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nsitive nanosensor for fluorescent
detection of specific IgEs to purified allergens in
human serum

Jianrong Yun, a Fang Duan, c Liming Liu,b Xiulai Chen,b Jia Liu,b Qiuling Luob

and Jing Wu *ab

Food allergies are increasingly recognized as a major healthcare concern. In order to sensitively and

specifically detect allergies from blood samples of at-risk allergic patients, an effective magnetic

fluorescence sensing platform (EMFP) was constructed. The EMFP incorporated hollow mesoporous

silica nanospheres (HMNs) to amplify signal from the target IgE in addition to magnetic nanoparticles

(MNPs) to capture and separate the target IgE. The application of EMFP to immunoassays indicated

a detection limit of 0.0159 ng mL�1 for low concentration specific immunoglobulin E (sIgE) against

purified shellfish Metapenaeus ensis (Meta. E.) allergens, which is 15 fold more sensitive than the

commercially available Food and Drug Administration-approved analyzers. Notably, EMFP was specific

for the targeted sIgE even with interference by other sIgEs. In addition, the detection time is only 75 min,

considerably faster than current commercial ELISA kits for IgE assays. Together, these results

demonstrated that EMFP has excellent sensitivity and selectivity for the rapid detection of sIgE. The

method thus exhibits potential toward the rapid monitoring of sIgE against Meta. E. allergens in clinical

application.
Introduction

The prevalence of food allergy reactions, which range in severity
from relatively mild features to life-threatening anaphylaxis, has
been estimated as affecting up to 7% of children and 6% of
adults1–6 and is currently considered as a global public health
problem.7,8 The clinical diagnosis of food allergy primarily
involves skin testing9,10 and blood (serum) analysis.11,12 The skin
test is performed by carefully observing patient symptom aer
a handful of possible allergens are laid on or below the skin,
whereas the blood test involves detecting the concentration of
immunoglobulin E (IgE) against specic allergens in the patient
serum.13 IgE is a glycoprotein that is at almost undetectable
levels in normal human serum, whereas its concentration
increases notably when the organism is exposed to allergens.14

In comparison with skin tests, the specic IgE (sIgE) test
possesses the following advantages. First, it offers convenience
as the preparation of blood tests only involves a standard blood
draw.15,16 Second, the blood test is regarded as safer because the
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process is conducted in vitro, and thus does not expose patients
to allergens.17,18 Third, the blood tests can serve as an alternative
to skin tests for patients who suffer from severe symptoms and
cannot interrupt medication.19 Furthermore, studies have
revealed that the number of sIgE detected against allergens is
able to predict the extent of allergy symptoms.20–22

Several current methods are available to determine sIgEs in
serum including radioimmunometric assays, commercial
analyzer systems, or enzyme-linked immunosorbent assays
(ELISA).23–26 Although the detection limit of the radio-
immunometric assay is very low (0.05 ng mL�1),26 using radio-
active reagents constitutes a serious drawback. The commercial
autoanalyzer system (the ImmunoCAP ISAC assay, Phadia)
employed to determine sIgE possesses a published lowest
detection limit of only 0.24 ng mL,23 and the detection cost is
usually fairly expensive for most patients. The ELISA tends to be
laborious and requires highly trained personnel and numerous
operation steps, thereby failing to allow the timely design of
treatments to prevent allergic patients from life-threatening
events.24,25 Recently, nanomaterials have increasingly been
used for food allergy detection.27–30 Although the detection limit
for the application of photonic crystal enhanced uorescence
toward detection of sIgE is very low (0.048 ng mL�1),30 the
detection procedures are cumbersome, and substantial,
expensive equipment is required, which limit its clinical
application. Gold nanoclusters as uorescent labels for the
determination of total IgE is more convenient and simple,
RSC Adv., 2018, 8, 3547–3555 | 3547
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View Article Online
however, the detection limit is 0.2 ng mL�1 which does not
provide adequate levels of sensitivity, and the test results do not
suggest which allergen may be mediating the allergic reaction.28

Therefore, there is a pressing need to develop new techniques
for the rapid, low-cost, and sensitive detection of sIgEs.

