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ABSTRACT: Heart failure (HF) is the end-stage of cardiovascular diseases,
which is associated with a high mortality rate and high readmission rate.
Household early diagnosis and real-time prognosis of HF at bedside are of
significant importance. Here, we developed a highly sensitive and quantitative
household prognosis platform (termed as UC-LFS platform), integrating a
smartphone-based reader with multiplexed upconversion fluorescent lateral
flow strip (LFS). Dual-color core−shell upconversion nanoparticles (UCNPs)
were synthesized as probes for simultaneously quantifying two target antigens
associated with HF, i.e., brain natriuretic peptide (BNP) and suppression of
tumorigenicity 2 (ST2). With the fluorescent LFS, we achieved the specific
detection of BNP and ST2 antigens in spiked samples with detection limits of
5 pg/mL and 1 ng/mL, respectively, both of which are of one order lower than
their clinical cutoff. Subsequently, a smartphone-based portable reader and an
analysis app were developed, which could rapidly quantify the result and share
prognosis results with doctors. To confirm the usage of UC-LFS platform for clinical samples, we detected 38 clinical
serum samples using the platform and successfully detected the minimal concentration of 29.92 ng/mL for ST2 and 17.46
pg/mL for BNP in these clinical samples. Comparing the detection results from FDA approved clinical methods, we
obtained a good linear correlation, indicating the practical reliability and stability of our developed UC-LFS platform.
Therefore, the developed UC-LFS platform is demonstrated to be highly sensitive and specific for sample-to-answer
prognosis of HF, which holds great potential for risk assessment and health monitoring of post-treatment patients at home.
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Heart failure (HF) is the end-stage of cardiovascular
diseases, arousing about 35% risk of death in the first
year after diagnosis1 and more than 50% patients

readmitted to the hospital within 6 months of discharge.2

Prognosis of HF at home is of vital importance to prevent
adverse cardiac events and decrease readmission rate.3 Existing
prognosis methods for HF in clinics mainly rely on the
monitoring of physiological indexes (e.g., electrocardiogram, X-
ray examination, ultrasound cardiography) and biochemical

indexes (e.g., electrolyte, myocardial enzyme, specific bio-
markers). Although physiological indexes can be obtained
nonintrusively, the need of professional experts for the analysis
limits their application at the point of care (POC). In
comparison, monitoring of the biochemical indexes can provide
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accurate biomarker information (e.g., concentration), which is
easier for patients to make a judgment of their conditions by
comparing with provided reference values. However, monitor-
ing of multiple biomarkers with a high sensitivity is needed to
improve the accuracy of HF prognosis. For instance, multi-
plexed detection of ST2 and BNP (detection limit of ∼pg/mL
level) provides a higher predictive value for HF prognosis than
detection of ST2 or BNP independently.4,5 Besides, the risk for
recurrent adverse events of HF patients is assessed in clinics by
quantifying specific biomarkers concentrations,4 which gen-
erally relies on sophisticated equipment (e.g., automatic
biochemical analyzer), hindering its application at home.
Therefore, a multiplexed household platform capable of
sensitive and quantitative prognosis of HF is urgently needed.
A paper-based POC test holds great potential to address the

above-mentioned issues, with features of being fast, portable,
easy-to-use, low cost, and capable of on-site performance.6

Among various paper based POC tests, lateral flow strip (LFS)
is simpler, faster, and cheaper, which is capable of detecting
multiple targets and providing results within 20 min with a
single-step operation.6,7 Therefore, LFS is a promising
household platform for HF prognosis. Among various LFS
technologies, gold nanoparticles (AuNPs)-based LFS has been
successfully transformed to an abundance of commercial
products due to its low cost and eye-readability of the
detection results. Additionally, this technology is also capable
of multiple analytes detection via design of multiple test lines8,9

or integration of multiple strips.10 However, AuNPs-based LFS
is associated with limited sensitivity and can only achieve
qualitative or semiquantitative detection,11 thus limiting its
application for sensitive and quantitative prognosis of HF.
Recently, various fluorophores have been used to replace

AuNPs to improve the sensitivity and quantification capability
of LFSs.12,13 However, popular fluorophores applied in LFSs,

such as fluorescence dye and quantum dots (QDs), are excited
by UV light, which involves the issue of strong background
signal.14,15 Besides, fluorescence dye is associated with
photobleaching16 and is unstable under room temperature
storage.17 In comparison, upconversion nanoparticles
(UCNPs) emit visible lights upon excitation by NIR light
rather than UV light. This unique optical property enables
minimized background fluorescence, robust photostability,
improved signal-to-noise ratio, and sensitive detection in
complex biological samples.18 Therefore, UNCPs-based LFS
has recently attracted increasing attention with widespread
applications, including detections of fish infection,19 anti-
biotic,16 parasitic infection,20 zoonotic pathogens,21 etc.
However, the UCNPs-based LFSs generally require bulky and
expensive equipment for the excitation of fluorescent signals
and readout of the results. Therefore, a small size, cost-effective,
and easy-to-use reader is needed for household UCNPs-based
LFSs.
Herein, we developed a multiplexed UC-LFS platform for

