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A B S T R A C T   

The continuous intake of 17β-estradiol (E2) residue from animal-derived food may pose a threat to the health of 
consumers, so the rapid screen and detection of E2 is very necessary. Although visual immunochromatographic 
strip (ICS) has played a great role in food safety control such as the screen of many food contaminants, it cannot 
meet the requirements for E2 detection due to the insufficient sensitivity of traditional visual ICS and the low 
concentration range of estrogen in food. Here, we developed a dual-mode ICS strategy to achieve rapid and 
highly sensitive detection of E2. Based on the visual detection mode of a competitive ICS, the afterglow detection 
mode working in fluorescence resonance energy transfer mechanism was introduced by using the afterglow 
particles (APs) as energy donor and gold nanoparticles (AuNPs) as energy acceptor. In this method, large APs of 
micron size with superior afterglow were applied as the test zone-fixed fluorescence signal source, thus the 
contradiction between migration and afterglow characteristics was skillfully resolved. In addition, a 6 W UV 
lamp was used as the light source to excite APs, and a smartphone was used to capture an image of 0.5 s after the 
UV light was turned off to effectively remove the autofluorescence from the strips and improve the signal-to- 
noise ratio. The limit of detection of this afterglow mode was 0.5 ng/mL, twenty times more sensitive than 
that of visual mode (10 ng/mL). The strategy has been successfully applied to the detection of estradiol in milk 
and verified by HPLC–FLD.   

1. Introduction 

17β-Estradiol (E2) is a natural substance with strong biological ac-
tivity in estrogens regulating reproduction and cardiovascular functions. 
However, when the amount of E2 accumulated through food and 
drinking water exceeds the threshold of E2 in human body, it will 
disrupt the endocrine balance, induce disease and even affect repro-
duction [1,2]. In 2002, announcement No. 176 of the Ministry of Agri-
culture of China clearly proposed the banning of using sex hormones 
including E2 in animal drinking water and feed. Although the Codex 
Alimentarius Commission and China’s national food safety standards 
stipulate that E2 cannot be detected in feed, some farmers still utilize it 
to increase production, resulting in the residue of E2 in animal-derived 

food. Currently, E2 has been mostly detected by some methods including 
HPLC [3], GC [4], electrochemical (EC) sensor [5], and surface 
enhanced Raman spectroscopic (SERS) sensor [6], which are sensitive 
enough to detect E2 at ng/mL level or below. Whereas, rapid, cheap and 
sensitive detection methods for E2 are of great urgency for on-site 
testing in food market and food industry. However, HPLC and GC re-
quires professional operators and could not be used in on-site detection. 
EC-based sensors and SERS-based sensors were time-consuming for 
sample preparation and detection process. 

Immunochromatographic strip (ICS), a paper-based rapid detection 
technology, boasts the advantages of low cost and easy operation to be 
an ideal choice for on-site detection in clinical diagnosis [7], food safety 
[8], and environmental monitoring [9]. E2 has also been detected by 
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some ICS methods [10–12]. Gold nanoparticles (AuNPs) are used as the 
signal probe for most ICS because of its visible and obvious color by 
naked eyes, however, its low sensitivity limits its application in the 
detection of trace substances [13,14]. Therefore, many strategies, such 
as analyte concentration amplification before analysis [15,16], ampli-
fication of the AuNPs color signal [17], strip structure improvement [18] 
and membrane chemical modification [19], have been developed to 
improve the sensitivity of ICS. 

Luminescent materials, such as silica particles encapsulated organic 
fluorescent dyes or europium coordination compounds [20–22], quan-
tum dots [23,24], and up-conversion nanoparticles [25,26] etc. could be 
used as more sensitive signal probes than AuNPs. However, the lumi-
nescence signals from probes are subjected to interference of auto-
fluorescence from nitrocellulose (NC) membrane, the separation 
membrane of ICS, or may need expensive laser of high power as exci-
tation light source. Different from these luminescence signals, afterglow 
particles (APs) could emit persistent luminescence after ceasing excita-
tion by UV-lamp and avoid the interference from NC membrane. It is 
worth mentioning that the afterglow time of APs synthesized by 
high-temperature solid-phase synthesis is longer than that of APs syn-
thesized by other methods, because high-temperature sintering can in-
crease the number of inherent thermal defects in long persistent 
phosphors and improve the afterglow performance. However, high 
calcination temperature will result in micron-sized particles that are too 
large to migrate across the strip [27]. 