Notably, the development of previous systems of sIgE
detection depended on the use of crude allergen extracts from
biological materials. However, it is oen difficult to normalize
for allergen content and isolation efficiency.31 Thus, an optimal
detection method should be calibrated against puried aller-
gens prior to testing using actual biological samples. One likely
option would be shellsh, as one of the eight major food
allergens responsible for most anaphylactic reactions owing to
its economic and nutritional value.32,33

In order to solve the problems of low sensitivity, time-
requirements, and interminable operation steps in the
process of testing sIgE, the strategies of signal amplication
and rapid target enrichment were adopted in this study. We
synthesized hollow mesoporous materials as an efficient
strategy in signal amplication to improve sensitivity. Magnetic
nanoparticles (MNPs) were synthesized to separate and enrich
the target sIgE to simplify operations and allow rapid detection.
Proper carbodiimide conjugation was utilized to generate
uorescent immune particles (HMNs@PDDA@PAA-anti-IgE)
and magnetic immune particles (Fe3O4@SiO2@PAA-allergens).
Integrating the two materials permitted the development of
an efficient magnetic uorescence platform (EMFP). Taking
sIgE against the shellshMetapenaeus ensis (Meta. E.) as a study
model, a new and simple uorescence sensor was developed
with the characteristics of easy operation along with rapid and
sensitive detection.

Experimental
Chemicals and instruments

All chemicals were purchased from Aldrich (St. Louis, MO, USA)
unless otherwise stated. Tetraethoxysilane (TEOS, >99.9%), cetyl
trimethyl ammonium bromide (CTAB, >99.0%), polystyrene (PS,
5 wt% in water), iron oxide (Fe3O4, 99.5% metals basis),
ammonium hydroxide solution (28 wt%), and hydrochloric acid
(36 wt%), (N-(3-dimethylaminopropyl)-N0-ethyl-carbodiimide)
(EDC, >99.0%), 1-hydroxy-5-pyrrolidinedione (NHS, 98.0%),
uorescein 5(6)-isothiocyanate (FITC, 95%), poly dimethyl dia-
llyl ammonium chloride (PDDA, 60 wt%), polyacrylic acid (PAA,
MW-2000), 4-dimethylaminopyridine (DMAP, 99.0%), dicyclo-
hexylcarbodiimide (DCC, 99.0%), N,N-dimethylformamide
(DMF, 98.0%), blocking buffer (Beyotime, Shanghai, China),
and Tween-20. Deionized water was generated using a Milli-Q
integral pure and ultrapure water purication system (Milli-
pore, Billerica, MA, USA). The human IgE ELISA Kit was
purchased from Multi Sciences (Lian Ke) Biotech, Co., Ltd.
(Hang Zhou, China).

The following equipment was used for sample character-
ization. Fourier transform infrared (FTIR) instrument (Bruker
Vertex 70 FTIR, Karlsruhe, Germany) (400–4000 cm�1, KBr pellet
technique), an X-ray diffractometer (Rigaku D/Max-Ra, Tokyo,
Japan) (l ¼ 1.5418 �A) to record X-ray diffraction (XRD) curves,
3548 | RSC Adv., 2018, 8, 3547–3555
and sample morphology was analyzed with a transmission
electron microscope (TEM) (JEOL JEM-2100, Tokyo, Japan).
Vibrating sample magnetometry (VSM) (Lake Shore 7410,
Houston, USA) was applied to record sample magnetic features.
Emission spectra were recorded using a uorescence spectro-
photometer (Hitachi F-4500, Tokyo, Japan).
Source of materials