HF prognosis at home, integrating dual-color UCNPs-based
LFS and a smartphone-based portable reader. It has the
advantages of multiplexed detection, high-sensitivity, and
sample-to-answer capability, which is able to directly convert
the clinical sample (e.g., serum) to a digital result on a
consumer’s smartphone. UCNPs with green and blue
fluorescence were used for multiplexed detection of BNP and
ST2 antigens, respectively, which are associated with the most
sensitive marker panels for HF prognosis.4,5 The green and blue
emissions from UCNPs trapped in test lines were measured to
quantify the concentrations of BNP and ST2, respectively.
Compared with clinical cutoff values, one order higher
sensitivity for both BNP and ST2 was achieved. A good
specificity of the LFSs was verified by identifying BNP and ST2
from the other four common cardiac markers. To quantitatively

Figure 1. Schematic illustration of household fluorescent LFS platform. The multiplexed UC-LFS platform integrating (a) a smartphone-based
portable reader and (b) a dual-color UCNPs-based LFS. (c) When two analytes of BNP and ST2 are present in a sample, the dual-color
UCNPs would be captured in two test lines, respectively. (d) Otherwise, no UCNPs would be trapped in test lines. Dual-color UCNPs would
be captured in control lines in two cases. (e) The details of smartphone-based reader are displayed in the enlarged view.
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read out the fluorescent LFSs, we also developed a portable
reader integrating light source and a smartphone, which is
successfully applied in detection of spiked serum with a high
recovery level and reproducibility. Subsequently, clinical
samples are collected to test, which further confirms the
practical reliability and stability of UC-LFS platform. The core-
technology in our present work relies on the following aspects:
(1) sample-to-answer prognosis for HF based on smartphone
reader and LFS; (2) simultaneous detection of two analytes
with dual-color UCNPs; and (3) stable application to clinical
sera. Based on these, we successfully achieved the highly
sensitive and multiplex fluorescent LFS detection from clinical
sample to digital result on a consumer’s smartphone. Overall,
the developed UC-LSF platform holds great promise for risk
assessment and health monitoring of post-treatment patients at
home.

RESULTS AND DISCUSSION
Principle of the UC-LFS Platform. Heart failure is one

kind of fatal chronic disease, which requires long-term
monitoring of the patients’ health. However, there is still a
lack of efficient monitoring methods at the POC for HF
patients. Herein, we developed a household multiplexed UC-
LFS platform for HF prognosis. The platform integrates a dual-
color UCNPs-based LFS with a smartphone-based portable
reader (Figure 1a). To achieve an accurate HF prognosis, two
sensitive biomarkers (i.e., ST2 and BNP) were selected. ST2 is
a new biomarker listed in 2013 ACCF/AHA guideline for
additive risk stratification of patients with HF, while BNP is
another independent biomarker capable of improving the
predictive value for HF prognosis when combined with ST2.4,5

The dual-color UCNPs probes on a sample pad are responsible
for detecting the two biomarkers (Figure 1b). When the sample
is added onto the LFS, the target analytes (BNP or ST2
antigens or both) would first specifically bind to UCNPs probes
forming the UCNPs-analyte conjugates. The conjugates would
flow through the NC membrane as driven by the capillary force
and then be captured by the ST2 and BNP antibodies
immobilized in the test lines. The excess UCNPs probes
without binding analytes would react with the goat antimouse
immunoglobulin G (IgG) and be trapped in the control line
(Figure 1c). If the analytes are absent in the sample, all UCNPs
probes would directly flow through the test lines without
reaction and be captured on the control line (Figure 1d). After
reaction, the fluorescence signal from the LFS could be read by
a smartphone-based portable reader, which is designed to be
slightly bigger than a palm and composed of a smartphone, top
cover, optical system, power supply, and bottom cover (from
top to bottom) (Figure 1e). On the left side of the reader, there
is a power switch for the device, while the slot for LFS is placed
on the right side of the reader. The smartphone is arranged to
sit in the holder on the top cover to capture the fluorescence
image from the tested LFS. As the main functional part of the
reader, the optical system is optimally designed to concentrate
the excitation laser, involving a small size laser to produce NIR
excitation light and a group of optical lenses to control the
inner light route (Figure S1). Comparing the laser power
irradiated on LFS with and without the designed device, we
found a maximal 3.5 times enhancement of laser power
obtained by the designed device (Figure S2).
Characterization of UCNPs. Detection limit of LFS refers

to the lowest concentration of the detected target, whose signal
can be distinguished from that of control group. Hence, for a

certain amount of fluorescent nanoparticles captured in test
lines, higher fluorescence efficiency of single nanoparticle
results in higher detection sensitivity of LFS. Due to the low
quantum yield of traditional UCNPs, various methods have
been proposed to improve its quantum yield, such as
optimizing the host materials,22 coating active shell onto the
core UCNP,23 and using plasmon nanontenna architecture.24