Here, we skillfully resolved the contradiction between migration and 
afterglow characteristics by fixing the large bright APs at the test zone 
on the strip and established a visual-afterglow dual-mode ICS for E2 
detection. The visual mode ICS was a classic competitive strategy, 
whereas the afterglow mode was based on fluorescence resonance en-
ergy transfer (FRET) principle, using E2-BSA-coupled afterglow particles 
(E2-BSA-APs) as the test zone fixed energy donor and AuNPs-labeled 
antibody as mobile energy acceptor. After ceasing the excitation, our 
afterglow material on ICS kept emitting for seconds. The unique optical 
characteristic enabled detection without in-situ excitation and to avoid 
the interference of autofluorescence and scattered light from complex 
substrates. In this work, the afterglow signal was collected by smart 
phone time-gated imaging, with no need of advanced optical signal 
detection device working in a time-resolved manner. In addition, dual 
signals also increase the accuracy and sensitivity of the results. After-
glow signal is positively correlated with E2 concentration, which is 
beneficial to obtain LOD from weak afterglow signals when there is a 
small amount of E2. We applied the strategy to the detection of E2 in 
milk. 

2. Experimental section 

2.1. Chemicals and reagents 

Tetraethyl orthosilicate (TEOS, 96%), dimethyl sulfoxide (DMSO), 
Tween-20, sucrose, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDC⋅HCl), 
HAuCl4⋅3H2O, bovine serum albumin (BSA), E2 were purchased from 
the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). bisphenol 
A (BPA), estrone (E1), diethylstilbestrol (DES), estriol (E3), trisodium 
citrate dihydrate were purchased from Aladdin (Shanghai, China). 
Mouse anti-E2 monoclonal antibody (mAb) and goat anti-mouse sec-
ondary antibody were purchased from Shanghai Yuduo Biotechnology 
Co., Ltd. (Shanghai, China). Afterglow particles (APs) used in all ICSs 
were purchased from Hangzhou Zhicheng Technology Development Co., 
Ltd. (Hangzhou, China). The materials of the ICSs, including sample 
pads, absorbent pads, NC membranes and polyvinylchloride backing 
cards, were purchased from the Jieyi Biotechnology Co., Ltd. (Shanghai, 
China). Ultrapure water was purchased from Wahaha group Co. 
(Hangzhou, China). Methanol and acetonitrile of HPLC grade were 
purchased from Fisher Chemical (Shanghai, China). 10 mM phosphate- 

buffered saline (PBS) composes 4 g NaCl, 1.49 g Na2HPO4⋅12H2O, 0.12 g 
KH2PO4 and 500 mL ultrapure water, adjust to pH 7.4 or 6.0 as required. 