We evaluated the feasibility of EMFP for the sensitive and
selective determination of allergen-specic IgE; the two
recombinant puried major allergens tropomyosin and argi-
nine kinase produced by Escherichia coli, and Meta. E. extract
were employed. The human sera used in these studies were
provided by Wuxi the Fourth People's Hospital, which were
clinically tested as representing true negative and positive
samples with a standard clinical analyzer used for allergy
testing (ELISA).
Preparation of hollowmesoporous silica nanospheres (HMNs)

HMNs were prepared following previously established meth-
odology with some modications.34 Briey, 0.30 g CTAB was
dissolved in a mixture of 1.0 mL ammonium hydroxide solu-
tion, 12 g ethanol, and 29 g water. Then, 500 mL of 5% PS was
added dropwise to the above CTAB solution at room tempera-
ture with vigorous stirring and subsequently sonicated for
20 min. The milky mixture was then magnetically agitated for
30 min before injecting 120 mL of TEOS inchwise. The mixture
was kept at room temperature for 24 h before the mesoporous
silica-coated latex was harvested by centrifugation at 6000g for
5 min. The precipitate was washed with numerous copious
amounts of ethanol and then dried at 45 �C. Finally the material
was calcined in air at 600 �C for 5 h using a heating rate at
3 �C min�1 to form HMNs.
Preparation of immunolabels of FHMNs@polymers-anti-IgE

In order to obtain the immuno labels, 0.04 g of HMNs and
0.012 g of FITC were added to 5 mL deionized water. The
mixture was stirred at room temperature for 48 h before
centrifuging and drying the compounds at 45 �C. Then, 10 mg
of FHMNs were immersed in 0.20% PDDA aqueous solution
with stirring for 30 min to produce a homogeneous suspension.
The remaining PDDA was then removed by washing with
deionized water via centrifugation, and subsequently the
compound was immersed in a 0.50% PAA solution with stirring
for approximately 30 min.35 The remaining PAA polymer was
removed by centrifuging at high speed. The obtained nano-
spheres were further self-assembled with PDDA and PAA by
repeating the steps above. The eventual nanocomposites
(FHMNs@polymers) fullled the necessary requirement of
preserving the internal uorescein dye molecule from leakage;
this property was conrmed using ultraviolet and uorescence
spectrum analysis of the supernatant aer centrifugation. The
number of uorescein molecules stored in the FHMNs@pol-
ymers was judged by testing the uorescence intensity of the
released dye molecules from 10 mg of FHMNs. We obtained the
This journal is © The Royal Society of Chemistry 2018
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same content of 37.56% from multiple acquired detections,
conrming consistency.

The prepared nanospheres via layer-by-layer self-assembly
were dispersed into a mixture that contained 0.5 mg mL�1

NHS and 1 mg mL�1 EDC for 30 min to motivate the carboxyl
group of the PAA layer.36 Subsequently, the nanospheres were
rapidly dispersed into anti-IgE antibody (Ab2) solution at 37 �C
for 2 h to generate immunolabels of FHMNs@polymers. Aer
collection by centrifugation, the precipitate was washed three
times with a washing buffer (PBST) containing 10 mM sodium
phosphate, 0.15 M NaCl, and 0.05% (v/v) Tween-20 to remove
the remaining antibodies. The remnant immunocompetent
domains of the FHMNs@polymers-anti-IgE were blocked with
blocking reagent at 37 �C for 1 h. Eventually, aer centrifuging
the nanocomposites were washed three times with washing
buffer (pH 7.4) and stored in PBS (pH 7.4) at 4 �C.

