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osphere immunochromatographic
assays for detecting bone alkaline phosphatase
based on biolayer interferometry-selected
antibody†

Miao Liu, a Li-Feng Zeng,b Ya-Jie Yang,a Li-Ming Hua and Wei-Hua Lai*a

Bone alkaline phosphatase (BAP) is commonly used as a clinical marker for diagnosing and monitoring

overall metabolic bone disease. In this study, a convenient, reliable, highly sensitive, and competitive

fluorescent microsphere-lateral flow immunochromatographic assay (FM-LFIA) was developed for the

quantitative detection of BAP for the first time. The antibody (ab17272) with the minimum equilibrium

dissociation constant (KD, KD ¼ 1.503 � 10�8 M) used in FM-LFIA was selected by the biolayer

interferometry system. Various parameters that influence the FM-LFIA were optimized. Under the

optimized conditions, the limit of detection for BAP was 0.1 ng mL�1 within 15 min with a good linear

range of 0.1 ng mL�1 to 250.0 ng mL�1. The average recoveries for intra- and inter-assays ranged from

98.6% to 103.8% and 92.4% to 111.5% with corresponding CVs of 6.7% to 8.5% and 4.6% to 9.3%,

respectively. The test strips showed satisfactory stability through an accelerated aging test at 60 �C for 6

days. Owing to its high sensitivity and simplicity, FM-LFIA can be easily used to rapidly detect BAP.
1. Introduction

The bone is a dynamic tissue that undergoes processes
including bone formation and resorption.1,2 The balance
between bone formation and bone resorption is needed to
maintain bone metabolism.3 An imbalance between these
processes leads to a series of metabolic bone diseases, such as
osteoporosis and osteomalacias.4–7 Various markers of bone
formation or resorption are used as a measurement of meta-
bolic bone diseases.8 Among these markers, bone alkaline
phosphatase (BAP) is oen used in clinical practice to diagnose
and monitor the overall metabolic bone disease.9–11 The serum
BAP level is useful for evaluating patients with primary hypo-
parathyroidism and chronic renal failure.12,13

Considering its importance, many methods have been
developed for the detection of BAP, such as phenylalanine
inhibition technique,14 heat inactivation technique,14,15 high-
performance liquid chromatography,16 wheat germ lectin
precipitation,17 electrophoresis,18 spectrophotometric immu-
noassay,3 and ELISA.17 Although these methods are sensitive,
specic, and stable, they require time-consuming procedures,
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and skilled operators, which are unsuitable for the rapid and
convenient clinical detection of BAP.

Lateral ow immunochromatographic assay (LFIA)19 is
a rapid analytical technique with several advantages such as
simplicity, speediness, and sensitiveness. The technique
combines immunochromatographic procedure, label tech-
nique, and antigen–antibody properties to provide rapid
detection of various analytes in different eld, such as human
chorionic gonadotropin (HCG) detection in biomedicine,20

pathogens in food safety,21 and metal ions in environmental
monitoring.22 In the LFIA, labels lay the foundation for
improving limit of detection (LOD) because of their unique
properties, such as optical absorption, uorescence spectra,
and magnetic properties. Colloidal gold (CG)23,24 is considered
as one of the most widely used optical label in the LFIA. The CG
has a vivid red color for qualitative detection by naked eye or
quantitative detection by strip reader.25 However, colloidal gold-
lateral ow immunochromatographic assay (CG-LFIA) shows
serious limitations when high sensitivity is needed. Various
novel labels, including magnetic nanoparticles,26,27 quantum
dots,28,29 and uorescent microspheres (FMs)30 are recently used
in LFIA to improve LOD.

FMs are polystyrene materials that contain dyes in the inte-
rior of the bead, thereby producing a stable conguration,
unique luminescent properties. Because of these properties,
FMs have already been used as label to detect analytes in food
safety31 and medical diagnostics.32 Comparative evaluations
between FMs and CG in the LFIA have been reported, the results
This journal is © The Royal Society of Chemistry 2017
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showed that the FM-LFIA has advantages over CG-LFIA in terms
of sensitivity, coefficient of variation (CV), and antibody
needed.33 Herein, FMs were used as the label in LFIA for BAP
detection in this study.