Here, lanthanides-doped hexagonal-phased NaYF4 with a shell
coating, which has been shown to possess enhanced quantum
yield,25,26 was adopted as the efficient upconversion signal
particles. We synthesized hexagonal-phased NaYF4:Er,Yb with
green fluorescence and NaYF4:Tm,Yb with blue fluorescence
using the thermal decomposition method. The synthesized
hexagonal-phased UCNPs were confirmed by the powder X-ray
diffraction (XRD) patterns (Figure S3). To decrease the
fluorescence quenching effect on UCNPs surface, we coated the
UCNPs core with NaYF4 shell (Figure 2a−d), resulting in
enhanced upconversion fluorescent intensity (the inset graph of
Figure 2a−d). To analyze the size distributions of UCNPs
before and after shell coating, we performed TEM testing and
found that the thickness of the shell layer on green and blue
UCNPs is ∼17 nm and ∼12 nm, respectively (Figure S4). The
measured fluorescence intensities indicate ∼8 times emission
enhancement for green UCNPs and ∼3 times emission
enhancement for blue UCNPs, as reflected by the integral of
green emission zone from 500 to 600 nm and blue emission
zone from 400 to 500 nm (Figure 2e). To obtain water-soluble
and modifiable UCNPs, we used PAA to replace the oil acid on
the surface of UCNPs via a ligand exchange method.27 The
presence of PAA on the surface of UCNPs was confirmed by
Fourier transform infrared spectroscopy (FTIR), Figure S5.
The carboxyl group of PAA was then conjugated with an amino
group of McAb under catalysis by EDC and sulfo-NHS. The
obtained UCNPs-McAb complex dissolved well in water. To
verify the successful conjugation of McAb, we measured the
dynamic light scattering (DLS) and zeta potential of core−shell
UCNPs (NaYF4:Yb,Tm@ and NaYF4:Yb,Er@) UCNPs@PAA
and UCNPs@McAb. We observed that the hydrodynamic size
of UCNPs increased after McAb conjugation, suggesting the
successful conjugation of McAb (Figure 2f). We measured the
zeta potential of UCNPs after McAb conjugation and found
that the zeta potential decreased from −31.16 to −7.96 mV for
NaYF4:Yb,Er and from −33.68 to −11.7 mV for NaYF4:Yb,Tm
(Figure 2g). The decrease in zeta potential indicates successful
conjugation of McAb as has been demonstrated by literature on
antibodies conjugation.28,29

Sensitivity of Single-Color LFSs for BNP and ST2.
Before multiplexed detection, we tested the sensitivity of single-
color LFS for BNP and ST2 detection separately. An important
element related to LFS detection sensitivity is the quantity of
modified antibodies per nanoparticle, which determines the
binding efficiency of each particle with target analyte.30 To
optimize this element, we used different concentrations of
antibodies (e.g., 12.5, 25, and 50 μg/mL) to conjugate with
UCNPs, and the obtained UCNPs probes were utilized to
detect a relatively low concentration of target analytes (i.e., 3.5
ng/mL ST2 antigen and 10 pg/mL BNP antigen). Through
comparing the fluorescent intensities of test lines, we found that
the most sensitive probes are the green UCNPs modified with
50 μg/mL ST2 antibodies and the blue UCNPs modified with
25 μg/mL BNP antibodies (Figure S6). The two optimized
probes were applied in the following experiments. Subse-
quently, standard solutions with different analyte concentration
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were prepared to test the sensitivity of single-color LFS (Figure
3). First, we tested the sensitivity of single-color LFS for BNP
detection and found that the fluorescence intensity of the test
lines increased with increasing BNP concentration (from 0 to
100 pg/mL). The visible fluorescence signal from test line
indicates that the single-color LFS for BNP detection reaches a
detection limit of as low as 5 pg/mL (Figure 3a), which was
one order lower than that of the clinical cutoff value (100 pg/
mL). This was further confirmed by the quantification of the
fluorescence intensities of test lines (Figure 3b). Second, we
tested the sensitivity of single-color LFS for ST2 detection. We
observed that the fluorescence intensity of the test lines
increased with increasing ST2 concentration (from 0 to 25 ng/
mL). The fluorescence signal remains visible in the test line
when the ST2 antigen concentration goes down to as low as 1

ng/mL, suggesting that the detection limit of single-color LFS
for ST2 detection reaches 1 ng/mL. The achieved detection
limit is one order lower than that of clinical cutoff value (35 ng/
mL) for ST2 detection (Figure 3c). This was further confirmed
by the quantification of the fluorescence intensities of test lines
(Figure 3d).