Preparation of magnetic nanoparticles

Fe3O4@SiO2 nanoparticles were prepared according to a previ-
ously established method with several modications.37 Briey,
300 mg of Fe3O4 was dispersed into a mixture of 40 mL ethanol
and 4 mL H2O. Aer sonicating the mixture for 15 min, 5 mL
ammonia and 2 mL TEOS were added while stirring. The reac-
tion was carried out for 12 h, aer which the product was
magnetically separated, washed with hydrochloric acid
(0.1 mol L�1) and water three times, and then vacuum dried at
60 �C for 10 h. Fe3O4@SiO2@PAA nanospheres were prepared
following a previously established procedure. Briey, 1 g of
Fe3O4@SiO2 was dispersed in 33 mL DMF, and this was then
mixed with a solution of 2 g PAA dissolved in 33 mL DMF. Aer
sonication for 30 min, the mixture was heated to 110 �C while
stirring vigorously. Next, 0.033 g of DMAP (dissolved in 3.3 mL
of DMF) and 0.33 g of DCC (dissolved in 6.6 mL of DMF) were
added dropwise. The mixture was kept at 110 �C for 12 h while
stirring. The products were magnetically separated, washed
with ethanol three times, and vacuum dried at 60 �C.

Preparation of magnetic immune probes of
Fe3O4@SiO2@PAA-allergens

Fe3O4@SiO2@PAA-allergens immune probes were prepared
following established methodology. Briey, Fe3O4@SiO2@PAA
were dispersed in a solution that contained 1 mgmL�1 EDC and
0.5 mg mL�1 NHS for 30 min. Aer activation, the Fe3O4@-
SiO2@PAA was rinsed with PBS (pH 7.4), then immediately
dispersed into allergens (Ag) solution for 2 h to yield Fe3O4@-
SiO2@PAA-allergens. Next, the composite was magnetically
washed with PBS three times to remove the residual antibodies.
The remaining active sites of Fe3O4@SiO2@PAA-allergens were
blocked with blocking buffer at 37 �C for 1 h. The resulting
composites were separated and washed with PBS (pH 7.4) three
times and stored in 10 mL PBS (pH 7.4) at 4 �C before use.

Bioassay procedure for IgE

The assay procedure was as follows: 0.1 mL of human serum or
serum dilution in blocking reagent was incubated with the
mixture of 0.1 mL of Fe3O4@SiO2@PAA-antigens and 0.15 mL of
This journal is © The Royal Society of Chemistry 2018
FHMNs@polymers-anti-IgE, next, the mixture was magnetically
attracted aer being vigorously shaken at 37 �C for some time
and the non-magnetic portions were discarded. The magnetic
precipitates were carefully washed with wash buffer three times.
Lastly, 3 mL of 0.1 mol mL�1 sodium hydroxide solution (pH 11)
was used to dissolve the HMNs and release the internal uo-
rescent dye with ultrasonic processing for 10 min. The uo-
rescence intensity was determined to show the sIgE content.

Results and discussion
Synthesis and characterization of materials

The magnetic beads were utilized as allergen carriers to capture
and enrich samples for testing in a one-step process. The Stöber
method was used to produce Fe3O4@SiO2,37 with the silicon
source coated on the surface of Fe3O4, followed by covalent
binding with PAA to eventually form Fe3O4@SiO2@PAA. The
synthesized material was characterized using TEM, FTIR, XRD,
and VSM. Fig. 1A shows TEM images of Fe3O4 and Fe3O4@SiO2.
Fe3O4 exhibited angular and amorphous particles with different
sizes ranging from 7 to 25 nm. Visible aggregation of Fe3O4 was
displayed in the TEM image that could be attributed to the
strong magneticity. In comparison, Fe3O4@SiO2 particles dis-
played spherical morphology with a larger average diameter of
110 nm. The FTIR spectra of Fe3O4, Fe3O4@SiO2, and Fe3O4@-
SiO2@PAA are shown in Fig. 1B. The bands at 1082 cm�1 and
957 cm�1 could be assigned to Si–O–Si and Si–OH groups,38

