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ABSTRACT: Selective detection of biomarkers at low concen-
trations in blood is crucial for the clinical diagnosis of many diseases
but remains challenging. In this work, we aimed to develop an
ultrasensitive immunoassay that can detect biomarkers in serum
with an attomolar limit of detection (LOD). We proposed a
sandwich-type heterogeneous immunosensor in a 3 × 3 well array
format by integrating a resonant waveguide grating (RWG)
substrate with upconversion nanoparticles (UCNPs). UCNPs
were used to label a target biomarker captured by capture antibody
molecules immobilized on the surface of the RWG substrate, and
the RWG substrate was used to enhance the upconversion
luminescence (UCL) of UCNPs through excitation resonance.
The LOD of the immunosensor was greatly reduced due to the
increased UCL of UCNPs and the reduction of nonspecific adsorption of detection antibody-conjugated UCNPs on the RWG
substrate surface by coating the RWG substrate surface with a carboxymethyl dextran layer. The immunosensor exhibited an
extremely low LOD [0.24 fg/mL (9.1 aM)] and wide detection range (1 fg/mL to 100 pg/mL) in the detection of cardiac troponin I
(cTnI). The cTnI concentrations in human serum samples collected at different times during cyclophosphamide, epirubicin, and 5-
fluorouracil (CEF) chemotherapy in a breast cancer patient were measured by an immunosensor, and the results showed that the
CEF chemotherapy did cause cardiotoxicity in the patient. Having a higher number of wells in such an array-based biosensor, the
sensor can be developed as a high-throughput diagnostic tool for clinically important biomarkers.
KEYWORDS: resonant waveguide grating, excitation resonance, guided mode resonance, upconversion nanoparticle,
upconversion luminescence, cardiac troponin I, sandwich-type heterogeneous immunoassay

Lanthanide-ion doped upconversion nanoparticles (UCNPs)
are attractive because they can convert near-infrared (NIR)
excitation light to ultraviolet (UV), visible (Vis), or NIR
emission through a cascaded multiphoton absorption process.
UCNPs typically consist of a crystalline host, such as sodium
yttrium tetrafluoride (NaYF4), codoped with trivalent
lanthanide ion sensitizers (ytterbium, Yb3+, and neodymium,
Nd3+) and activators (erbium, Er3+, thulium, Tm3+, and
holmium, Ho3+). UCNPs have excellent photophysical proper-
ties, such as narrow emission lines, high photostability, no
photobleaching, no autofluorescence, and low background
signal.1−6

The use of UCNP fluorescent probes in bioassays can
significantly reduce the limit of detection (LOD) to levels
unattainable by conventional assays since UCNPs are excited
by NIR light and assay biochemistry does not generate
background luminescence.7 Therefore, they are more suitable

as fluorescent probes in biosensing applications than conven-
tionally used organic dyes and quantum dots.3−6,8−11 In
addition, the UCL properties of UCNPs are inert to changes in
buffer composition, sample matrix, and other environmental
conditions.7 UCNP-based bioassay research is becoming a
flourishing field and various types of UCNP-based bioassays
have emerged over the past two decades.4−8,10−16 Sandwich-
type heterogeneous biosensors are frequently developed
because the use of a matched pair of antibodies provides the
highest level of sensitivity and specificity.7,17−22 Many studies
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have aimed to develop sandwich-type heterogeneous UCNP-
based biosensors suitable for clinical and hospital diagnostic
tools.17−23