Sensitivity of Dual-Color Based Multiplexed LFS. The
dual-color-based multiplexed LFS composed of two test lines
(embedded with BNP or ST2 antibodies) and one control line
(Figure 4a). To test the sensitivity, we simultaneously tested
the BNP and ST2 antigens and recorded the resulted
fluorescence images (Figure 4b). The cyan color as observed
in the control line comes from the merging of blue and green
UCNPs, indicating that the tested dual-color LFSs are valid. We
observed that the fluorescence intensities in the test lines
increased with increasing concentrations of both BNP and ST2.
The strip used to detect 5 pg/mL BNP and 1 ng/mL ST2
antigens shows visible fluorescence on both test lines, indicating
that the dual-color LFS possesses multiplexed detection
capability and maintains the same high sensitivity as compared
with single-color LFS. The quantitative results indicate a good
linear relationship between the blue fluorescence intensity of
test line 2 and green fluorescence intensity of test line 1 and log
[concentration of BNP and ST2 antigens], respectively (Figure
4c,d). It should be noted that the green fluorescence of test line
2 and blue fluorescence of test line 1 remain at a relatively low
level, indicating that the cross-reaction is negligible in the dual-
color-based multiplexed LFSs (Figure 4c,d). It is noteworthy
that the increase of green fluorescence of test line 2 was caused
by the over exposure rather than the nonspecific conjugation of
green UCNPs. Therefore, the dual-color-based multiplexed
LFS can not only achieve multiplexed detection with a high
sensitivity but also possesses the ability to verify the cross-
reaction between the target biomarkers.

Specificity of Dual-Color-Based Multiplexed LFS. The
specificity of the immunoassay is another crucial factor for the
detection, which is normally associated with the antibody−
antigen binding specificity. Therefore, to evaluate the specificity
of dual-color-based multiplexed LFS, four common cardiac
markers (e.g., Myo, CTNI, NT-proBNP, CRP) were selected as
interfering analytes. The concentrations of four cardiac markers
were prepared at 10 times of their clinical cutoff value. The
resulted fluorescence images of all the six cardiac markers
detection were recorded under the same condition (the inset
graphs of Figure 5). Compared to the four interfering cardiac
markers, the positive group (simultaneous detection of BNP
and ST2) shows a high relative intensity ratio (3.29 for test line
1, 4.03 for test line 2), which is one order higher than the ratio
of the four interfering markers (Figure 5). The results indicate
that there exists a negligible cross-reaction effect from the other
four interfering cardiac markers, even for the homologous
metabolites of BNP (i.e., NT-proBNP). These results indicate
that the dual-color-based multiplexed LFS could well
distinguish target markers from other interfering cardiac
markers, thus confirming the good specificity.

Smartphone-Based Portable Reader. The readout of the
fluorescent LFS generally depends on complicated and
expensive readers, which heavily limits its applications in
resource-limited areas. To address this, we developed a
smartphone-based portable reader for the readout of
upconversion fluorescent LFSs (Figure 6a). This reader
integrates a portable power, a NIR laser, and a designed
optical system. Consumers could use their own smartphone

Figure 2. Characterization of UCNPs. A NaYF4 shell is coated on
surface of UCNP cores to enhance the fluorescence intensity. TEM
of NaYF4:Yb,Er (a) before and (b) after NaYF4 coating and
NaYF4:Yb,Tm (c) before and (d) after NaYF4 coating are
performed, and the corresponding fluorescence images are shown
as insert graphs. (e) The fluorescence spectra of four UCNPs are
displayed, confirming the enhancement of fluorescence emission
from shell coating. (f) DLS and (g) zeta potential of core−shell
UCNPs (UCNPs@) UCNPs@PAA and UCNPs@McAb are
performed to verify the antibodies conjugation. The scale bars
represent 100 nm.
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camera to directly capture the fluorescent images of LFSs
through the developed reader. To evaluate the accuracy of the
developed reader, we performed results analysis upon the same
group of detected LFSs using the developed reader and the
traditional method (using Nikon D90 camera to capture
fluorescence images and computer to measure the values),
respectively. The results show a very good linear correlation,
confirming the capability of developed reader to read the
fluorescent LFS (Figure 6b,c). Based on the equations shown in
Figures 4c,d and 6b,c, we obtained the linear equations between
normalized value from phone image and target concentrations
(BNP: y = 0.598x + 0.182, ST2: y = 1.374x + 0.915, where y is
the normalized value from phone image, x is the log [target
concentration]). To expand the feasibility of the developed
reader for various smartphones, we replaced the smartphone
holder with a nonslip mat assembled on the top cover (Figure
S7). Three smartphones (i.e., Redmi Note, Mi 5, and 360 N 4s)
were utilized to read out the same LFS by the reader, and we
did not observe significant difference between results obtained
from three different smartphone (Figure S8). Furthermore, a
smartphone app termed as UC-LFS platform analyzer was also
developed to quantify the obtained images (Figure 6d). The
main menu of UC-LFS platform analyzer contains three
functional buttons of “New capture”, “Import”, and “Share”
(Figure 6e). “New capture” and “Import” allow two different
ways to obtain images for analysis. “Share” is used to share the
analyzed results with the doctors or family members via
networks. Since the test lines of the strip are manually dropped
in the NC membrane, their positions in NC membrane are not
consistent so that the signals are hard to autorecognize by the
app. Therefore, three manual steps are designed to select the