Biolayer interferometry (BLI)34,35 is a technique that analyzes
the changes in an interference pattern generated from the
visible light that is reected from the two surfaces. BLI is
commonly used as the tool to measure and evaluate the binding
affinity between biomolecules.35,36 In this study, a novel
competitive FM-LFIA was rst developed for the rapid detection
of BAP concentration. BLI was used to select the anti-BAP
antibody with highest binding affinity to BAP.
2. Experimental section
2.1 Reagents

The uorescein isothiocyanate FMs (1%, solid content, w/v;
excitation ¼ 470 nm, emission ¼ 525 nm) were purchased
from Merck Company (Darmstadt, Germany). BAP human
antigen was provided by Beijing Zhongsheng Jinyu Diagnosis
Technology Co., Ltd. (Beijing, China). Mouse anti-human BAP
monoclonal antibody (mAb, ab17272) and sheep anti-human
BAP polyclonal antibody (pAb, ab68716) were obtained from
Abcam Company (Cambridge, UK). Sheep anti-human BAP pAb
(P4071-11B) was obtained from US Biological Company (San-
tiago, US). Sheep anti-human BAP pAb (0578G) was purchased
from AbD Serotec Company (Oxford, UK). Sheep anti-human
BAP pAb (55816) was purchased from Chemtura Corporation
(New York, US). Rabbit anti-human BAP pAb (Tu3) was prepared
in our laboratory. Goat anti-mouse IgG was obtained from
Beijing Zhongshan Biotechnology Inc. (Beijing, China).
Streptavidin-coated sensor was provided by Pall ForteBio Llc.
(California, USA). Nitrocellulose membrane (NC membrane)
was supplied by Millipore (Bendford, MA, USA). Polyvinyl-
chloride backing pad, absorbent pad, sample pad, and conju-
gate pad were purchased from Shanghai Kinbio Tech. Co., Ltd.
(Shanghai, China). Prealbumin (PA) was provided by GenWay
Biotech, Inc. (San Diego, USA). Articial serum was obtained
from Huzhou InnoReagents Co.,Ltd. (Zhejiang, China) Intes-
tinal mucosa alkaline phosphatase (IALP), human placental
alkaline phosphatase (PALP), hemoglobin (HGB), albumin
(ALB) from human serum, 2-(N-morpholino)ethanesulfonic
acid (MES), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC), and bovine serum albumin (BSA) were
obtained from Sigma (St. Louis, MO, USA). Other reagents were
of analytical grade and purchased from Sinopharm Chemical
Corp. (Shanghai, China).
2.2 Apparatus

The F-380 uorescence spectrophotometer was supplied by
Tianjin Gangdong Sci. &Tech Development Co., Ltd. (Tianjin,
China). The uorescence strip reader (excitation ¼ 470 nm,
emission ¼ 525 nm) was obtained from Suzhou Helmen
Precision Instrument Co., Ltd. (Suzhou, China). The Multiskan
spectrummicroplate reader was purchased from Thermo Fisher
Scientic Inc. (Massachusetts, USA). BioDot XYZ platform
This journal is © The Royal Society of Chemistry 2017
combined with a motion controller, BioJet Quanti3000k
dispenser, and AirJet Quanti3000k dispenser were purchased
from BioDot (Irvine, CA, USA). Vacuum drying oven was ob-
tained from Shanghai Fuma Test Equipment Co., Ltd.
(Shanghai, China). The automatic guillotine cutter was
purchased from Hangzhou Fenghang Technology Co., Ltd.
(Hangzhou, China). The BLItz® system was provided by Pall
ForteBio Llc. (California, USA).
2.3 Antibody binding kinetics analysis