Chemotherapy-induced-cardiotoxicity is a leading cause of
death in cancer patients.24,25 Cardiac troponin I (cTnI) is a
contractile protein that is released into the circulation after a
myocardial cell injury. Since cTnI is absent in skeletal muscle,
it is considered as a sensitive and specific biomarker for
myocardial infarction, including cardiotoxicity.26−28 The level
of cTnI is around 1 pg/mL for healthy people.29 Due to the
low concentration of cTnI in blood, an ultrasensitive assay is
required to accurately quantify cTnI. However, the LODs of
most sandwich-type heterogeneous UCNP-based biosensors
are still in pg/mL to tens of ng/mL range,17−21,23 which
hinders their application in diagnosis of myocardial infarction
and cardiotoxicity. Hence, there is a need to further improve
the LOD of sandwich-type heterogeneous UCNP-based
biosensors. Efforts have been made to reduce the assay LOD
to below pg/mL by using various assays such as electro-
chemical assay,30 electrochemiluminescence assay,31 fluores-
cent immunoassays,32,33 surface plasmon resonance assay,34

optical microfiber-based label-free assay,35 and UCNP-based
immunoassays,22,36 and single molecule array (Simoa)
assay.37,38 Among these assays, Simoa is being considered as
a benchmark technology for high sensitivity detection and has
been commercialized and used in clinical research in
hospitals.37,38 However, it requires a sophisticated instrument,
expensive reagents, and tedious procedures for enzymatic
amplification of signal and digital partitioning of test samples;
thereby, a simpler and more direct method with equivalent or
higher sensitivity is desirable.

All-dielectric resonant waveguide grating (RWG) is a
nanograting waveguide structure that can exhibit sharp guided
mode resonance (GMR).39 RWG structures are frequently
employed to facilitate light−mater interactions to generate
strong emission from quantum dots,40,41 fluorescent dyes,42

UCNPs,43 and nonlinear optical materials.44,45 Recently, we
showed that upconversion luminescence (UCL) of UCNPs
placed on the surface of RWG can be enhanced more than 104

times due to the GMR-enhanced UCL of UCNPs.46,47

Recently, the synergistic coupling of plasmonic and RWG
photonic modes was employed to enhance the emission of
fluorophore-coated-plasmonic nanoparticles.48 The approach
effectively reduced the LOD of a sandwich type immunoassay
to the 10 fg/mL level.48 These findings inspired us to use
RWG structures to improve the detection sensitivity of the
sandwich-type heterogeneous UCNP-based biosensor.

In this work, we present a novel sandwich-type heteroge-
neous RWG-UCNP immunosensor reported for the first time
that can detect biomarkers in serum with attomolar LOD. The
immunosensor consists of a RWG substrate and an UCNP
fluorescent probe. The RWG substrate is used to amplify the
UCL of the UCNPs. Figure 1a illustrates the concept of the
enhancement of UCL of the UCNP fluorescent probes, in
which strong excitation light is formed on top of the RWG
substrate when the wavelength and the incident angle of the
excitation light match the RWG resonance coupling condition.
As a result, the UCL of UCNPs can be greatly enhanced,
thereby significantly improving the detection sensitivity of
bioassays. Figure 1b depicts the design of the 3 × 3 RWG-
UCNP immunosensor. In each well, capture antibody
molecules (anticardiac troponin I) are immobilized on the
RWG surface to capture cTnI and UCNP-conjugated

detection antibody forming a sandwich structure. Using the
RWG-UCNP immunosensor to detect cTnI, the LOD can
reach 0.24 fg/mL, which is approximately 54 times lower than
the benchmark cTnI detection result obtained by Simoa.38

Compared with Simoa, our approach has the following
advantages: it is cost-effective and does not require enzymatic
amplification of the signal and digital partitioning of test
samples.

■ EXPERIMENTAL SECTION
Materials and Reagents. Details about the chemicals and

materials used in this work are described in Supporting Information
S1. Monoclonal mouse antihuman cardiac troponin I antibody 560
cm3 (detection antibody AbD, IgG1, amino acid range, a.a.r., 83−93)
and 19C7 cm3 (capture antibody AbC, IgG2b, a.a.r. 41−49) were
purchased from HyTest (catalog: 4T21/4T21 cm3, Finland).
Standard full-length (a.a.r. 1−210) recombinant human cardiac
troponin I protein (cTnI, ab283299, 26.4 kDa) was obtained from
Abcam (UK). Human serum H4522 was from Merck Sigma-Aldrich.
Synthesis and Characterization of Detection Antibody-

