ng/mL was well below the commonly accepted threshold level
in clinical diagnosis for prostate cancer.” Typically, the PSA
serum concentration at the early stages of prostate cancer is
from 4 to 10 ng/mL, whereas the normal level is from 0.5 to 2
ng/mL. Late-stage prostate cancer is characterized by values
higher than 10 ng/mL. Furthermore, to evaluate the potential
clinical application of the QD nanobeads-based ICTS platform,
clinical serum samples from PSA-positive patients were
analyzed, and serum samples from healthy patients without
PSA were used as the negative control. Results obtained using a
commercial PSA kit were defined as being true positive and
true negative. As showed in Figure 6B, the assay detected the
presence of PSA in all PSA-positive patient samples. Mean-
while, the T/C ratio was at the baseline level for the control
samples. Therefore, these results indicate that the QD
nanobeads-based ICTS platform demonstrates promise for
the quantitative detection of PSA markers in clinical
applications.

4. CONCLUSIONS

A well-performing ICTS platform was designed by combining it
with fabricated QD nanobeads for the quantitative detection of
cancer protein biomarkers. The QD nanobeads possessed a
proper particle size as well as outstanding chemical and
colloidal stability compared with that of QDs@MUA, making
them a unique and effective signal-generating reagent. The
integration enabled the ICTS platform to sensitively and
specifically determine the concentration of PSA using only 40
uL samples in 15 min. Under the optimized conditions, the
detection limit was enhanced by about ~12-fold compared with
that of the QDs@MUA-based ICTS. The measurements in
patient serum samples demonstrated the possible clinical utility
of this approach. Moreover, it provided one-step detection
without extensive purification steps and an easy readout for
nonprofessional operators. In view of its advantages, the QD
nanobeads-based ICTS platform may be a nascent sensing
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technology that opens up new opportunities for the early
detection of cancer or other diseases at the site of patient care.
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