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a b s t r a c t

Immunoglobulin E (IgE), a biomarker of allergic diseases, plays a critical role in allergic mechanism.
Because of its low abundance in serum, the demand of developing sensitive, selective and simple
methods for IgE detection is still very urgent. Paper-based analytical devices using upconversion
nanoparticles (UCNPs) as the label can be promising point-of-care test (POCT) methods in rapid diag-
nosis, owing to their NIR-excitation and visible light emission nature, which can avoid the interference of
autofluorescence and scattering light from biological samples and paper substrates. In this work, we
proposed a paper-based analytical device for the sensitive, selective and accurate detection of total
immunoglobulin E (IgE) in human serum. The assay was based on resonance energy transfer between
UCNPs and organic dye tetramethylrhodamine (TAMRA), and IgE aptamer with stem-loop structure was
used as the recognizing probe. The existence of IgE change the conformation of IgE aptamer, enlarge the
distance between donor and acceptor, and block the energy transfer process. Thus, the luminescence of
UCNPs recovered with an IgE concentration independent manner. A linear calibration was obtained in
the range of 0.5e50 IU/mL, with a detection limit of 0.13 IU/mL. The results of our method were well
correlated with that of commercial ELISA kit (20 human serum samples). This work suggests promising
prospect of the paper-based UC-LRET analytical devices in real samples and may promote the application
of paper-based analytical devices in clinical diagnosis.
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1. Introduction

As the least abundant isotype of immunoglobulin in human
serum, Immunoglobulin E (IgE) plays a critical role in allergic dis-
eases [1]. IgE can initiate the release of chemicals such as histamine,
leukotrienes, and certain interleukins through binding to basophils
and mast cells. These chemicals can further cause symptoms
associated with allergies such as dermatitis, asthma, and even
shock which can bind to basophils and mast cells to trigger the
release of chemicals like histamine [2]. The concentration of total
IgE in a healthy adult is about 80 IU/mL and will be increased 4e30
fold in the event of allergic disease, inwhich 1.0 IU/mL is equivalent
to 2.4 ng IgE/mL [3]. So, IgE is chosen as allergy biomarker and use
to support the diagnosis of allergy and predict allergn immuno-
therapy effectiveness. There are mainly four kinds of clinical
methods used for measuring serum IgE, i.e., reflective immuno-
sorbent assay (IRST), indirect hemagglutination test, enzyme-
linked immunosorbent assay (ELISA), and chemiluminescence
assay. These methods are all based on immunoassay techniques,
with the limitation of high detecting cost, long time-consuming
and the complexity for IgE detection [4]. In order to achieve sen-
sitive yet simple and rapid methods for the quantitative analysis of
proteins, the use of aptamer with high affinity and specificity to-
wards the target, can be a good alternative. D17.4 IgE aptamer, the
most commonly used IgE aptamer was first selected by Wiegand
and co-workers in1996 [5]. Since then, a series of aptamer-based
probes for IgE detection have been reported, including optical [6],
electrochemical [7,8], and mechanical [9] sensing schemes. But
because of its very low content in serum, the requirement of
researching and developing newmethodswith excellent sensitivity
and selectivity for the detection of IgE is still very pressing.

Paper-based analytical devices (PADs), using paper as analytical
substrate materials, integrate the advantages of paper and micro-
fluidic analytical devices and show great prospect in clinical diag-
nosis, especially in point-of-care diagnosis [10e12]. Luminescence
nanomaterials possess unique physical and chemical properties
such as quantum size effect, plasmonics and resonance energy
transfer. So, more and more of researchers have sought effective
ways to integrate luminescence nanomaterials with paper-based
analytical devices in recent years. Gold nanoparticles (AuNPs)
were one of the first luminescence nanomaterials used in PADs,
owing to the color change caused by particle aggregation [13,14].
Other nanoparticles, such as semiconductor quantum dots (QDs)
[15,16] and upconversion nanoparticles (UCNPs) [17e19] were
introduced into PADs subsequently. Compared to those traditional
down-conversion luminophores, UCNPs, exciting with near-
infrared (NIR) light, could effectively avoid the interference of
autofluorescence and scattered light from biological samples and
paper substrate, which considerably improved the robustness and
sensitivity of fluorescence biosensors [20e22]. Therefore, paper-
based analytical devices using UCNPs as labels are likely to be
promising tools with a combination of simplicity, accuracy, and
sensitivity, promoting the application of PADs in point-of-care
diagnosis.