Conjugated UCNPs. In this work, NaYF4:Yb3+(20%),Tm3+(2%)@
NaYF4:Yb3+,Nd3+(40%)@NaYF4 core−double-shell UCNPs were
selected for their strong UCL emission.47 Oleic acid (OA)-
functionalized core-double-shell NaYF4:Yb3+,Tm3+@NaY-
F4:Yb3+,Nd3+@NaYF4 UCNPs (OA-UCNPs) were synthesized
according to the recipe reported in our previous study47 and the
details of the synthesis and characterization are presented in
Supporting Information S2.1 and S2.2.

To disperse UCNPs into water, the OA on UCNPs were replaced
with poly(acrylic acid) (PAA) to form PAA-terminated core-double-
shell UCNPs (PAA-UCNPs). Details of PAA-UCNP synthesis are
described in Supporting Information S2.3.

To prepare detection antibody-conjugated UCNPs (UCNP@AbD)
as shown in Figure 1b, the carboxylic acid of PAA-UCNPs was used
to conjugate to one amino group of the detection antibody (AbD) via
carbodiimide coupling (see Figure S1a). Details of the UCNP@AbD

synthesis are described in Supporting Information S2.4.
Simulation, Fabrication, Characterization, and Surface

Modification of RWG Substrate. Simulation of RWG Substrate.
Rigorous coupled wave approximation (RCWA) simulation (RSoft
CAD) was performed to assist in the design of the RWG substrate.
The aim of the simulation is that a strong local field enhancement
occurs on the RWG substrate surface when the excitation light

Figure 1. (a) Illustration of the concept of the enhancement of the
UCL of the UCNP fluorescent probes. (b) Design of the 3 × 3 RWG-
UCNP immunosensor for the detection of cTnI.
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matches the GMR resonance conditions. Table S1 and Figure S2
show the structural parameters and the refractive index distribution
contour map of the RWG substrate used for the RCWA simulation,
respectively. In the simulation, the polarization of the incident light is
in the transverse electric (TE) mode.

Preparation of RWG Substrate. Figure S3 shows the preparation
process of the RWG substrate. Details are described in Supporting
Information S2.5.

Characterization of RWG Substrate. Atomic force microscopy
(AFM, XE70, Park systems) was used to characterize the morphology
of the grating fabricated on the low-refractive-index (low-n)
mesoporous silica film. The TE mode transmission spectra of the
RWG substrate covered with water and a coverslip were measured at
different incident angles to search for the GMR at a wavelength of 793
nm. Spectral measurements were performed with a spectrometer
(Andor Shamrock SR 500i) equipped with a CCD detector
(DV401A-BV, Andor).

Preparation of Capture Antibody-Functionalized 3 × 3 Well
Array Chip. The RWG substrate was divided into a 3 × 3 well array to
facilitate the detection of multiple samples (including blanks) using a
single 3 × 3 well array chip. Figure S1b,c shows the preparation
process for the 3 × 3 well array chip. Details of the procedure are
described in Supporting Information S2.6.

Preparation of Samples. First, the cTnI standard was serially
diluted with PBS to obtain seven different concentrations of cTnI
standard solutions ranging from 10−3 to 102 pg/mL. Next, these cTnI
standard solutions were individually mixed with a UCNP@AbD

solution to form the UCNP@AbD−cTnI complex (see Figure S1a).
Then, these standard solutions and two blank PBS solutions (40 μL
each) were separately loaded into each well to form the sandwich
nanocomplex UCNP@AbD−cTnI−AbC on the RWG substrate,
followed by UCL measurement to construct a calibration curve (see
Figure S1c).