signal zones of the loaded image, which correspond to “Select
blue dot”, “Select green dot”, and “Select reference area”,
respectively (Figure 6f). The UC-LFS platform analyzer first
calculates the average values of the three selected zones and
then normalizes the average values of blue and green dots by
dividing by that of the reference area. According to the linear
equations between normalized value from phone image and log
[target concentration], the concentration of each analyte could
be calculated and shown on the smartphone screen, where the
analyzed results are displayed in red color, while the clinical
cutoff is in green color (Figure 6g).

Detection of Spiked Serum. To evaluate the usage of the
UC-LFS platform for real samples, a range of different
concentrations of spiked sera (i.e., 0, 50, 100, 200, 500, 1000
pg/mL BNP antigens and 0, 10, 35, 70, 150, 250 ng/mL ST2
antigens) were prepared. Since the detection limit of UC-LFS
platform is one order lower than the clinical cutoff value, the
sample volume required for detection can be reduced.
Therefore, 10 μL of spiked serum was first diluted 10 times
with HSLF buffer and then applied in the following tests. The
LFSs after detection were read by the developed reader, and the
detected concentrations were compared with the added
concentrations (Table 1). We found that the UC-LFS platform
had a high recovery level and low variability in low analyte
concentrations (below 500 pg/mL for BNP and 150 ng/mL for
ST2). However, the variability rose to 40% in high analyte
concentration, which significantly reduces the detection
accuracy. There may be two possible reasons: one is the
exponential relationship between fluorescence intensity of test
line and analyte concentration, where slight change in
fluorescence intensity results in severe variation of analyte

Figure 3. Characterization of sensitivity of single-color LFSs. Photographs of single-color LFSs for detecting (a) BNP and (c) ST2 antigens at
different concentrations; the insets showing schematic images of single-color LFSs. By quantifying the fluorescence intensities of test lines, the
relationships between the fluorescence intensity of test lines and the concentration of (b) BNP and (d) ST2 antigens are obtained.
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concentration when analyte concentration is at a relatively high
level; the other is manual selection of signal zones, which brings
a subject-to-subject difference. For the HF prognosis, high
analyte concentrations of >500 pg/mL BNP or >150 ng/mL
ST2 belong to the most dangerous classification and need to be
sent to the hospital in minutes.31,32 From this point of view, the
inaccuracy of high analyte concentration (1000−2000 pg/mL
for BNP antigen, 150−270 ng/mL for ST2 antigen) does not
make a significant effect on the risk classification of HF.
Moreover, the subject-to-subject difference could be potentially
avoided by changing the fabrication manner of the test line
from manually dropping to mechanically drawing and using the
smartphone app to directly read the fluorescence signal from a
fixed position.

Detection of Clinical Samples. To assess the prognosis
ability of the developed UC-LFS platform for clinical samples,
we measured the concentration of BNP and ST2 in 38 serum
samples collected from hospitalized patients with heart
insufficiency using the developed UC-LFS platform and FDA
approved clinical methods (i.e., chemiluminescent immuno-
assay performed on Beckman DXI800 Immunoassay System for
BNP detection, ELISA kit for ST2 detection) separately. As a
result, we successfully detected the minimal concentration of
29.92 ng/mL for ST2 and 17.46 pg/mL for BNP, which are
both below their clinical cutoff and show slight variation with
those of clinical methods (e.g., 30 ng/mL for ST2 and 19 pg/

Figure 4. Characterization of sensitivity of dual-color-based multiplexed LFS. (a) Schematic image and (b) photograph of dual-color-based
multiplexed LFS for simultaneously detecting BNP and ST2 antigens. By quantifying the fluorescence intensities of test lines through blue and
green channels, the relationships between normalized values of fluorescence intensities and log concentrations of (c) BNP and (d) ST2
antigens are obtained.