Luminescence resonance energy transfer (LRET) is a homoge-
neous analysis technology with high sensitivity, in which the en-
ergy transfer nonradiatively from excited energy donor to energy
acceptor by means of dipole-dipole coupling. UCNPs have been
used as the energy donors of LRET technology to develop a series of
excellent analytical methods in homogeneous solution [23e27]. In
2013, Liu’s group introduced LRET technology using UCNPs as en-
ergy donors to paper-based analytical devices for the first time,
realizing the quantitative detection of protein in human serum and
whole blood with high sensitivity [28]. Thereafter, contributions
from other groups have demonstrated that the combination of

PADs with UCNPs and LRET can be useful tools for the analysis of
oligonucleotide targets, enzyme, protein and explosive. Krull and
co-workers reported a paper-based analytical method for DNA
detection, in which UCNPs were fixed on the surface of paper as
energy donors, and fluorescent dyes were drawn to the surface of
UCNPs through nucleic acid hybridization [29]. Compared to paper-
based LRET assay using QDs as energy donors, this UCNPs-based
assay possessed lower limit of detection and wider dynamic
range. They also verified the possibility to concurrently use the
green emission and red emission of UCNPs to quantitative duplexed
analysis of oligonucleotide targets [30]. By making full use of the
multicolor emission characteristics of UCNPs, Yuanʼs group devel-
oped a paper-based radiometric luminescence device for the suc-
cessful visualization of TNT explosives [31].

Herein, we proposed a paper-based UC-LRET aptasensor for
quantitative IgE detection by utilizing the specific recognition be-
tween IgE aptamer and IgE, in which UCNPs and organic dyes were
used as energy donor-acceptor pairs. The secondary structure of IgE
aptamer is a stem-loop structure and the recognition site is in the
part of the loop, and the conformation of the aptamer readily
changes upon binding with IgE. Through the reasonable design of
aptamer sequence, a novel molecular beacon sensor was developed
on paper substrate. In the case of molecular beacon mode, the
distance between donor and acceptor could be reduced to molec-
ular size, increasing the quenching efficiency of UCNPs and
improving detection sensitivity. Meanwhile, the “turn-off” TAMTA-
aptamer-UCNPs complex could be loaded on paper substrate and
realized the one-step detection of IgE without any washing and
separation steps, providing a simple, rapid, sensitive and reliable
detection method for IgE detection [32].

2. Materials and methods

2.1. Materials

Polyethylenimine (PEI, with an average molecular weight of
25000) and sulfosuccinimidyl 4-(N-maleimidomethyl) cyclo-
hexane-1-carboxylate (Sulfo-SMCC) were obtained from Sigma-
Aldrich. Immunoglobulin E (IgE) was purchased from Shanghai
Linc-Bio Science Co., Ltd. (Shanghai, China). The rest of the chemical
reagents were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Whatman no.1 filter paper was purchased from
Whatman (UK). The sulfydryl modified IgE aptamers labeled at 30

end with Tetramethylrhodamine (TAMRA) were purchased from
SBS Genetech Co., Ltd. (Shanghai, China). Their sequences were as
follows: (1) DNA 1: 50-SH-AAAAACGTTTATCCGTCCCTCC-
TAGTGGCG-TAMRA-3’; (2) DNA 2: 50-SH-AAAAAGCACGTT-
TATCCGTCCCTCCTAGTGGCGTGC-TAMRA-3’; (3) DNA 3: 50-SH-
AAAAAGGGGCACGTTTATCCGTCCCTCCTAGTGGCGTGCCCC-TAMRA-
3’.