To evaluate the selectivity of this system, 50 μL of human serum
was first diluted 100-fold with a mixture of PBS and a UCNP@AbD

solution. Next, 50 μL of cTnI at two different concentrations (1 pg/

mL and 100 pg/mL) were separately added to the resulting solution
to get two serum solution samples at final cTnI concentrations of 0.01
and 1.00 pg/mL. To prepare the negative control sample, a similar
preparation procedure as for the cTnI standard solutions was used
except that cTnI was replaced by the biomarker of heart failure: The
N-terminal prohormone brain natriuretic peptide (NT-proBNP), at a
concentration of 1 ng/mL. To prepare the cTnI-spiked serum sample,
a 50 μL cTnI solution (100 pg/mL) was spiked into 50 μL human
serum (H4522, Sigma), and diluted with PBS buffer (pH 7.2) to 5 mL
so that the final cTnI concentration was 1 pg/mL.

Following a similar procedure to the spiked serum samples, the
patient serum samples were diluted with PBS without the addition of
cTnI. To evaluate the cardiotoxicity of epirubicin for chemotherapy
treatment, four serum samples were collected from a 75 year-old
woman with breast cancer who received chemotherapy with
cyclophosphamide, epirubicin, and 5-fluorouracil (CEF) every 3
weeks up to 18 weeks. These serum samples were collected before
treatment (0m), 3 months (3m), 6 months (6m), and 12 months
(12m) after treatment. In addition, four serum samples were collected
from the other patients. The cTnI concentration of the samples were
determined by using both the proposed method and the standard
clinical laboratory chemiluminescent microparticle immunoassay
(CMIA) method (Abbott ARCHITECT STAT Troponin I). All
human plasma samples were collected according to a protocol (IRB
A10603002) approved by the Institutional Review Board of the Dalin
Tzu Chi Hospital, Taiwan. The method of obtaining human serum is
the same as that of routine operation in hospital.

UCL Measurements of Samples. Figure S4 shows the experimental
setup for UCL measurements of samples in a 3 × 3 well array.
Samples were excited by using a CW laser diode (Lumics, LU
0793M250) at 793 nm. The output laser beam was collimated by
using a fiber collimator (CFC8X-B, Thorlabs) to obtain a beam
diameter of 1.4 mm. Using a half-wave plate and polarizer
combination fixed the excitation power and the polarization of the
excitation laser at 180 mW and TE polarization, respectively. Then,
the collimated laser beam was illuminated on the sample at a GMR

Figure 2. Characterization results of core−double-shell OA-UCNPs: (a) XRD pattern, (b) TEM image, (c) extinction spectrum, and (d) UCL
spectrum.
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angle (23°). Using a pair of lenses, the UCL of the sample was
collected at a detection angle of 70° and focused onto an optical fiber
coupled to the spectrometer (Andor Shamrock SR 500i). In front of
the fiber coupler of the spectrometer, a short pass filter (FES0550,
Thorlabs) and an IR filter (short-pass, OD4-750 nm, Edmund
Optics) were used to block the excitation laser light. The same
experimental conditions were used for the UCL spectra measurement
of all samples, namely, excitation power, excitation and detection
angles, set temperature, acquisition time, CCD gain, etc.

■ RESULTS AND DISCUSSION
Characterization of Core−double-shell UCNPs. In the

inner shell (NaYF4:Yb3+,Nd3+) of the UCNPs, Nd3+ ions act as
sensitizers to absorb NIR excitation light at 793 nm, and then,
the absorption energy is transferred to nearby Yb3+ ions
through the Nd3+ (inner shell) → Yb3+ (inner shell) energy
transfer process. Then, the energy possessed by Yb3+ ions is
transferred to the Tm3+ activators in the core through the Yb3+

(inner shell) → Yb3+ (core) → Tm3+ (core) energy transfer
process. The outer inert shell NaYF4 plays a role in reducing
surface quenching of excited ions and improving UCL
efficiency.