Figure 5. Specificity evaluation of dual-color-based multiplexed LFS
for different cardiac biomarkers. Four interfering cardiac bio-
markers of Myo, CTNI, NT-proBNP, and CRP, respectively, with 1
μg/mL, 0.6 ng/mL, 4 ng/mL, and 100 μg/mL (all concentrations
represent 10 times of their clinical cutoff values) are selected to
verify the specificity of dual-color-based LFS. The concentrations of
ST2 and BNP in positive group are 25 ng/mL and 100 pg/mL. I
represents the fluorescence intensities of test lines, and I0
represents the background fluorescence intensity.
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mL for BNP). We then adopted Passing−Boblok regression
and Spearman’s rank correlation coefficient to analyze the linear
dependence between the two methods. As a consequence, the
regression equation and Spearman’s coefficient of rank
correlation of BNP detection between clinical chemilumines-
cent immunoassay and UC-LFS platform were y = 1.17 (95%
CI, 1.09−1.25) x − 21.49 (95% CI, −1.29 to −37.65) and 0.98
(95% CI, 0.94−0.991; p < 0.0001), respectively (Figure 7a).
The slop of regression equation is smaller than 1.2, and the
Spearman’s coefficient is close to 1, indicating a good linear
relation between the two methods for BNP detection. As for
ST2 detection, the regression equation and Spearman’s
coefficient of rank correlation between ELISA and UC-LFS
platform were y = 0.62 (95% CI, 0.49 to 0.77) x + 20.28 (95%
CI, 10.95−28.56) and 0.887 (0.767−0.945; p < 0.005),
respectively (Figure 7b). The regression equation slopes
ranging in 95% CI are larger than 0.49, indicating that the

two methods for ST2 detection possess weak linear correlation.
The weak linear correlation in ST2 detection could be
attributed to the following reasons:33 (1) the affinity variance
of antibodies from different companies (antibody pair used in
ST2 ELISA kit is from Critical Diagnostics and that in LFS
assay is from R&D system); (2) the different standards of
valuing protein mass when capturing the same molar quantity
of proteins; and (3) the effect of different reagents and buffers
used in the two methods. However, the weak linear correlation
between different detection methods does not represent a poor
prognosis capacity of any method. For example, it has been
reported in literature that although different detection methods
display a weak linear correlation, all the methods possess a
good prognosis result for HF patients.34 Overall, the UC-LFS
platform holds great potential for evaluation of family health
care and achieving long-distance medicine.

CONCLUSION

In conclusion, we developed a multiplexed UC-LFS platform
integrating dual-color UCNPs-based LFSs and a smartphone-
based portable reader for HF prognosis at home. Two kinds of
core−shell UCNPs with enhanced green and blue fluorescence
were successfully synthesized. Utilizing these two UCNPs, a
multiplexed LFS was fabricated for quantitative detection of
BNP and ST2 antigens with high sensitivity and specificity.
Herein, the two color UCNPs not only allow dual-target
detection but also confirm the negligible cross-reaction between
the two target biomarkers. The high sensitivity with a detection
limit of one order lower than the clinical cutoff values decreases
the requirement for patient’s sample. In this case, only a
minimum volume of 10 μL of serum is needed for each
detection. A good specificity of the LFSs was verified by using

Figure 6. Smartphone-based portable reader. (a) Image of the smartphone-based portable reader. Linear correlation between readout results
from portable reader and traditional method for (b) BNP and (c) ST2 detection. Screenshots from the UC-LFS platform analyzer app for (d)
start interface, (e) main menu, (f) signal selection, and (g) analysis results. Permission from the authorized agent was obtained for the logos in
(d), (e), and (g).

Table 1. Recovery Levels of UC-LFS Platform for Target
Analytes in Spiked Serum

analytes
added

concentration
detected

concentration R (%)

BNP (pg/mL) 1000 1493.81 ± 497.83 149.4 ± 49.78
500 500 ± 84.4 100 ± 16.88
200 202.16 ± 29.78 101.1 ± 14.89
100 100.45 ± 9.83 100.5 ± 9.83
50 47.88 ± 3.63 95.8 ± 7.26

ST2 (ng/mL) 250 262.72 ± 107.69 105.1 ± 43.08
150 148.77 ± 13.35 99.2 ± 8.9
70 75.94 ± 2.61 108.5 ± 3.73
35 39.72 ± 1.52 113.5 ± 4.34
10 8.14 ± 0.92 81.4 ± 9.2
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four interfering cardiac markers. To make the platform for
home use, a smartphone-based portable reader and an analysis
app were developed to read and analyze the tested dual-color
fluorescent LFS, which enable patients to conduct long-distance
prognosis with doctors. At last, clinical samples were collected
to test in the UC-LFS platform, where the resulting good linear
correction with FDA approved clinical methods promises the
practical reliability and stability.
LFS test offers many advantages such as simplicity, rapidness,

and low cost, while suffers from low accuracy and inability to
quantify results. Although an abundance of studies (e.g.,
fluorescent LFS,35 dual-AuNP-based LFS,36 multilayer LFS37)
have been devoted to addressing these problems, it is still
challenging to achieve sensitive, multiplex, and sample-to-
answer detection. Moreover, few of these methods have been
validated by the detection of clinical samples. Herein, our
developed UC-LFS platform not only achieves multiplex
sample-to-answer prognosis for HF but also is capable of
detecting clinical sera with high sensitivity and stability.
Therefore, we envision that the highly sensitive and multiplex
UC-LFS platform holds great promise for HF prognosis at
home.