In this system, the binding affinity between BAP and six anti-
BAP antibodies (anti-BAP Abs): ab17272, Tu3, ab68716,
0578G, 55816, and 11B was measured by BLI using a BLItz®
System. In a typical BLI experiment, each assay was involved in
two committed steps: an association step where the specic
binding transpired and a dissociation step where the bound
antibody was removed (Fig. S1†). The assay was adapted from
previous literature.35 Briey, 4 mL of biotinylated BAP (25 mg
mL�1) were pre-immobilized on the tip surface of streptavidin-
coated sensors in phosphate buffer saline (PBS) for 120 s.
Unbound biotinylated BAP were removed from the surface of
the sensors by incubation in PBS buffer for 60 s. Next, the
streptavidin-coated sensors containing immobilized bio-
tinylated BAP were incubated with 4 mL of increasing
concentrations (6, 12, 25, and 50 mg mL�1) of anti-BAP Abs for
300 s (association). In this step, the binding interaction of the
anti-BAP Abs to the immobilized BAP was measured. Aer
association step, the sensors were dipped into PBS buffer
without anti-BAP Abs for 300 s, and the bound anti-BAP Abs
were allowed to come off the BAP (dissociation). The binding
response was measured in real time on a sensorgram. The
association constant (on-rate, Kon), dissociation constant (off-
rate, Koff), and equilibrium dissociation constant (Koff/Kon, KD)
were calculated by the built-in BLItz soware as a 1 : 1 binding
model (the relationship between Kon, Koff, KD, and 1 : 1
binding model are shown in the ESI†).
2.4 Preparation and characterizations of FM-mAb
conjugates

FM-mAb conjugates were prepared according to a previous
paper:37 0.15 mg FMs and 15 mL of freshly prepared aqueous
solution of EDC were slowly added to 3.0 mL of 0.05 M MES
buffer (pH ¼ 5.0, 6.0, 7.0, 8.0, 9.0). Aer 1 min sonication, 15 mL
of anti-BAP mAb (10, 20, 30, and 50 mg mg�1) was drop-wise
added. The solution was incubated at room temperature for
2 h and then blocked with 300 mL of 10% BSA (w/v) for 30 min.
The mixture was centrifuged at 9000 rpm for 10 min. The nal
FM-mAb conjugates were dissolved in 300 mL of solution con-
taining 0.02 M Na2HPO4 (pH 5.5), 5% sucrose (w/v), 3% treha-
lose (w/v), 0.1% NaN3, 1% BSA (w/v), and 1% Tween-20 (v/v).
Resuspended FM-mAb conjugates were stored at 4 �C in the
dark for further use. FMs and FM-mAb conjugates were
analyzed using the F-380 uorescence spectrophotometer and
Multiskan spectrum microplate reader.
RSC Adv., 2017, 7, 32952–32959 | 32953
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2.5 Preparation of the FM-LFIA test strip

Fig. 1A shows the structure of FM-LFIA strip, which is composed
of sample pad, conjugate pad, nitrocellulose membrane (NC
membrane), and absorbent pad. The sample pad was soaked for
3 min with 20 mM phosphate buffer containing 0.5% PVP (w/v),
3% sucrose, 1% BSA, 0.5% Tween-20 (v/v), and 0.1% NaN3.33,38

The sample pad was dried at 60 �C for 2 h. The conjugate pad
was pretreated with 20mMphosphate buffer with 1% BSA, 0.5%
Tween-20 (v/v), and 0.1% NaN3 and was dried at 37 �C for 12 h.
BAP (1.0, 2.0, and 4.0 mg mL�1) and goat anti-mouse IgG (0.10,
0.25, and 0.50 mg mL�1) were subsequently sprayed onto the
NC membrane as the test line (T line) and control line (C line),
respectively.
2.6 Immunoassay procedure

As shown in Fig. 1B, the immunoassay procedure was per-
formed as follows: FM-mAb conjugates (1.0, 2.0, and 3.0 mL) and
100 mL of specimens diluted by MES buffer were added into the
ELISA well and incubated for 3 min. Subsequently, the complex
solution was pipetted to the sample pad of the FM-LFIA test
strip. Aer 15 min, the FM-LFIA test strip was placed in the
uorescence strip reader. The uorescence intensity of the T
line (FIT), uorescence intensity of the C line (FIC), and the FIT/
FIC ratio were recorded with the uorescence strip reader. The
results of the T line and C line could be also observed by naked
eye under a UV light with the excitation wavelength of 470 nm.
When there were no BAP in the specimens (negative), all FM-
mAb conjugates moved along the NC membrane by capillary
and were captured by BAP immobilized on the T line, which
caused the highest intensity of uorescence. Once the
Fig. 1 The structure chart and principle of FM-LFIA test strip. When ther
along the NCmembrane by capillary and were captured by BAP immobiliz
the specimens contain BAP (positive), BAP would react with FM-mAb co
were captured by BAP immobilized on the T line, which had decreasing