Figure 2a shows the XRD pattern of the core−double-shell
OA-UCNPs, which is identical to that of the JCPDS no. 16-
0334, indicating that the OA-UCNPs are with a high-purity

NaYF4 β-phase crystal structure. Figure 2b displays the TEM
image of the OA-UCNPs, showing an extremely uniform
particle size distribution with an average diameter of 43.0 ± 2.7
nm (Figure S5). Figure 2c shows the extinction spectrum of
the core−double-shell OA-UCNPs in cyclohexene, showing an
absorption peak at 793 nm higher than that at 976 nm. This
reveals that Nd3+ ions have a larger absorption cross-section
than Yb3+ions. Figure 2d displays the UCL spectrum of the
OA-UCNPs in cyclohexene under 793 nm laser excitation, and
the emission peaks appear at 450, 475, 645, and 695 nm,
corresponding to the energy transitions of the Tm3+ ion shown
in Figure 2d. From these characterization results, we confirm
that the UCNPs have suitable properties for use as fluorescent
probes and can be excited by a low-power CW laser at 793 nm
to produce high intensity UCL.
Simulation and Characterization of RWG Substrate.

Figure S6 shows an SEM image of the RWG substrate. From
the AFM image of the RWG substrate shown in Figure 3a, the
average period and average depth of the RWG substrate were
determined to be 441.2 and 62.6 nm, respectively. Figure 3b
illustrates the simulated and measured TE mode transmission
spectra of the RWG substrate covered with water solution at an
incident angle of θ = 23°. Both spectra have a transmission dip
at 793 nm, confirming the occurrence of GMR at a wavelength
of 793 nm. As shown in Figure 3b, the experimentally

Figure 3. (a) Top panel: AFM image of the RWG substrate. Bottom panel: the height line profile extracted from the AFM image. (b) Simulated
and measured TE mode transmission spectra of the RWG substrate covered with water solution at an incident angle of θ = 23°. (c) Cross-sectional
view of the simulated electric field intensity distribution of TE polarized incident light in an RWG substrate covered with water solution for θ = 23°
and excitation wavelength λ = 793 nm. (d) UCL spectra from an RWG-UCNP immunosensor with [cTnI] of 10 fg/mL collected at θ = 23° and θ
= 0°. Inset: UCL images of the sample obtained under resonant excitation (top panel) and off-resonant excitation (bottom panel).
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measured transmission dip is not as narrow and deep as the
simulation. We speculate that the uneven modulation depth of
the grating structure (as shown in Figure 3a) and the
imperfectly collimated white light used in the transmission
spectrum measurement may be the reasons for the broadening
and shallowing of the experimentally measured transmission
dip. Figure 3c shows the simulation of the electric field
intensity (|E|2) distribution of TE polarized incident light in
the RWG substrate under the GMR excitation condition. Due
to the reverse symmetry of the waveguide structure design, a
strong local field is formed in the TiO2 layer and extends to the
water solution region. This local electric field enhancement
results in a greatly enhanced UCL intensity of UCNPs in
RWG-UCNP sandwich immunosensors. Figure 3d compares
the UCL spectra of the RWG-UCNP immunosensor with a
cTnI concentration ([cTnI]) of 10 fg/mL, acquired at θ = 23°
(resonant excitation) and θ = 0° (nonresonant excitation). The
result confirmed that the resonant excitation greatly enhanced
the UCL intensity of UCNPs with an enhancement factor of
about 200 times. Top and bottom inset panels show UCL
images of the sample acquired at θ = 23° and θ = 0°,
respectively. From these characterization results, we confirm
that the RWG substrate has been successfully fabricated and
has GMR at the wavelength of 793 nm. Most importantly, we
confirm that the RWG substrate can greatly enhance the UCL
of the UCNP fluorescent probes in the RWG-UCNP
immunosensor.

Detection of cTnI. Figure 4a shows the UCL spectra of
samples in a 3 × 3 well array chip as a function of cTnI
concentration in PBS obtained under resonant excitation (θ =
23°). As shown, the UCL intensity of the samples increased
with an increasing cTnI concentration. The black square points
in Figure 4b are the average of the UCL peak intensity of the
450 nm band obtained from three different chips. The
calibration curve (red solid line) of the RWG-UCNP
immunosensor was obtained by linear regression of all data
points to the linear equation (y = 1580x + 6925, R2 = 0.99).
The coefficient of variation (CV) for all data points is less than
10%, indicating that the method is reproducible even across
different chips and in a 3 × 3 well array format. This array
format allows the detection of multiple samples (including
blanks) using a single well array chip and greatly increases the
throughput of analysis.