respectively, and the peak intensity at 653 cm�1 for Fe–O group
decreased signicantly (curve b).39 Aer adding PAA based on
Fe3O4@SiO2, primary absorptions appeared at 1379 cm�1 for
–OH of the C–OH group, and the peak at 1663 cm�1 of the C]C
group increased.40 Given these results, we could conrm that
the silica and PAA had well-coated the outer surface of Fe3O4

particles.40,41

To examine the magnetic beads structure, the X-ray diffrac-
tion patterns for Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@PAA
were used as shown in Fig. 1C. Compared with Fe3O4, a single
characteristic peak at 2q z 22� was displayed in the diffraction
peaks of Fe3O4@SiO2 and Fe3O4@SiO2@PAA. The results
revealed that SiO2 was successfully graed onto the Fe3O4

surface and that the amorphous layer did not impact the
structure of Fe3O4.42 The magnetism was analyzed using
a magnetometer at room temperature; the results are displayed
in Fig. 1D. The saturation intensities for Fe3O4, Fe3O4@SiO2,
and Fe3O4@SiO2@PAA were 57.168, 18.234, and 18.164 emu
g�1, respectively. This difference was possibly due to the intro-
duction of silica shells to the surface of Fe3O4 nanoparticles,
which decreased magneticity. Thus, these observations conrm
that we were able to obtain Fe3O4@SiO2@PAA possessing the
desired properties.

To amplify signal for low concentration target sIgE, HMNs
were prepared using the so template method.43 Briey, silicon
source was coated on the surface of template PS during
a condensation polymerization, aer which calcination
decomposition of the PS was performed to form HMNs. The
synthesized materials were characterized with TEM and FTIR.
TEM images showed that the PS nanospheres had round,
RSC Adv., 2018, 8, 3547–3555 | 3549
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Fig. 1 (A) TEM images of Fe3O4 (a) and Fe3O4@SiO2 (b); (B) FTIR images; (C) XRD images; and (D) magnetic intensity images of Fe3O4, (b)
Fe3O4@SiO2, and (c) Fe3O4@SiO2@PAA.
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uniform structures with an average diameter of 130 nm as
shown in Fig. 2A. Fig. 2B indicates that the hollow structures
possessed a mesoporous SiO2 spherical shell with 35 nm
thickness. The unique hollow structure and grouping of the
HMNs suggest them as attractive candidates for dye molecules.
The FTIR of HMNs, FITC, and FHMNs@polymers are shown in
Fig. 2C. With the accumulation of FITC molecules and self-
assembly of PDDA and PAA, the peaks at 1732 and 1390 cm�1

could be ascribed to the C]O stretch vibration and O–H of the
C–O–H group,40,44 respectively; additionally, the band of the
C]C group at 1605 cm�1 increased whereas the band of Si–O–Si
at 1082 cm�1 weakened (curve c).38 These data further demon-
strate that FHMNs@polymers were successfully achieved.
Optimization of the detection conditions

The pH of the uorescein-release solution, incubation temper-
ature, and incubation time plays important roles in the
performance of the sensor. First, the effect of pH was investi-
gated, which indicated that the uorescence intensity reached
Fig. 2 TEM images of (A) polystyrene nanospheres and (B) HMNs. (C) FT