32954 | RSC Adv., 2017, 7, 32952–32959
specimens contain BAP (positive), BAP would react with its
corresponding FM-mAb conjugates in the ELISA well. Later, the
un-reacted FM-mAb conjugates were captured by BAP immo-
bilized on the T line, which lead to uorescence intensity on the
T line changing from strong to weak with increasing concen-
tration of BAP. The FM-mAb conjugates should be captured by
goat anti-mouse IgG on the C line regardless of the presence of
BAP (Fig. 1C).
2.7 Immunological kinetics analysis of the test strip

The kinetic analysis of FM-mAb conjugates and antigen (BAP on
the T line and goat anti-mouse IgG on the C line) interaction
was conducted as follows: 2.0 mL of FM-mAb conjugates and 100
mL of specimens (0, 5, 30, and 100 ng mL�1) were added into the
ELISA well and incubated for 3 min. The FIT and FIC were
recorded every 1 min for 35 min. The kinetics reaction curve
between the FM-mAb conjugates and the BAP on the T line, as
well as those of the FM-mAb conjugates and the goat anti-
mouse IgG on the C line, were established by plotting the FIT/
FIC against the immunoreaction time.
2.8 Quantitative standard curve of the FM-LFIA test strip

The standard BAP solutions were diluted to nal concentrations
of 0.000, 0.005, 0.050, 0.100, 0.500, 5.000, 10.000, 100.000,
250.000, and 500.000 ng mL�1 in articial serum and were
detected by the FM-LFIA test strip. The FIT/FIC ratios between
the negative and positive samples were dened as B0 and B,
respectively. The standard curve was constructed by plotting the
B/B0 ratios against the logarithm of different BAP concentra-
tions. Each spiked concentration of the standard solutions was
e was no BAP in the specimens (negative), FM-mAb conjugates moved
ed on the T line, which had the highest intensity of fluorescence. Once
njugates in the ELISA well. Later, the un-reacted FM-mAb conjugates
fluorescence intensity with increasing concentration of BAP.

This journal is © The Royal Society of Chemistry 2017
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performed in triplicate. LOD was dened as the concentration
of BAP which was based on the average FIT/FIC of negative
samples minus threefold standard deviations from the
average.39
2.9 Specicity of the FM-LFIA test strip

The specicity was studied using BAP, IALP, PALP, PA, HGB,
and ALB in a concentration of 500 ng mL�1. Each measurement
was performed in triplicate.
2.10 Accuracy and precision analysis

The accuracy and precision of the FM-LFIA were evaluated by
analyzing the recovery and CVs of the intra- and inter-assays
with adding three concentrations (5, 50, and 150 ng mL�1) of
BAP to the articial serum. The intra-assays were completed as
follows: three concentrations (5, 50, and 150 ng mL�1) of BAP
were tested on the same batches of FM-LFIA test strips within 1
day, each concentration of BAP was repeated 3 times. The inter-
assays were analyzed as follows: three concentrations (5, 50, and
150 ng mL�1) of BAP were tested on 3 batches of FM-LFIA test
strips within 3 day, each concentration of BAP was repeated 3
times on each batch. The CVs of intra- and inter-assays were
calculated.
2.11 Accelerated aging test at 60 �C

The prepared strips were placed in a drying oven at 60 �C for 13
days. FIT, FIC, and FIT/FIC ratio values of these test strips were
recorded every day. Each measurement was performed in
triplicate.
Fig. 2 Sensorgram for the interaction between six anti-BAP antibodies an
(6, 12, 25, and 50 mg mL�1) of six anti-BAP antibodies including (A) ab172

This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1 Screening the optimal anti-BAP antibody

The binding affinity between BAP and six anti-BAP antibodies of
different concentration was measured by BLI using a BLItz®
System. The sensorgram curves are shown in Fig. 2, and the KD

was calculated as the Kon divided by the Koff (Table 1). In Fig. 2,
the signal of interference was enhanced with the increasing
concentrations (3, 6, 12, 25, and 50 mg mL�1) of the anti-BAP
antibody. The antibodies showed different binding affinities
to BAP. The maximal association constant (Kon ¼ 3.17 � 104