2.2. Instrumentation 

The size and morphology of the AuNPs were determined by a JEM- 
2100 HR transmission electron microscope (TEM, JEOL Ltd., Japan) at 
200 kV. UV–vis absorption spectra were measured on a Shimadzu UV- 
2550 UV–vis spectrophotometer (Shimadzu, Japan). The phosphores-
cence spectra of APs were measured on a F-7000 fluorescence spec-
trometer (Hitachi, Japan). Zeta potential measurements were performed 
on a Nano-ZES Zetasizer system (Malvern, UK). Mass spectra of E2 and 
E2-CME were taken on a QTRAP 4500 ESI mass spectrometer (AB SCIEX, 
USA) with a negative ion mode and those of BSA and E2-BSA were 
performed on an Autoflex III MALDI-TOF-MS (BRUKER Ltd, Germany) 
with a positive ion mode. X-ray diffraction (XRD) pattern was performed 
on D2 PHASER powder diffractometer with a CuKα radiation source 
(Bruker, Germany). The morphology, elemental mapping and energy 
dispersive X-ray spectra (EDS) of the APs were performed on SU8010 
scanning electron microscope (SEM, HITACHI Ltd, Japan). Fourier 
transform infrared (FT-IR) spectra were performed on Nicolet IS10 FT-IR 
spectrometer (Nicolet, USA). HPLC–FLD experiments were used as 
verification method and performed on a Waters E2695 separation 
module with a 2475 FLR detector (Milford, MA, USA). The separations 
were achieved on an XSelect® HSS C18 column (5 μm particle, 250 mm 
× 4.6 mm) purchased from Waters (Milford, MA, USA). 

2.3. Synthesis of E2-BSA conjugates 

The E2-BSA conjugates were processed according to the reported 
methods with some modifications [11,12]. 100 mg E2 and 500 mg KOH 
in DMSO were stirred for 10 min, and 100 mg bromoacetic acid was 
added for another 2 h reaction. Then ice cold water was added to stop 
reaction and ethyl acetate extraction to clean up unreacted E2. After 
acidification, white precipitate was produced, filtered, rinsed with 
distilled water to pH 7, and vacuum-freeze dried. 6.6 mg of the product 
E2-carboxymethyl ether (E2-CME), 6 mg of NHS, 7 mg of EDC⋅HCl in 
DMSO were stirred for 2 h and then 30 mg BSA in 50 mM 
carbonate-bicarbonate buffer (pH 9.6) was added for another 12 h re-
action. The product E2-BSA was dialyzed against PBS (10 mM, pH7.4) 
and stored at − 20 ◦C. 

2.4. Synthesis of E2-BSA-APs 

APs were modified referring to literature method [28–30]. 30 mg of 
APs was dispersed in 5 mL of anhydrous ethanol with ultrasonic 
dispersion for 5 min, then 0.13 mL of TEOS in ethanol-water (4:1, v/v) 
was added and bath sonicated for 5 min. Aqueous ammonium hydroxide 
(28–30%, 0.5 mL) was added, and sonicated for 30 min before being 
placed on the rotator at room temperature to process silica encapsula-
tion for 7.5 h. The product was centrifuged at 10,000 rpm for 10 min, 
washed three times with anhydrous ethanol and vacuum dried, thus 
APs-SiO2 was obtained. 

To synthesize APs-COOH, the obtained APs-SiO2 (50 mg) was ul-
trasonically dispersed in 25 mL water for 10 min and carbox-
yethylsilanetriol sodium salt (CES) was added dropwise following by 24 
h reaction at room temperature. The product was centrifuged at 10,000 
rpm for 10 min, washed with water and anhydrous ethanol, and vacuum 
dried at 37 ◦C. 

We conjugated APs-COOH with E2-BSA by the active ester method 
[31]. 1 mg APs-COOH, 2 mg EDC⋅HCl and 5 mg NHS was ultrasonically 
dispersed in 1 mL PBS (10 mM, pH 6.0) and stirred for 2 h at room 
temperature. The mixture was centrifuged (6000 rpm, 6 min), washed 
and re-dispersed in 0.5 mL PBS (10 mM, pH 7.4). 0.5 mL E2-BSA (1 
mg/mL) was added, stirred overnight, and collected by centrifugation 
(6000 rpm, 6 min, 4 ◦C). The product E2-BSA-APs was washed and 
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dissolved in 0.5 mL PBS (10 mM, pH 7.4) for use. 
In order to verify the migration properties of the large APs, they were 

dispersed in PBS buffer (10 mM, pH 7.4) at a concentration of 2 mg/mL, 
and 1 μL of this dispersion was spotted on the NC membrane, ~0.5 cm to 
the sample pad. Immediately added 10 μL running buffer (10 mM PBS, 
10% sucrose, 8% BSA, 1% Tween-20, pH 7.4), the running buffer flowed 
through the spot of APs and stopped before reaching the absorbent pad. 
Marked the front line of the running buffer with a pencil and took photos 
under the UV lamp after drying. 