3550 | RSC Adv., 2018, 8, 3547–3555
a maximum value just at pH 11.0, as shown in Fig. 3A. In acidic
and neutral environments, the dye molecules were protected by
an undissolved SiO2 shell and shrunken polymer layers, allow-
ing no uorescein leakage. In an alkaline solution of sodium
hydroxide, the weaker the alkalinity, the longer the time that
was needed to release all of the dye molecules. The uorescence
intensity of the released uorescein was affected by the acidity,
this property may occur because of the structure of FITC. Taking
both of these factors into account, a sodium hydroxide solution
of pH 11.0 was used to release the uorescein and as the
detection medium. In addition, investigation of the effect of
incubation temperature determined that the maximal uores-
cence intensity was obtained at 37 �C as shown in Fig. 3B. When
the incubation temperature was higher than 37 �C, the intensity
of the uorescence decreased, which may have occurred
because of a reduction in biomolecule activity at high temper-
atures. Investigating the effect of incubation time showed that
approximately 85% of uorescence intensity was obtained at
60 min, when most of the silica was dissolved and a large
number of uorescent molecules were released. Thus, in order
IR of (a) HMNs, (b) FITC, and (c) FHMNs@polymers.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of pH (A), incubation time (B), incubation temperature (C), concentration of anti-IgE antibodies (D), concentration of Fe3O4@-
SiO2@PAA (E), and concentration of FHMNs@polymers (F) on fluorescence intensity.
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to achieve rapid detection, we adopted 60 min incubation time
although subsequently increasing for uorescence intensity
(Fig. 3C). Based the above results, the conditions of pH 11.0,
incubation temperature of 37 �C and incubation time of 60 min
were employed in the subsequent experiments.

The concentrations of anti-IgE antibodies, Fe3O4@SiO2@-
PAA, and FHMNs@polymers were optimized as follows. Inves-
tigation of the effect of anti-IgE antibody concentration
determined that the maximal uorescence intensity was ob-
tained at 6.4 mg mL�1 (Fig. 3D). A low concentration of anti-IgE
antibody resulted in lower uorescence intensity owing to
inadequate binding of antibodies, whereas antibody concen-
tration above 6.4 mg mL�1 could lead to non-specic binding,
whichmay reduce the sensitivity and specicity of the sensor. In
addition, investigation of the effect of Fe3O4@SiO2@PAA
concentration determined that the maximal uorescence
intensity was obtained at 0.6 mg mL�1 (Fig. 3E). The uores-
cence intensity decreased when the concentration of Fe3O4@-
SiO2@PAA was higher than 0.6 mg mL�1 because the excess
Fe3O4 obtained aer dissolution of the silica shell produced
a quenching effect.45 Investigating the effect of FHMNs@pol-
ymers concentrations showed that the maximum uorescence
This journal is © The Royal Society of Chemistry 2018
was exhibited at 1.6 mg mL�1 (Fig. 3F). The uorescence
intensity was decreased when the amount of FHMNs@polymers
was more than 1.6 mg mL�1, which may have been due to the
aggregation-induced quenching effect of uorescence mole-
cules.46 In conclusion, the conditions of 6.4 mg mL�1 anti-IgE,
0.6 mg mL�1 Fe3O4@SiO2@PAA, and 1.6 mg mL�1

FHMNs@polymers were employed in the subsequent
experiments.

Working principles of the sensor

Scheme 1 illustrates the preparation of the EMFP sensor and the
working principle of the sensor for detecting and quantifying
the target sIgE. The synthesized Fe3O4@SiO2@PAA carried
puried allergens (Ag), which captured and separated target
sIgEs in a one-step process. In addition, thousands of uores-
cein molecules encapsulated in individual protective HMNs
along with anti-IgE antibody linked to FHMNs@polymers,
together provided a highly amplied signal for uorescence-
based bio-analysis, as the two immune nanocomposites were
linked with target sIgEs and functioned simultaneously. These
constitute an ideal candidate platform to amplify the signal of
low level sIgE and provide rapid enrichment and separation of
RSC Adv., 2018, 8, 3547–3555 | 3551
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Scheme 1 Schematic of (A) the preparation of magnetic immune probes, (B) the preparation of FHMNs@polymer-Ab2, and (C) the bioassay
procedure for target sIgE detection.
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target sIgE. Moreover, it is a simple procedure because the
conjugation between allergen and antibody requires only one
step, and non-specic antibody is separated and removed by
Fig. 4 Characterization of the fluorescent responses of the sensor
concentrations of sIgE of Meta. E. (a) 0.0125 ng mL�1, (b) 0.0159 ng mL�

mL�1, (g) 0.10 ng mL�1, (h) 0.50 ng mL�1, (i) 1 ng mL�1, (j) 2 ng mL�1, (k)
between fluorescent values of released FHMNs and the concentration of s
responses of the sensor in a variety of different sera with purified and c
mitten crab, and a mixture of sIgEs for these. (D) Fluorescent responses