M�1 s�1) was found between BAP and anti-BAP antibody
(ab17272). The minimum dissociation constant (Koff ¼ 3.048 �
10�4 s�1) of anti-BAP antibody (11B) is shown in Table 1.
Although the dissociation constant (Koff ¼ 4.765 � 10�4 s�1) of
ab17272 was higher than that of 11B, the calculated KD (KD ¼
1.503 � 10�8 M) of ab17272 was still the minimum among the
six anti-BAP antibodies. These data indicated that ab17272 with
the minimum KD possesses the highest affinity towards BAP.
The antibody with high affinity could efficiently capture BAP
and maintain a stable BAP–Ab complex. In the competitive
assay, only one antibody was required, the anti-BAP antibody
possessing highest binding affinity with BAP should be used for
immunization to achieve a higher competitive inhibition
ratio.40,41 Compared with other anti-BAP antibodies, the
ab17272 exhibited the minimum KD. Therefore, the anti-BAP
mAb (ab17272) was selected for the FM-LFIA.
3.2 Characterization of FMs and FM-mAb conjugates

It was a key factor in FM-LFIA whether anti-BAP mAb was
successfully coupled on the FMs surface. Fluorescence Spectra
and UV-vis absorption spectra were oen used as the
d BAP. The sensorgram obtained via BLI with increasing concentrations
72, (B) 0578G, (C) 11B, (D) ab68716, (E) 55816, and (F) Tu3.

RSC Adv., 2017, 7, 32952–32959 | 32955
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Table 1 Characterization of KD values for BAP and different anti-BAP
Abs using BLItz® system

Antibody Kon (M�1 s�1) Koff (s�1) KD (M)

ab17272 3.17 � 104 4.765 � 10�4 1.503 � 10�8

0578G 4.592 � 103 5.345 � 10�4 1.164 � 10�7

11B 6.001 � 103 3.048 � 10�4 5.079 � 10�8

ab68716 3.794 � 103 7.235 � 10�4 1.907 � 10�7

55816 4.334 � 103 5.912 � 10�4 1.364 � 10�7

Tu3 3.878 � 103 9.297 � 10�4 2.397 � 10�7
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characterizing methods to conrm the result of labeling
process.42 F-380 uorescence spectrophotometer was used to
characterize the uorescence properties of free FMs and FM-
Fig. 3 (A). Fluorescence intensities of free FMs, anti-BAP mAb and FM-m
FM-mAb conjugates.

Fig. 4 Effects of pH value, the concentration of anti-BAP mAb on labeli
time on the FM-LFIA. (A) Different pH values (5.0, 6.0, 7.0, 8.0, and 9.0), (B
(C) different volumes (1.0, 2.0, and 3.0 mL) of FMs-mAb conjugates, a
concentrations (0, 5, 30, and 100 ng mL�1) of the sample. Data were ob

32956 | RSC Adv., 2017, 7, 32952–32959
mAb conjugates. The maximum emission peaks of FM-mAb
conjugates and free FMs were observed in a similar position.
However, the uorescence intensities of FM-mAb conjugates
decreased compared with those of the FMs alone (Fig. 3A)
because a portion of the uorescence signal was shielded by the
antibody on the FM surface. The characteristic absorption
peaks of anti-BAP antibody (ab17272), FMs, and FM-mAb
conjugates are displayed in Fig. 3B. The spectra of FMs and
Anti-BAP mAb had characteristic absorption peaks at 240 and
280 nm, respectively. The spectrum of the FM-mAb conjugate
had characteristic absorption peaks at 240 and 280 nm, which
conrmed that the antibody (ab17272) was successfully coupled
to the FMs.
Ab conjugates. (B). Ultraviolet visible spectra of FMs, anti-BAP mAb and

ng process, the volumes of FM-mAb conjugates, and immunoreaction
) different concentrations of anti-BAPmAb (10, 20, 30, and 50 mgmg�1),
nd (D) immunoreaction dynamics of FIT/FIC ratio with different BAP
tained from three replicates.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Standard curve for BAP quantitative analysis and fluorescent
pictures of the FM-LFIA test strip with a series of spiked concentrations
(0.000, 0.005, 0.050, 0.100, 0.500, 5.000, 10.000, 100.000, 250.000,
and 500.000 ng mL�1) in artificial serum. (A) The quantitative standard
curve was constructed by plotting the B/B0 ratio against the logarithm
of different BAP concentrations. Data were obtained from three
replicates. (B) Fluorescent pictures of the FM-LFIA test strip acquired
under UV light with different BAP concentrations.
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3.3 Optimization of experiment conditions