2.5. Synthesis of AuNPs-labeled anti-E2 mAb (AuNPs-mAb) 

AuNPs were prepared using the trisodium citrate reduction method 
with slight modification [32]. 3 mL of 1% (w/w) freshly dissolved tri-
sodium citrate was added into 100 mL of boiled HAuCl4 aqueous solu-
tion (1/10,000, w/w). Keep heating and stirring for another 10 min and 
then naturally cooled down to room temperature under stirring. The 
prepared AuNPs solution was made up to 100 mL with pure water, 
filtered with a 0.45 μm polyethersulfone filter, and stored at 4 ◦C before 
use. 

The AuNPs-antibody conjugate (AuNPs-mAb) was prepared as re-
ported [11]. 1 mL AuNPs were finally dispersed in 0.05 mL buffer after 
turning into AuNPs-mAb. 

2.6. AuNPs-FQ-ICS construction 

Dual-mode ICSs were constructed by dropping 1 μL 2 mg/mL E2- 
BSA-APs as test (T) zone and 0.5 μL 0.1 mg/mL goat anti-mouse IgG 
as control (C) zone, following by drying at 37 ◦C for 30 min. 

2.7. Sample analysis 

Milk sample (10 mL) was adjusted to pH 4.5 by 5% HCl and centri-
fuged (10000 rpm) for 15 min to precipitate protein. Then the super-
natant was adjusted to pH 7.4 by 5% NaOH and centrifuged (10000 rpm) 
for 15 min again. Different concentrations of E2 were added into the 
supernatant to bring a final concentration of E2 to 0 ng/mL, 1 ng/mL 
and 10 ng/mL. 

40 μL sample solution, 5 μL of AuNPs-mAb and 10 μL of running 
buffer (10% sucrose, 8% BSA, 1% Tween-20, 10 mM PBS, PH 7.4) were 
mixed and incubated for 5 min and then ICSs were inserted into the 
mixture and run for ~15 min. For afterglow analysis, the strips were 
excited under a UV lamp of 254 nm, and then taking photos in contin-
uous shooting mode since the light turned off. For each sample, the total 
assay time was about 50 min from sample preparation to data collection. 

3. Results and discussion 

3.1. Characterization of E2-BSA and E2-BSA-APs 

E2-BSA conjugate was synthesized according to the chemical re-
actions shown in Fig. 1a. The intermediate E2-CME was identified by 
both HPLC–FLD and ESI MS. The liquid chromatogram of E2 and 
BrCH2COOH conjugating production revealed a new peak with the 
retention time of 5.2 min, slightly shorter than that of E2 (5.5 min) 
(Fig. 1b) and in their mixture they kept their own migration times, 
indicating the production of a new compound. The product was further 
analyzed by ESI mass spectrometry. The ion at m/z 329.00 was attrib-
uted to [M − H]- ion of E2-CME, with a difference of m/z 57.80 corre-
sponding to a loss of a H and a gain of –CH2COOH, comparing with [M −
H]- ion of E2 (m/z 271.20) (Fig. 1c). The MALDI-TOF MS was used to 
verify the production of E2-BSA and calculate the binding ratio of E2 to 

Fig. 1. (a) Mechanism of E2-BSA synthesis. (b) Liquid chromatograms of E2, E2-CME and their mixture. (c) ESI mass spectra of E2 and E2-CME taken at negative 
mode. (d) MALDI-TOF mass spectra of BSA and E2-BSA taken at positive mode. 
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BSA [12]. The mass spectrum of BSA peaked at m/z 66275.5, while the 
peak of E2-CME and BSA conjugating product shifted to larger m/z 
73116.9, with an increase of m/z 6841, about twenty-one times of the 
molecular weight of E2-CME, therefore the conjugation ratio of E2-CME 
to BSA was about 21:1 (Fig. 1d). 