In this study, a carboxymethyl dextran (CMD) layer was
coated on the RWG substrate surface to minimize the
background nonspecific adsorption of UCNP@AbD onto the
sensor surface. Dextran has been shown to reduce nonspecific
adsorption of proteins and protein-nanoparticle conjugates
onto various sensor surfaces,49−51 while the carboxyl groups in
CMD provide the binding sites for AbC conjugation. To
eliminate false positive signals due to nonspecific adsorption of
UCNP@AbD onto the RWG substrate surface, we define a
threshold value B + 3σ, where B and σ are the average and the
standard deviation of the blank, respectively. This threshold is
represented by the horizontal dashed line in Figure 4b and was

Figure 4. (a) UCL spectra of standard solutions of [cTnI] from 10−3 to 102 pg/mL in 3 × 3 well array chips. (b) Average UCL peak intensity at
450 nm vs [cTnI] in PBS (black squares) obtained from three different chips (N = 3); calibration curve (solid red line), serum solution samples
containing 0.01 and 1.00 pg/mL of cTnI (red circles), and negative control sample (blue circle). (c) A plot displaying the correlation between the
results from RWG-UCNP and CMIA methods for the detection of cTnI in serum samples. (d) Follow-up analysis of [cTnI] in a patient receiving
CEF chemotherapy. Note all the data shown in (b−d) are the averages of three experimental results.
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also used to calculate the LOD by finding the intersection of
the calibration curve and the horizontal dashed line. Thus, the
LOD for cTnI detection in PBS was 0.24 fg/mL (9.1 aM)
indicating that our method is capable of detecting as few as
approximately 2.2 × 102 cTnI molecules (cTnI molecular
weight = 26.4 kDa, well volume = 40 μL). In comparison with
a benchmark cTnI assay based on single molecule array
(Simoa) which exhibits a LOD of 13 fg/mL,38 the LOD of our
method is about 54 times lower. Compared with Simoa, our
approach is cost-effective and does not require enzymatic
amplification of the signal and digital partitioning of test
samples.

To understand matrix effects and demonstrate the
applicability of the proposed method to real samples, two
human serum samples were diluted 100-fold with PBS with
known cTnI concentrations (1 and 10−2 pg/mL) as testing
samples. The UCL signals of these two testing samples (red
circles) are comparable to those obtained in PBS buffer, with
recoveries of 98.87% ([cTnI] = 10−2 pg/mL) and 94.83%
([cTnI] = 1 pg/mL). This indicates that the serum matrix did
not interfere with cTnI detection at 100-fold dilution. To
investigate the specificity of this method, 1 ng/mL NT-
proBNP in a PBS buffer was chosen as a negative control
sample. As shown, the UCL signal of the negative control
sample (blue circle in Figure 4b) was negligible, suggesting
that the RWG-UCNP immunosensor had high specificity for
detecting cTnI.

To address the feasibility of applying this method to real
samples, we first tested it with a cTnI-spiked serum sample
(see Figure S7). The result shows a good recovery of 99%,
indicating that the method is applicable to serum samples. To
further investigate the quantitation accuracy of the method,
four serum specimens from patients were validated with the
clinically accepted CMIA method in a blinded manner. The
results obtained from these two methods show a good
correlation coefficient of 0.986 from the linear regression
analysis, as shown in Figure 4c, indicating that the results are
highly correlated. The regression line of the plot in Figure 4c
has a slope of 0.972 and an intercept of 0.905, suggesting that
proportional bias and constant bias, respectively, between
these two methods are small. After validation of our method,
we measured cTnI concentrations in human serum specimens
collected from a breast cancer patient at different times during
CEF chemotherapy treatment. Figure 4d shows that pretreat-
ment (0 month) [cTnI] was below 1.0 pg/mL. However,
[cTnI] increased to 37.2 and 109.5 pg/mL after 3 and 6
months of treatment, respectively. Finally, [cTnI] dropped to
17.7 pg/mL after 12 months of treatment because the
treatment course lasted only for 4.5 months. The results
showed that CEF chemotherapy did cause cardiotoxicity in the
patient, as reported in previous study.52