MATERIALS AND METHODS
Materials. YCl3·6H2O, YbCl3·6H2O, ErCl3·6H2O, TmCl3·6H2O,

ammonium fluoride (NH4F), poly(acrylic acid) (PAA, Mw = 1800),
EDC were purchased from Sigma-Aldrich. 1-Octacene (90%) and oleic
acid (90%) were obtained from Alfa Aesar. Methanol, cyclohexane,
ethanol, diethylene glycol, sodium hydroxide (NaOH), and 2-(N-
morpholino)ethanesulfonic acid (MES) were obtained from Tianjinz-
hiyuan Chemical Reagen Co., Ltd. Sulfo-NHS was purchased from
Shanghai Gongjia Chemical Reagen Co., Ltd. All reagents were of
analytical grade and used without any purification. Immersing pad (1.9
cm × 30 cm), nitrocellulose membrane (2.0 cm × 30 cm), plastic
adhesive backing pad, and absorbent pad were obtained from Shanghai
Jiening Biotech Co., Ltd. Goat antimouse IgG was obtained from
Guangzhou Green Biotechnology Co., Ltd. ST2 antigen and ST2
antibodies were purchased from R&D Systems. BNP antigen and BNP
antibodies were purchased from Abcam. NT-proBNP, PCT, CTNI,
and Myo antigens were purchased from Fapon Biotech Co., Ltd. The
serum samples of patients with III or IV heart function classification

were obtained from Department of Cardiovascular Medicine, Second
Affiliated Hospital of Xi’an Jiaotong University School of Medicine.
The participants have given written informed consent for scientific
research. The Alere Triage BNP test is performed on Beckman
DXI800 Immunoassay System, and Presage ST2 (human) ELISA kits
were purchased from Critical Diagnostics.

Synthesis of Core and Core−Shell UCNPs. The UCNPs were
synthesized following our previous protocol.38−40 In a typical synthesis
of 30 nm-sized β-NaYF4:Er,Yb, YCl3·6H2O (242.69 mg, 0.8 mmol),
YbCl3·6H2O (69.75 mg, 0.18 mmol), and ErCl3·6H2O (7.64 mg, 0.02
mmol) in 2 mL deionized water were added to a 100 mL flask
containing 7.5 mL of oleic acid and 15 mL of 1-octadecene. The
solution was stirred at room temperature for 0.5 h. Then the mixture
was heated to 120 °C for 1 h until no bubbles floating on the liquid
could be observed and 156 °C for another 1.5 h to get rid of water
under argon atmosphere. The system was then cooled down to room
temperature. Subsequently, 10 mL of methanol solution containing
NH4F (148.15 mg, 4 mmol) and NaOH (100 mg, 2.5 mmol) was
added into the solution and was then stirred at room temperature for 2
h. The system was then allowed to remove the protection of the argon
atmosphere. Then, the system was heated to 120 °C for 1 h. After
evaporating the methanol, the solution was heated to 280 °C and
maintained for 1.5 h, then cooled down to room temperature. The
resulting product was washed with ethanol and cyclohexane for three
times and was finally dissolved in cyclohexane. To synthesize
NaYF4:Er,Yb@NaYF4, the same process was carried out with the
amounts of precursors changed as follows: YCl3·6H2O (151.68 mg, 0.5
mmol), and the NaYF4:Er,Yb solution was added into system before
addition of methanol solution of NH4F and NaOH. The synthesis of
β-NaYF4:Tm,Yb and β-NaYF4:Tm,Yb@NaYF4 was the same as the
above protocol except that the precursors were changed to YCl3·6H2O
(453.22 mg, 1.494 mmol), YbCl3·6H2O (193.75 mg, 0.5 mmol), and
TmCl3·6H2O (2.3 mg, 0.006 mmol).