2.2. Apparatus

The size andmorphology of UCNPswere characterized by a JEM-
2010 transmission electron microscope (TEM) with an acceleration
voltage of 200 kV (Hitachi H-7000FA, Japan). The crystal phase of
UCNPs was identified by Bruker D8 Discover X-ray Diffractometer
(XRD) (Bruker, Germany) with 2q range from 10� to 70� at a scan-
ning rate of 4 deg/min, with Cu Ka irradiation (k ¼ 1.5406 Å). FT-IR
spectra of PEI-UCNPs were measured on a NICOLET 5700 FT-IR
Spectrometer (Thermo Scientific, USA) with the KBr pellet tech-
nique. UVevis absorption spectra were measured on an UV-2550
spectrophotometer (Shimadzu, Tokyo, Japan). Upconversion lumi-
nescence spectra were collected with a RF-5301PC fluorescence
spectrophotometer (Shimadzu, Tokyo, Japan). An external 980 nm
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CW laser (Beijing Hi-Tech Optoelectronic Co., Ltd.) were used as
excitation source. The laser power was set as 0.2 W. The optical
density of 96-well plates were measured by Thermo Scientific
Multiskan Mk3 microplate reader (Thermo Scientific, USA). The
luminescence lifetime was measured with FLS1000 photo-
luminescence spectrometer (Edinburgh Instruments, UK).

2.3. Synthesis of PEI-UCNPs

Oleic acid stabilized NaYF4: Yb, Er nanoparticles were first
synthesized according to previously reported method and
dispersed in chloroform solution [33]. Then, the PEI-modified
UCNPs were prepared through ligand exchange strategy. Firstly, a
certain amount of PEI (600 mg) and DEG (30 mL) were mixed in a
100 mL three-necked flask. The mixture were heated to 110 �C and
reacted in vacuum until the solution became clear. 100 mg of OA-
UCNPs were then added to the flask dropwise. The solution was
reacted at this temperature for 1 h under argon protection and then
heated to 240 �C. After reacting for another 6 h, the solution was
cooled down to room temperature. Precipitates were obtained with
the addition of ethanol, which were washed several times with
ethanol and ultrapure water. Then the as-obtained PEI-UCNPs were
dispersed in ultrapure water for further use.

2.4. Attachment of the TAMRA modified IgE aptamer to UCNPs

Sulfydryl modified IgE aptamer labeled at 3’ end with TAMRA
was covalently conjugated to UCNPs with the assistance of cross-
linking agent Sulfo-SMCC. Briefly, PEI-UCNPs (1 mg) was
dispersed in HEPES buffer (pH 7.2, 10 mM). Then Sulfo-SMCC
(0.5 mg) was added and reacted at room temperature without
light for 1 h with gentle shaking. To remove excess Sulfo-SMCC, the
mixture was centrifuged and washed with HEPES buffer for three
times. Thereafter, the maleimide-activated UCNPs were redis-
persed in HEPES buffer (pH 7.4, 10 mM) and incubated with
TAMRA-aptamer-SH (1 nmol) at room temperature for 12 h under
gentle shaking. After washing with HEPES buffer for three times,
the obtained TAMRA-aptamer-UCNPs conjugate was finally
dispersed in 2 mL of HEPES buffer (pH 7.4, 10 mM) solution.

2.5. Paper-based IgE determination in aqueous solution and serum
samples

Paper-based analytical devices were prepared through our
previously reported one-step plotting method [28], using What-
man no.1 filter paper as substrate. The test zones were circular with
a diameter of 2 mm. A set of 2 mL solutions of the TAMRA-aptamer-
UCNPs conjugate in HEPES (0.02 mg/mL) were spotted on test
zones. The paper-based analytical devices were kept in 37 �C for
10 min. Thereafter, 2 mL of IgE solutions at various concentrations
(0, 0.5, 5, 10, 25, and 50 IU/mL) were added and incubated for
30 min at given temperature. With 980 nm laser as excitation
source, the upconversion fluorescence tests were performed and
the emission intensity at 545 nm was taken for quantification. In
order to obtain better detection result, we have optimized the re-
action conditions, such as DNA chain length, the reaction temper-
ature, and the binding buffer. Three different length of DNA chains
with different number of hybridized base pairs were attached to
UCNPs and reacted with IgE at different temperatures (30 �C, 37 �C
and 42 �C). Three different binding buffers were used to dilute IgE:
(1) binding buffer 1: PB buffer (10mM, pH 7.4); (2) binding buffer 2:
PBS buffer (10 mM, 138 mM NaCl, 2.7 mM KCl, pH 7.4); (3) binding
buffer 3: PBS buffer (10 mM, 138 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, pH 7.4). To examine the specificity of this aptasensor, a series
of distractors including Naþ, Kþ, Mg2þ, glucose, glycine, BSA,

lysozyme and IgG were detected at the same experimental pro-
cedures for IgE. To detect the content IgE in human serum, freshly
collected serum samples from 20 volunteers, which were obtained
from ZhongNan Hospital, Wuhan University, were 10-fold diluted
with HEPES buffer and detected with the same experimental pro-
cedure as in the buffer solution.