Table 1 summarizes a comparison of the RWG-UCNP
immunosensor with other UCNP-based bioassays. The
detection range of our method is comparable to those of
previously reported UCNP-based bioassays, while our LOD is
several orders of magnitude lower than reported values, which
is attributed to the GMR-enhanced UCL of UCNPs provided
by the RWG substrate.

■ CONCLUSIONS
In this study, we utilized an RWG substrate to enhance the
UCL of the UCNP fluorescent probes in the immunoassay and
achieved cTnI detection LOD at subfg/mL level with a
detection range of 6 orders of magnitude (1 fg/mL to 100 pg/
L). We showed that the proposed UCNP-based immunoassay
was highly specific for the detection of cTnI with negligible
matrix effects on the serum matrix. In addition, the RWG
substrate can easily be constructed to be an n x n well array,
enabling detection of multiple samples using a single well array
chip with a high throughput. cTnI concentrations were
measured using an immunoassay in human serum samples
collected from breast cancer patients at different times during
CEF chemotherapy. Measurements showed that the cTnI
concentration increased during CEF chemotherapy but
returned to normal levels after CEF chemotherapy, confirming
that CEF chemotherapy did cause cardiotoxicity in the patient.
Overall, the proposed assay shows excellent performance in
detecting low-concentration of biomarkers in serum and is
expected to become an important diagnostic tool in hospitals
and clinics.
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Table 1. Comparison of UCNP Bioassays for cTnI Detection

methodology UCNP detection range (pg/mL) LOD (pg/mL) references

Fl (Eu3+)-LFAa GdVO4:30%Eu 0−20,000 17 19
UCNP-FLIAb UCNP 30−10,000 30 20
digital ULISAd NaYF4:Yb3+,Er3+ 0−1,000,000 10 21
UCNP (Er3+) NaYF4:17%Yb3+,3%Er3+ 0.05−50,000 0.13 22
ULISAc NaYF4:Yb3+,Tm3+@NaYF4 10−10,000,000 130 23
RWG-UCNP NaYF4:Yb3+,Tm3+@NaYF4:Yb3+,Nd3+@NaYF4 0.001−1,00 0.00024 this work

aFluorescence-based lateral flow assay. bUpconverting nanoparticle-lateral flow immunoassay. cUpconversion-linked immunoassay. dSingle-
molecule (digital) upconverting nanoparticle immunoassay.
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Skládal, P.; Gorris, H. H. Measurement of Sub-Femtomolar
Concentrations of Prostate-Specific Antigen through Single-Molecule
Counting with an Upconversion-Linked Immunosorbent Assay. Anal.
Chem. 2019, 91 (15), 9435−9441.
(11) Lin, G.; Jin, D. Responsive Sensors of Upconversion

Nanoparticles. ACS Sens. 2021, 6 (12), 4272−4282.
(12) DaCosta, M. V.; Doughan, S.; Han, Y.; Krull, U. J. Lanthanide

Upconversion Nanoparticles and Applications in Bioassays and
Bioimaging: A Review. Anal. Chim. Acta 2014, 832, 1−33.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.3c02240
ACS Sens. 2024, 9, 455−463