We chose SrAl2O4: Eu, Dy as the afterglow material as this material 
exhibits a very bright visible afterglow, greatly exceeding that of any 
other materials known to date [33]. The host material SrAl2O4 is 
chemically stable and a large number of defects in its crystal structure 
can absorb photons, meanwhile, the doped Eu are the emission center 
and the doped Dy can further improve the intensity and prolong the 
duration of the afterglow. According to the supplier’s claim, the APs we 
purchased were obtained by high temperature solid phase reaction, and 
we characterized their morphology and chemical composition. The APs 
were large particles in micron size (Fig. 2a), with hexagonal SrAl2O4 
crystal phase (JCPDS card numbers 34–0379) (Fig. 2b). The constituent 
elements were Al, Sr, O, Eu (1.4 wt%) and Dy (0.1 wt%) (Fig. 2c and d). 

E2-BSA was then conjugated with APs according to the procedures 
shown in Fig. 3a and the products were characterized by both zeta po-
tential and FT-IR spectroscopy after each modification step. The zeta- 
potential of APs decreased from +4.3 mV to − 16.7 mV (APs-SiO2) 
after silica shell functionalization, and a further decrease to − 25.5 mV 
(APs-COOH) was found after carboxyl modification (Fig. 3b). The 
conjugating of E2-BSA with APs-COOH also led to a zeta-potential 
decrease to − 39.8 mV (E2-BSA-APs). Theoretically, the greater the ab-
solute value of the particles’ zeta-potential, the more stable the material 
is in aqueous solution. Thus, the results of zeta-potential characteriza-
tion indicated not only the success of each reaction but also a new 
product with better stability after each modification step. 

According to the FT-IR spectrum, APs− COOH displayed strong ab-
sorption band of O–Si–O at 1097 cm− 1, absorption band of the C––O 

stretching vibration at 1647 cm− 1 and free OH at 3550 cm− 1, respec-
tively (Fig. 3c). After E2-BSA functionalization, E2-BSA-APs exhibited 
all the peaks of E2-BSA, revealing the successful conjugation. 

3.2. Characterization of AuNPs and AuNPs-mAb 

The prepared AuNPs were 15–20 nm in diameter, with uniform 
spherical shape (Fig. 4a) and a maximal absorption peak at 520 nm 
(Fig. 4b). After conjugating with anti-E2 mAb, the spectra showed two 
absorption peaks, one at 278 nm (antibody protein) and the other at 525 
nm, a slightly red shift comparing with that of unmodified AuNPs 
possibly due to the coupling (Fig. 4b). The zeta potential increased from 
− 35.1 mV (AuNPs) to − 21.1 mV (AuNPs-mAb) (Fig. 4c). 

3.3. Test principle 

A schematic diagram of the visual-afterglow dual-mode ICS is pre-
sented in Fig. 5a. For negative samples, AuNPs-mAb can be captured by 
E2-BSA-APs at T zone due to the interaction between E2-BSA on APs and 
anti-E2 mAb on AuNPs. The T-zone captured AuNPs will not only show 
obvious red color, but also quench the afterglow of APs due to a fluo-
rescent resonance energy transfer (FRET) from APs to the captured 
AuNPs, showing a dark red visual signal and a non-luminous afterglow 
signal, respectively. For positive samples, E2 in samples will compete 
with E2-BSA-APs on T zone to bind with AuNPs-mAb, resulting in the 
color of T zone to weaken or even disappear and also lighted afterglow 
because of less FRET. The minimum E2 concentration required to 
completely discolor T zone is the limit of detection (LOD) of visual 
mode, whereas that required to light up the afterglow of APs at T zone is 
LOD of afterglow mode. 