The labeling pH and concentration of anti-BAP mAb both affect
the antibody activity and coupling efficiency in labeling
process.43 The optimal labeling pH and concentration of anti-
BAP mAb were determined by comparing the FIT/FIC ratio of
the negative samples and the competitive inhibition ratio of the
positive samples. The competitive inhibition ratio was dened
as (1 � B/B0), and the FIT/FIC ratios between the negative and
positive samples (2.0 ng mL�1) were dened as B0 and B,
respectively. In Fig. 4A, the FIT/FIC ratio of negative samples
slightly decreased with the increased pH, a strong FIT/FIC ratio
was observed at pH 6.0. The maximum competitive inhibition
ratio (37.53%) of positive samples was also observed at pH 6.0.
Therefore, pH 6.0 is the optimal pH for coupling with FMs.44

Similarly, the maximum competitive inhibition ratio (24.21%)
of positive samples was obtained at 30 mg mg�1 of anti-BAP
mAb. The FIT/FIC ratio of the negative samples gradually
increased with the increasing concentrations (10, 20, and 30 mg
mg�1) of anti-BAP mAb, the highest ratio of 0.938 was obtained
at 30 mg mg�1 (Fig. 4B). The FIT/FIC ratio of the negative samples
decreased at 50 mg mg�1 compared with that at 30 mg mg�1,
presumably due to the inappropriate ratio between the FMs and
anti-BAPmAb. The coupling rate between the FMs and antibody
is not always positively correlated with the concentration of
antibody. The distance between the antibodies on the surface of
FMs narrowed with the increasing concentration of antibody. If
the antibodies attached to FMs were excessive, then antibody–
antibody interactions cause steric hindrance. Therefore, 30 mg
mg�1 is the optimal concentration of anti-BAPmAb for coupling
with FMs.

In addition, the sensitivity of the FM-LFIA is affected by some
other parameters, including the additive amount of FM-mAb
conjugates, the concentration of BAP and goat anti-mouse IgG
on the T line and C line respectively, and the kinetic reaction
time. As shown in Fig. 4C, the highest FIT/FIC ratio (0.811) of
negative samples was recorded with 2 mL of FM-mAb conju-
gates. Aer applying all of the optimized parameters, the reac-
tion time was determined by the samples spiked with different
BAP concentrations (0, 5, 30, and 100 ng mL�1). The FIT/FIC
ratio of different BAP concentrations both gradually decreased
with the reaction time and reached a constant value at 15 min
aer the sample addition (Fig. 4D). Therefore, 15 min of
immunoreaction time is required for the FM-LFIA.
Table 2 Optimization of the BAP concentration on the T line and the g

Concentration of BAP
on the T line (mg mL�1)

Concentration of
BAP on the C line (mg mL�1) F

1.0 0.10 2
1.0 0.25 4
1.0 0.50 5
2.0 0.10 2
2.0 0.25 4
2.0 0.50 5
4.0 0.10 2
4.0 0.25 4
4.0 0.50 4

This journal is © The Royal Society of Chemistry 2017
The concentration of BAP on the T line and the goat anti-
mouse IgG on the C line were optimized through the orthog-
onal experiment with the measurement of positive samples (2.0
ng mL�1) (Table 2). The determination of optimal concentra-
tions of BAP on the T line and goat anti-mouse IgG on the C line
were also based on the FIT/FIC ratio of the negative samples and
the competitive inhibition ratio of the positive samples. As
shown in Table 2, the maximum competitive inhibition ratio
(41.35%) and high FIT/FIC ratio (0.841) were obtained at 2.0 mg
mL�1 of BAP on the T line and 0.25 mgmL�1 of goat anti-mouse
IgG on the C line, respectively. Therefore, BAP (2.0 mg mL�1)
oat anti-mouse IgG concentration on the C line

IC FIT FIT/FIC
Competitive inhibition
ratio (%)

56.67 135.44 0.529 12.09
51.33 252.76 0.561 24.45
18.33 251.18 0.485 32.78
47.33 227.95 0.909 22.94
63.00 388.85 0.841 41.35
33.00 317.08 0.594 34.54
40.33 220.00 0.915 19.49
88.22 328.57 0.673 38.64
99.00 246.05 0.493 26.32
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Table 3 The accuracy and precision of the FM-LFIA in BAP-spiked artificial serum