Surface Modification of UCNPs. To make UCNPs water soluble,
a ligand exchange method was used for surface modification of
UCNPs. To this end, PAA (150 mg) and diethylene glycol (15 mL)
were added into a 50 mL three-necked round-bottomed flask with a
stirrer bar. Argon atmosphere was then infused into the system at
room temperature. After heating to 110 °C, the chloroform solution of
UCNPs was dropped into the system and kept for 1.5 h at 110 °C.
After evaporating chloroform, the reaction system was heated to 160
°C for another 1.5 h until the solution became clear. The solution was

Figure 7. Passing−Bablok regression plots between the results obtained from clinical methods and our UC-LFS platform for (a) BNP and (b)
ST2 detection in clinical samples. In each figure, the solid blue line represents the linear regression plot, and the two red dash lines show the
95% CI range. The obtained regression equations for BNP and ST2 detection are y = 1.17 (95% CI, 1.09−1.25) x − 21.49 (95% CI, −1.29 to
−37.65) and y = 0.62 (95% CI, 0.49−0.77) x + 20.28 (95% CI, 10.95−28.56), respectively.
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then centrifuged at 10,000 rpm for 10 min. After washing 3 times with
ethanol and deionized water, the water-soluble particles were obtained.
Conjugation of Antibodies to UCNPs. The conjugation of

UCNPs and antibodies was realized through (EDC/sulfo-NHS)-
mediated amination reaction. Typically, 30 μL of 30 mM EDC and 30
μL of 30 mM sulfo-NHS were first added into redispersed 1 mL of
UCNPs MES solution. After 30 min incubation, the activated product
was washed for three times with MES buffer and then redispersed in 5
mL of MES buffer. Different amounts of antibodies (12.5 μg, 25 μg, 50
μg) were added into 1 mL of redispersed MES solution. After 2 h
incubation, 30 μL of 2 M glycine stop buffer was added. The obtained
UCNPs-antibodies complex was washed for three times with storage
buffer (50 mM glycine, 0.1% NaN3, 0.03% v/v triton) and was finally
dissolved in 1 mL of storage buffer and was kept at 4 °C.
Fabrication of Lateral Flow Strips. The lateral flow strips were

prepared following our previous protocol.41,42 Immersing pad,
nitrocellulose membrane and absorbent pad were orderly mounted
on a plastic adhesive backing pad with 2 mm overlap between each two
adjacent pads. Subsequently, the as-assembled pads were cut into strips
with width of 2.5 mm by MatrixTM 2360 Programmable Sheer
(Kinematic Automation, Sonora, CA, USA). Test and control zones
were separately generated by dispensing 0.5 μL of 2 mg/mL goat
antimouse IgG and 0.5 μL of 0.2 mg/mL BNP or ST2 antibodies. The
obtained nitrocellulose membranes were dried at 37 °C for 2 h in a
vacuum oven.
Assays with Fabricated Lateral Flow Test Strips. UCNPs

probe solution was formulated by a mixture of 10 μL of UCNPs-
antibodies complex stock solution and 1240 μL of HSLF buffer (270
mM NaCl, 100 mM hepes buffer, 0.5% w/v tween 20, 1% w/v BSA).
Standard BNP antigen solution (0, 5, 10, 20, 50, 100 pg/mL) and ST2
antigen solution (0, 1, 3.5, 7, 15, 25 ng/mL) were formulated by
diluting the antigen stock solution using sterile water. Spiked BNP sera
(50, 100, 200, 500, 1000 pg/mL) and ST2 sera (10, 35, 70, 150, 250
ng/mL) were formulated by diluting the antigen stock solution using
normal human sera. After mixing standard antigen solution or spiked
serum and UCNPs reporter solution, the obtained solution was added
onto the sample pad of LFS. After 20 min, the fluorescence results
were read under 980 nm NIR laser excitation using Nikon D90 camera
or the developed reader. The LFS was judged as valid when the
control line presented a cyan color. The LFS was judged as positive
when the test line 1 presented a green color or test line 2 presented a
blue color. Each test was repeated three times. The gray values of test
lines 1 and 2 were measured through green and blue channels,
separately. Then, they were normalized via dividing by background
signal value.
Characterization. The morphologies of the UCNPs were

characterized by transmission electron microscopy (TEM) using a
JEM 2100 instrument at an accelerating voltage of 200 kV. The XRD
patterns of UCNPs powder were characterized on an XRD-7000
diffractometer. A Nano-ZS90 Zeta Sizer was used to determine zeta
potentials and dynamic light scatter (DLS) of UCNPs. The FTIR
spectra of the nanoparticles were obtained using a Nicolet iS50 Fourier
transform infrared spectrophotometer (Thermo Electron Co., USA).
The upconversion emission spectra were recorded by using a
spectrophotometer (QuantaMasterTM40) under external excitation
of a 250 mW 980 nm laser diode (RGB Laser systems). Images of
fluorescence strip upon 980 nm CW laser (Changchun Liangli
Photoelectric Co., Ltd.) excitation were obtained via a Nikon D90
digital Single Lens Reflex with Macrolens and an attached IR filter.
The optimized shooting conditions are 8 s exposure time and f/4
aperture size. The laser power is measured by a PM100D Hand-held
Optical Power and Energy Meter of Thorlabs, and the used excitation
NIR laser is a 980 nm CW laser with adjustable power in the range of
0−10 W (Changchun Liangli Photoelectric Co., Ltd.). All the
measurements were performed at room temperature.
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