According to the luminescence decay curve, the afterglow of APs 

Fig. 2. (a) SEM image, (b) XRD patterns, (c) elemental mapping and (d) EDS of APs.  
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keep lighting for more than 20 min, demonstrating that they possess 
great afterglow character (Fig. 5b). There was neither visible APs at the 
front of the flowing liquid nor obvious change in the afterglow bright-
ness and the spot size at the spotting position after running buffer 
flushing the NC membrane, indicating these APs could not migrate 
through NC membrane but stayed at the spotting position because they 
were too large to run (Fig. 5b inset). 

As shown in Fig. 5c, the emission spectrum of APs overlaps with the 
absorption spectrum of AuNPs to a large extent, satisfying one of the 
necessary conditions for FRET: spectra overlap between energy donor 
and acceptor. These optical characters of APs and AuNPs make the 
FRET-based dual-mode ICS feasible. 

3.4. Optimization of the ICS assay 

We optimized the amount of AuNPs-mAb and E2-BSA-APs according 
to the T-zone signal intensity of negative sample in both visual and 
afterglow detection modes and the images were analyzed in the 

grayscale mode by ImageJ software. In the visual mode, the red color on 
T zone gradually increases with the dosage rise of AuNPs-mAb and E2- 
BSA-APs, whereas there is no obvious difference between group of E2- 
BSA-APs of 2 mg/mL and 4 mg/mL (Fig. 6a). Thus, the dosage of 
AuNPs-mAb should be 2 μL or above and that of E2-BSA-APs should be 2 
mg/mL or above to give a clear and bright red color at T zone for 
negative samples in visual detection mode. In the afterglow mode 
(Fig. 6b), the afterglow of APs should be quenched thoroughly by AuNPs 
for negative samples, but it is not the case when the concentration of E2- 
BSA-APs is 4 mg/mL. Therefore, considering the results of both modes, 
when the dosage of E2-BSA-APs is 2 mg/mL and that of AuNPs-mAb is 5 
μL, we can get both clear visual and well quenched afterglow signals for 
negative samples. 

To realize time control and improve the sensitivity, the excitation 
time and the capture time of afterglow was optimized by analyzing the 
afterglow intensity at T zone of ICS images taken by a smartphone in 
continuous shooting mode (Fig. 6c and d). The smart phone we used 
takes 20 photos continuously in 2 s after clicking shott button under 

Fig. 3. (a) Mechanism of E2-BSA-AP synthesis, (b) Zeta potentials and (c) FT-IR spectra of APs and modified APs.  

Fig. 4. Characterization of AuNPs and AuNPs-mAb. (a) TEM image of AuNPs. The UV–vis absorption spectra (b) and zeta potentials of AuNPs and AuNPs-mAb (c).  
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continuous shooting mode, indicating a time gap of 0.1 s between each 
two adjacent photos. We sequenced the photos in captured time, and 
named the first photo after the UV-lamp went out as “0.1 s”, then “0.2 s”, 
“0.3 s”, and so on. We compared the afterglow intensity at test-zone of 
negative and positive samples ([E2] = 10 ng/mL) and selected “0.5 s” as 
the optimal one because it gave a bright enough positive signal and a 
negligible negative signal. Although there is a huge decrease of intensity 
in the afterglow decay curve for the first seconds, according to the sta-
tistics of the decay afterglow intensity decay occurs at a rate of only 5%– 
6% every 0.5 s initially, which is within the acceptable range. Thus, the 
afterglow image capture time was set as 0.5 s. 

3.5. Assessment of ICS sensitivity and specificity 

The sensitivity of developed ICS was analyzed in both visual and 
afterglow mode. In afterglow detection mode, the afterglow of T zone 
lighted up at E2 of 0.5 ng/mL and turned brighter at higher concen-
trations, indicating the limit of detection (LOD) of E2 in afterglow 
detection mode is 0.5 ng/mL (Fig. 7b). In visual detection mode, the red 
color of T zone faded slightly at E2 of 5 ng/mL and disappeared thor-
oughly at E2 of 10 ng/mL (Fig. 7a). In this study, the threshold E2 
concentration was defined as the cutoff value when the T zone dis-
appeared, which is also taken as the LOD of E2 in visual mode. Therefore 
the LOD of E2 in visual mode is 10 ng/mL, 20 times higher than in 
afterglow mode, demonstrating the superiority of afterglow mode in 

sensitivity. 
Some ICS methods for E2 detection were compared in Table 1. In 

addition to AuNPs, the label materials included novel Fe3O4 magnetic 
nanoparticles (MNP), black phosphorescence (BP) and graphite-like 
carbon nitride g-C3N4. These new probes were more sensitive than 
AuNPs. This work introduced APs to develop FRET-ICS and obtained 
good sensitivity by improving signal-to-noise ratio. 