461

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Chen+Hsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3014-8829
mailto:phycch@ccu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lai-Kwan+Chau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1659-6465
https://orcid.org/0000-0002-1659-6465
mailto:chelkc@ccu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yen-Ta+Tseng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Chung+Chiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Van-Dai+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Hsuan+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh+Thu+Le-Vu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Hsien+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiao-Wei+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4306-7171
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+W.Y.+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Hung+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Szu-Chin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Da+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hung-Chih+Kan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6203-9563
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiunn-Yuan+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02240?ref=pdf
https://doi.org/10.1038/s41467-018-04813-5
https://doi.org/10.1021/acsanm.2c03303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c03303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c03303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12951-020-00713-3
https://doi.org/10.1186/s12951-020-00713-3
https://doi.org/10.1039/D0QM00910E
https://doi.org/10.1039/D0QM00910E
https://doi.org/10.1016/j.nano.2011.02.013
https://doi.org/10.1016/j.nano.2011.02.013
https://doi.org/10.1002/advs.201600029
https://doi.org/10.1002/advs.201600029
https://doi.org/10.1364/boe.405759
https://doi.org/10.1364/boe.405759
https://doi.org/10.1364/boe.405759
https://doi.org/10.1080/19475411.2020.1839595
https://doi.org/10.1080/19475411.2020.1839595
https://doi.org/10.1080/19475411.2020.1839595
https://doi.org/10.1080/19475411.2020.1839595
https://doi.org/10.1021/acs.analchem.9b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.1c02101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.1c02101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2014.04.030
https://doi.org/10.1016/j.aca.2014.04.030
https://doi.org/10.1016/j.aca.2014.04.030
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(13) Hao, S.; Chen, G.; Yang, C. Sensing Using Rare-Earth-Doped
Upconversion Nano-Particles. Theranostics 2013, 3 (5), 331−345.
(14) Borse, S.; Rafique, R.; Murthy, Z. V. P.; Park, T. J.; Kailasa, S.

K. Applications of Upconversion Nanoparticles in Analytical and
Biomedical Sciences: A Review. Analyst 2022, 147 (14), 3155−3179.
(15) Chen, G.; Qiu, H.; Prasad, P. N.; Chen, X. Upconversion

Nanoparticles: Design, Nanochemistry, and Applications in Thera-
nostics. Chem. Rev. 2014, 114 (10), 5161−5214.
(16) Liu, Y.; Tu, D.; Zhu, H.; Ma, E.; Chen, X. Lanthanide-Doped

Luminescent Nano-Bioprobes: From Fundamentals to Biodetection.
Nanoscale 2013, 5 (4), 1369−1384.
(17) Liu, Z.; Yang, B.; Chen, B.; He, M.; Hu, B. Upconversion

Nanoparticle as Elemental Tag for the Determination of Alpha-
Fetoprotein in Human Serum by Inductively Coupled Plasma Mass
Spectrometry. Analyst 2017, 142 (1), 197−205.
(18) He, W.; You, M.; Li, Z.; Cao, L.; Xu, F.; Li, F.; Li, A.

Upconversion Nanoparticles-Based Lateral Flow Immunoassay for
Point-of-Care Diagnosis of Periodontitis. Sens. Actuators, B 2021, 334
(February), 129673.
(19) Chen, L.; Zhou, S.-Y.; Zhu, W.; Liu, S.-P.; Zhang, J.-X.; Zhuang,

H.; Zhang, J. L.; Li, Y. S.; Gao, F. Highly Sensitive Lanthanide-Doped
Nanoparticles-Based Point-of-Care Diagnosis of Human Cardiac
Troponin I. Int. J. Nanomed. 2022, 17, 635−646.
(20) Bayoumy, S.; Martiskainen, I.; Heikkilä, T.; Rautanen, C.;

Hedberg, P.; Hyytiä, H.; Wittfooth, S.; Pettersson, K. Sensitive and
Quantitative Detection of Cardiac Troponin I with Upconverting
Nanoparticle Lateral Flow Test with Minimized Interference. Sci. Rep.
2021, 11 (1), 18698.
(21) Brandmeier, J. C.; Raiko, K.; Farka, Z.; Peltomaa, R.; Mickert,
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