2.6. Determination of IgE in human serum by ELISA kit

To further verify the practicability and reliability of the paper-
based analytical devices, the total level of IgE in human serum
samples were determined via ELISA kit (EUROIMMUN Medizini-
sche Labordiagnostika AG, Germany). Briefly, 100 mL of standard
with different concentrations, the total IgE positive/negative con-
trol, and the serum samples were added to wells coated with anti-
human IgE polyclonal antibody respectively. The plate was incu-
bated at room temperature for 30 min. 100 mL/well anti-IgE anti-
bodies conjugated to horseradish peroxidase were added to wells.
Between each step, the plate was washed 3 times with 10-fold
diluted washing buffer. 100 mL/well TMB substrate was then
added and the plate was incubated at room temperature without
light for 15 min. 100 mL/well TMB peroxidase stop solution was
addedwhen the color developed. The optical density at 450 nmwas
measured for quantitative analysis.

3. Result and discussion

3.1. Principle of the paper-based UC-LRET biosensor for IgE
detection

The paper-based UC-LRET biosensor was constructed on the
basis of the conformation change of IgE aptamer (Scheme 1). This
aptamer has a stem-loop structure and the recognition site is
located in the loop region, whichmakes it act as amolecular beacon
(MB) probe when an energy donor is tagged at the end of the stem.
In this case, the distance between energy donor and energy
acceptor is reduced effectively and the energy transfer efficiency is
dramatically increased [34]. TAMRA was chosen as the energy
acceptor and tagged to the 3’ end of IgE aptamer since its absorp-
tion band (around 560 nm) matches well with the emission of
NaYF4: Yb, Er nanoparticles (around 550 nm). TAMRA could quench
the fluorescence of UCNPs when the TAMRA modified IgE aptamer
coupled to the surface of UCNPs as a result of the energy transfer
from UCNPs to the TAMRA dye. when IgE was introduced into test
zone, IgE aptamer could recognize IgE specifically and form an IgE-
aptamer complex, destroying the stem-loop structure and
enlarging the distance between UCNPs and TAMRA. Thus, the en-
ergy transfer was blocked and the fluorescence emission of UCNPs
should be restored.

3.2. Characterization of NaYF4: Yb, Er nanoparticles

PEI-UCNPs were prepared through a developed ligand exchange
method. TEM images revealed that the as-prepared OA-UCNPs had
an average diameter of about 35 nm (Fig. 1a). After modifying with
PEI ligand, the diameter of PEI-UCNPs particles was slightly
increased to about 37 nm with good water dispersibility (Fig. 1b).
The XRD pattern showed that the position of the diffraction peak of
as-obtained PEI-UCNPs were well coincided with cubic phase
NaYF4 (JCPDs 06e0342) (Fig. 1c). To confirm the successful modi-
fication of PEI molecules on the surface of UCNPs, the FT-IR spectra
of PEI-UCNPs were measured (Fig. 1d). The peak at 3436 and
1635 cm�1 are attributed to stretching vibration and in-plane
bending vibration of NeH bond. The peaks between 997 and
805 cm�1 were due to the out-of-plane bending vibration of NeH
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bond. The peaks at 2962, 2923, 2850, 2838 cm�1 were assigned to
asymmetric and symmetric stretching of the CeH bond and those
at 1463 cm�1 is attributed to the in-plane bending vibration of CeH
bond. The peaks at 1375 and 1166 cm�1 are associated with the
stretching vibration of CeN and CeC bond, respectively. All of these
results indicated the presence of PEI molecule on the surface of
UCNPs. The luminescence intensity of UCNPs kept stable in 15 days
when stored at 4 �C (Fig. S1), which ensured the reliability of this
nanomaterials in further use.