BAP (ng mL�1)

Intra-assay Inter-assay

Mean (ng mL�1) Recovery (%) SD CV (%) Mean (ng mL�1) Recovery (%) SD CV (%)

5 4.9 98.6 0.33 6.7 5.6 111.5 0.26 4.6
50 51.9 103.8 3.84 7.4 50.7 101.3 4.72 9.3
150 151.1 100.7 12.84 8.5 138.6 92.4 9.98 7.2
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and goat anti-mouse IgG (0.25 mg mL�1) were sprayed onto the
NC membrane as the T line and C line, respectively.

3.4 Quantitative standard curve of the FM-LFIA test strip

The relationships between the uorescence intensity and the
concentration of BAP were investigated under the optimized
conditions. As shown in Fig. 5A, the B/B0 had a good linear
relationship with the BAP concentrations between 0.1 ng mL�1

and 250.0 ng mL�1. The regression equation could be matched
as: y ¼ �0.231 lg(x) + 0.587, R2 ¼ 0.991, where y is the
competitive inhibition ratio, x is the concentration of BAP and R
is the regression coefficient. The calculated LOD was 0.1 ng
mL�1. Fig. 5B showed that the FM-LFIA test strip was placed
under a UV-light with the excitation wavelength of 470 nm. The
picture indicated that uorescence intensity on the T line
changing from strong to weak with increasing concentration of
BAP. However the FM-LFIA test strip could not be observed
directly by naked eye without a UV-light.

3.5 Specicity for BAP detection

BAP, IALP, PALP, PA, HGB, and ALB were investigated via
a comparison of results of competitive inhibition ratio at the
same concentration of 500 ng mL�1 to evaluate the specicity of
BAP detection. As demonstrated in Fig. S2,† top to 96.7% of the
competitive inhibition ratio was observed in the presence of
BAP, whereas IALP, PALP, PA, HGB, and ALB showed lower
competitive inhibition ratio compared with BAP. Thus, the
results indicated the good specicity of the FM-LFIA for BAP.

3.6 Accuracy and precision analysis

Recovery experiments were conducted to evaluate the accuracy
and precision of the FM-LFIA by using BAP-spiked articial
serum samples. The recovery and CVs of the intra- and inter-
assay are shown in Table 3. The average recoveries for intra-
and inter-assays ranged from 98.6% to 103.8% and 92.4% to
111.5% with corresponding CVs of 6.7% to 8.5% and 4.6% to
9.3%, respectively.

3.7 Stability analysis of strips in the accelerated aging test

Accelerated aging test was conducted at 60 �C for 13 days to
evaluate the stability of the test strip (Fig. S3†). Research has
proven that the accelerated aging test could estimate the
stability of the LFIA test strip.45 According to the empirical
Arrhenius equation (K ¼ A � e�Ea/RT), the stability of uorescent
signals in 25 �C for one year is equivalent to that in 60 �C for 3
32958 | RSC Adv., 2017, 7, 32952–32959
days.46 The FIT/FIC ratio of different concentrations of BAP did
not signicantly vary in the accelerated aging test at 60 �C for
the rst 6 days (Fig. S3†). Therefore, the test strips stored at
25 �C for 1 year can still be used for the detection of BAP.
4. Conclusion

A novel competitive FM-LFIA was constructed for rapid (15
min), sensitive, and quantitative detection of BAP. The optimal
anti-BAP antibody with highest binding affinity to BAP was used
for the detection of BAP. The FM-LFIA shows high sensitivity
that was derived from the uorescence detection technique and
high binding affinity between BAP and anti-BAP Ab. Under
optimal conditions, the LOD for the quantitative detection of
BAP was 0.1 ng mL�1. The FM-LFIA can be used to detect BAP
with better recovery and lower coefficient variation. The average
recoveries for intra- and inter-assays ranged from 98.6% to
103.8% and 92.4% to 111.5% respectively, and the CVs for intra-
and inter-assay were below 10%. The FM-LFIA test strip had
good specicity for the detection of BAP and could still be used
to detect the BAP when they were stored 25 �C for one year. The
method for measurement of BAP is highly recommended for
portable and rapid on-site detection in Point of Care Test
application.
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