The specificity of the dual-mode ICS was assessed by testing four 
analogues of E2 (Table 2). Being consistent with the result of sensitivity, 
E2 of 10 ng/mL gave a positive in both visual and afterglow modes. E1, 
BPA and DES up to 100 ng/mL didn’t change the signal obviously on T 
zone in both modes. However, E3 of 100 ng/mL in visual mode, and E3 
of 20 ng/mL in afterglow mode also gave a weak positive, possibly due 
to the greater similarity in chemical structures of E2 and E3. These re-
sults indicated high specificity of our dual-mode ICS toward E2. 

3.6. Samples analysis 

To evaluate the validity of this method, milk samples spiked with E2 
were analyzed by the developed dual-mode ICS. Liquid chromatography 
is widely used as standard analytical method to validate other new 
analytical methods and our analyte E2 could be detected by fluorescence 
detector. Therefore, HPLC-FLD was used to validate the results of our 
dual-mode ICS. The prepared sample solutions were spiked with E2 to 
obtain a series of concentrations including 0 ng/mL, 1 ng/mL and 10 ng/ 

Fig. 5. (a) Schematic depiction of the setups for visual-afterglow dual-mode ICSs for the detection of E2. (b) Luminescence decay curve of APs after a 3 min excitation 
under a 254 nm UV light. Inset. Strip photos under UV light (i) before and (ii) after running buffer flushing. (c) Absorbance spectrum of AuNPs and emission spectrum 
of APs. 
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mL. The red color of T zone disappeared at 10 ng/mL E2 in visual mode, 
and the afterglow of T zone was observed at 1 ng/mL and above. E2 
recoveries were 103.1%–109.4% from HPLC–FLD for samples spiked 
with 10 ng/mL, but no E2 was detected for samples spiked with 1 ng/ 
mL. These results were analyzed in Table 3. The dual-mode ICS assay 
allows a semiquantitative determination of E2 and the results obtained 
from the dual-mode ICS were consistent with those obtained from 
HPLC–FLD. 

4. Conclusions 

In this study, a dual-mode ICS strategy was developed to detect E2 in 
milk. We achieved a positively correlated signal-[analyte] relationship 

and a more sensitive E2 detection with relatively low background via the 
FRET-based afterglow mode. The contradiction between migration and 
afterglow characteristics of APs, which limit the application of micron- 
sized APs in ICS, has been addressed by fixing them at test zone rather 
than flushing them through the membrane. Smartphone was used to 
capture afterglow under continuous shooting mode to implement time 
control in an easy-to-run way. The sensitivity of afterglow mode was 
twenty times higher than that of visual mode. We applied this method to 
detect E2 in spiked milk. The results were consistent with those obtained 
from HPLC–FLD, and the afterglow mode was proved to be more sen-
sitive than visual mode and HPLC–FLD. Therefore, this dual-mode ICS 
can be used as a combination of the fast visual screen and the sensitive 
afterglow detection for detecting E2 in milk. 

Fig. 6. The effects of E2-BSA-APs dosage and AuNPs-mAb dosage on the signal intensity of (a) visual mode and (b) afterglow mode, respectively, E2 at 0 ng/mL. The 
effects of excitation time and capture time on the signal intensity of afterglow mode, (c) and (d), E2 at 0 ng/mL (− ) or 10 ng/mL (+). 

Fig. 7. E2 detection by the visual (a) and afterglow (b) ICS.  
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