3.3. Characterization of TAMRA-aptamer-UCNPs complexes

The successful conjugation of UCNPs with aptamer was verified
by UVevis absorption spectrum and fluorescence spectrum. The
absorption peak at 260 nm and 552 nm on the curves of the
TAMRA-aptamer-UCNPs complexes was belong to the absorption of
ssDNA and TAMRA respectively (Fig. S2a), which confirms the
successful conjugation of aptamer-TAMRA and UCNPs. After
conjugating with TAMRA modified IgE aptamer, the luminescence
intensity of UCNPs decreased significantly (Fig. S2b), which further
verified this conclusion. As a control, free TAMRA were added to
UCNPs directly and the luminescence intensity showed quite faint
reduction (Fig. S2c), indicating the quenching were caused by
resonance energy transfer process. To further confirm this conclu-
sion, we performed luminescence lifetime measurement. The life-
time of the 545 nm emission of UCNPs was reduced from 72.3 to
45.5 ms upon the introduction of energy acceptor TAMRA (Fig. S2d),
thus indicating the occurrence of resonance energy transfer. To
obtain better sensitivity, three different IgE aptamer chains with
different numbers of hybridizing base pairs, named DNA 1e3 as
illustrated in the above experimental section, were attached to
UCNPs respectively, which could quench the luminescence of
UCNPs in varying degrees. It was seen that the degree of lumines-
cence quenching increased along with the increase of hybridizing

base pairs (Fig. S2b). When different concentration of IgE were
added to three different TAMRA-aptamer-UCNPs complexes,
aptamer could combined with IgE and form an IgE-aptamer com-
plex, enlarging the distance between UCNPs and TAMRA and
causing the recovery of luminescence. The UCNPs-DNA 2 sensor
provided the highest extent of fluorescence recovery after reacting
with IgE (Fig. S3), probably due to the reason that the too less hy-
bridizing base pairs in DNA 1 cannot form a stable MB structure,
while overmuch hybridizing base pairs in DNA 3 may hinder the
structure change of the aptamer when reacting with IgE. So,
UCNPs-DNA 2 were chosen to continue the construction of UC-
PADs for IgE detection.

3.4. Construction of paper-based analytical devices modified with
TAMRA-aptamer-UCNPs complex

The paper-based analytical devices were constructed through
one-step plotting method, in which the permanent markers were
used to draw patterns on the surface of paper with the help of
plastic template. After volatilizing of the solvent in the ink, the
hydrophobic substances such as resin remaining in the paper could
form hydrophobic barrier. Through the comparison between SEM
images of pure cellulose filter paper (Fig. 2a) and the cellulose filter
paper patterned with permanent markers (Fig. 2b), the resin bar-
riers could be observed clearly. Considering the coverage of test
zone and the consumption of reagent, 2 mL of solution was used to
fill the zone with uniformity. TAMRA-aptamer-UCNPs complexes
were dropped on the surface of test zones and dried at room
temperature. The SEM image revealed that the TAMRA-aptamer-
UCNPs complex, which were immobilized on the surface of test
zone, show relative well dispersion, although some degree of ag-
gregation was observed (Fig. 2c). Under this circumstances, most
UCNPs in the test zone could be excited, which is conducive to
signal stability.

Scheme 1. Schematic illustration of the paper-based UC-LRET aptasensor for IgE detection.
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Fig. 1. (a) TEM image of OA-UCNPs. (b) TEM image of PEI-UCNPs. (c) XRD pattern of the PEI-UCNPs and the standard pattern of cubic phase NaYF4 (JCPDS 16e0334). (d) FT-IR spectra
of PEI-UCNPs.

Fig. 2. (a) SEM image of pure cellulose filter paper. (b) SEM image of the cellulose filter paper patterned with permanent markers. (c) SEM image of the test zone loaded with
UCNPs-DNA-TAMRA complex.
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3.5. Optimal assay conditions for the paper-based UC-LRET
aptasensor

We optimized the performance of the biosensor before moving
on to the assay of samples. The effect of reaction temperature on
the extent of fluorescence recovery was tested (Fig. S4a). The extent
of fluorescence recovery increased initially with the increase of
reaction temperature and reached a maximum at 42 �C. Further
elevation of the temperature impaired the signal, probably because
of the helicase of double-stranded DNA. We also found that the
addition of Mg2þ in the assay buffer was beneficial to the extent of
fluorescence recovery (Fig. S4b). We attributed this phenomenon to
the capability of Mg2þ ions to stabilize the stereo-structure of
aptamer [35,36].

3.6. The detection of IgE in aqueous solution

Under the optimal conditions, we tested the analytical perfor-
mance of the sensor for IgE with a series of concentrations in
aqueous solution. When the target IgE was added to test zones
modified with TAMRA-aptamer-UCNPs complex, IgE aptamer
would bind to IgE specifically, enlarging the distance between the
UCNPs and TAMRA and blocking the energy transfer process.
Moreover, the change of the reaction signals could be directly
measured and no separation steps were required, which will
remarkably simplify the procedure and shorten the detecting time.
With the increasing of IgE concentration, the luminescence of
UCNPs recovered gradually (Fig. 3a). The relative fluorescence in-
tensity, (FeF0)/F0, where F and F0 were the fluorescence intensities
in the presence and in the absence of IgE respectively, were linearly
correlated to the IgE concentration within the range of 0.5e50 IU/
mL (Fig. 3b). The correlation coefficient could reach 0.9951 and the
detection limit was as low as 0.13 IU/mL. To further estimate the
performance of this paper based upconversion aptasensor, the limit
of detection, detection time and detection instrument of our
strategy were compared with previously reported IgE detection
methods on paper substrate (Table S1). Compared to paper-based
UC-FRET aptasensor using UCNPs and OCNPs as donor-acceptor
pairs, our strategy could significantly shorten the detection time
and simplify operation steps. Meanwhile, the detection sensitivity
showed significant advantages over most of the existing paper-
based lateral flow assay. On balance, this paper-based molecular
beacon strategy showed relatively good analytical performance.

3.7. The specificity of the paper-based UC-LRET aptasensor

To verify the specificity of this paper-based UC-LRET aptasensor,
a series of other distractors including Naþ, Kþ, Mg2þ, glucose,
glycine, BSA, lysozyme and IgG were added into the test zones
modified with TAMRA-aptamer-UCNPs complexes and the same
procedure as IgEwas followed. No obvious restoring fluorescence of
the UCNPs was observed even the concentration of interfering
species (120 ng/mL) was 5 times higher than that of IgE (10 IU/mL,
about 24 ng/mL) (Fig. 4), indicating the good specificity of this
paper-based UC-LRET aptasensor for IgE.

3.8. Comparison with ELISA kit assay

To validate the accuracy of this paper-based UC-LRETaptasensor,
human serum samples from 20 volunteers were analysed both by
the total IgE ELISA kit and our method (10-fold dilution with
binding buffer 3). The concentrations from ELISA assay and the
concentrations detected by our method were compared by linear
regression analysis. The concentrations from ELISA kit assay were
regarded as actual value and the concentrations detected by our
methodwere distributed around the straight line (Fig. 5). The linear
least-squares method, with an equation of y ¼ 1.09x - 16.85, was
used to calculated the correlation. The correlation coefficient be-
tween UC-PAD and ELISA kit was 0.9838, suggesting good consis-
tency and clinical comparability between these two methods. The
relative standard deviations of our method between three inde-
pendent measurements varied from 2.7% to 19.7% (Table S2). This
result indicated that our UC-PAD biosensor can be used for quan-
titative detect total IgE level in human serum.

4. Conclusions

Paper-based analytical devices with UC-LRET technique are
likely to be promising tools for point-of-care diagnosis. We con-
structed a paper-based UC-LRET aptasensor for IgE with high
sensitivity, selectivity and accuracy. Moreover, this aptasensor
could be applied to quantitative detection of IgE in both aqueous
solution and human serum samples. The detection result of our
method showed good consistent with that of commercial ELISA kit
(confirmed by 20 human serum samples). This work suggests
promising prospect of the paper-based UC-LRET sensor in real
samples and may promote the practical application of paper-based
analytical devices in clinical diagnosis. We hope our method could

Fig. 3. (a) Upconversion luminescence spectra of the test zones with the introduction of various amounts of IgE (0, 0.5, 5, 10, 25, and 50 IU/mL). (b) The linear relationship between
the relative fluorescence intensity (FeF0)/F0 and the concentration of IgE within the range of 0.5e50 IU/mL.
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promote the use of paper-based UC-LRET analytical devices in point
of care testing (POCT) for individual diagnostic and real-time
detection in the future.
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Figure S1 The luminescence intensity of UCNPs after being stored at 4 ℃ for different times. The 

signals were normalized to the intensity of UCNPs in the first day. 

 

 

Figure S2 (a) The UV-vis absorption spectra of UCNPs and the TAMRA-aptamer-UCNPs complexes. 

(b) The upconversion fluorescence spectra of UCNPs and the conjugates of UCNPs and three different 

lengths of IgE aptamers. (c) The upconversion fluorescence spectra of UCNPs and UCNPs plus free 

TAMRA. (d) The decay curves of the donor emission at 545 nm in the absence and existence of energy 

acceptor TAMRA. 
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 Figure S3 The dependence of the relative fluorescence intensity on IgE concentration (0, 1, 5, 10 

IU/mL) when UCNPs were conjugated with the three different aptamers in binding buffer 2 at 37 ℃. 

 

 

 

 

Figure S4 (a) The relative fluorescence intensity of the test zone when UCNPs-DNA 2 complex 

reacted with IgE (10 IU/mL) in binding buffer 2 at different temperatures (30 ℃, 37 ℃, 42 ℃). (b) 

The relative fluorescence intensity of the test zone when UCNPs-DNA 2 conjugate reacted with IgE 

in different binding buffers at 42℃ (binding buffer 1: PB (10 mM, pH 7.4); binding buffer 2: PBS (10 

mM, 138 mM NaCl, 2.7 mM KCl, pH 7.4); binding buffer 3: PBS (10 mM, 138 mM NaCl, 2.7 mM 

KCl, 1 mM MgCl2, pH 7.4). F represents the fluorescence intensity of the system in the presence of 

IgE, F0 represents the fluorescence intensity of the system in the absence of IgE. 
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Table S1 Comparison on analytical performance for IgE detection between previously reported 

methods and this method. 

Detection method Strategy LOD  

(ng/mL) 

Detection 

time (min) 

Detection  

instrument 

ref 

paper-based lateral flow 

microarrays 

dual labelled gold nanoparticle  2.4 10 flatbed scanner [1] 

paper-based vertical flow 

microarray assay 

reverse phase detection with 

conjugated gold nanoparticles 

1900 8 flatbed scanner [2] 

allergen-coated strips line blot enzyme immunoassay 0.84 240 fully automated 

analyzer 

[3] 

paper-based lateral flow 

assay 

quantum dot-based 

fluorescence immunoassay 

0.21 15 clinical BioIC 

microfluidic system 

[4] 

immunochromatographic 

assay 

quantum-dot-based 

immunochromatographic test 

12 10 portable detector 

REFLEKOM-UV 

[5] 

paper-based aptasensor UCNPs/OCNPs 

LRET 

0.5 50 fluorescence 

spectrophotometer 

[6] 

paper-based molecular 

beacon aptamer 

UCNPs/TAMRA 

LRET 

0.31 30 fluorescence 

spectrophotometer 

This 

work 
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Table S2 Comparison of total IgE detection results with paper-based UC-LRET aptasensor and 

ELISA kit assay (n = 3). 

Sample 
UC-PAD assay/IUmL-1 ELISA kit assay/IUmL-1 

Content RSD, % Content 

1 195.14 14.7 178.035 

2 28.25 3.6 31.98 

3 394.78 8.1 367.33 

4 420.38 6.2 381.54 

5 268.3 2.8 251.37 

6 104.43 18.5 125.23 

7 159.81 17 178.39 

8 147.92 2.8 136.98 

9 285.74 6.9 277.6 

10 173.81 9.3 196.89 

11 124.55 18.5 123.82 

12 125.08 19.7 141.9 

13 28.4 8.5 35.4 

14 375.64 7 428.2 

15 261.16 9.1 251.19 

16 37.25 2.7 36.9 

17 257.28 4.9 287.25 

18 405.027 4.5 388.3 

19 57.11 12 81.28 

20 101.82 6.8 85.93 

 

References: 
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