3552 | RSC Adv., 2018, 8, 3547–3555
only one wash procedure repeated ve times. This straightfor-
ward assay results in rapid detection and high sensitivity for the
target sIgE.
using sIgE. (A) Fluorescent responses of the sensor using different
1, (c) 0.02 ng mL�1, (d) 0.025 ng mL�1, (e) 0.03333 ng mL�1, (f) 0.05 ng
5 ng mL�1, (l) 9.895 ng mL�1. (B) The corresponding calibration curve
IgE of Meta. E. (other assay conditions were optimized). (C) Fluorescent
rude allergens: sIgE antibodies for Meta. E., Scylla serrata, the Chinese
of the sensor by storage time at 4 �C.

This journal is © The Royal Society of Chemistry 2018
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Table 1 sIgE antibody concentrations from nine serum samples as
measured by ELISA kits and the EMFP systema

Serum number

Commercial ELISA kit
value EMFP system valueb

(ng mL�1) RSD (%) (ng mL�1) RSD (%)

1 1.997 4.952 2.193 3.466
2 3.228 3.934 4.128 3.506
3 4.034 2.333 5.221 4.290
4 5.723 3.390 6.518 2.946
5 BLOD — BLOD —
6 BLOD — 0.092 2.348
7 6.613 3.160 7.148 2.560
8 5.113 4.049 5.726 2.655
9 8.476 4.567 9.216 2.717

a BLOD means the concentration of sIgE for Meta. E. is below the LOD.
b Calculated value using the logistic function above.

Table 2 Comparison of the analytical parameters for IgE detection
obtained in this study and reported by previous studiesa

Detection method Labels
LOD
(ng mL�1)

Detection
period
(min) Reference

Radioimmunometric Isotope 0.05 26
ImmunoCAP ISAC HRP 0.24 150 23
Fluorescent Photonic

crystal
0.048 48

Fluorescent Gold
nanoparticles

0.2 270 28

Chemiluminescent HRP 300 240 47
Nanoplasmonic Gold nanodisk 0.6 30 49
Fluorescent Streptavidin 60 150 47
Electrochemical Aptamers >300 50
Fluorescent FHMNs 0.0159 75 This work

a HRP: horse radish peroxidase.
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Sensitivity, selectivity, and stability of the sensor

In order to estimate the sensitivity of the sensor, a dose
response study was performed with different concentrations of
human sera. It can be seen in Fig. 4A that uorescence intensity
(excitation at 517 nm) gradually increased with growing
concentration of target sIgE. As shown in Fig. 4B, the uores-
cence intensity and concentrations of target sIgE had a correla-
tion coefficient of 0.9959. The good linear relationship ranging
from 0.0125 to 9.895 ng mL�1, could be expressed by the
regression equation y ¼ 452 � 164.2 � 0.7562x � 1.387 �
0.0842x. This indicated that the uorescent sensor could be
employed to quantize the concentration of the target sIgE. The
limit of detection (LOD) (three times the standard deviation
above the blank, n ¼ 6) of the sensor was as low as 0.0159 ng
mL�1, this is lower than the lowest detectable concentration of
0.24 ng mL�1 measured by the ImmunoCAP system. The results
thus indicate that the sensor is highly sensitive for target sIgEs.

To verify the selectivity of the method, sIgEs was employed
including sIgE of Meta. E., the Chinese mitten crab, Scylla ser-
rata, and a mixture of sIgE of those with the same concentra-
tions. As shown in Fig. 4C, compared to the blank test, the
uorescence intensity for the presence of the control sIgE (for
the Chinese mitten crab and Scylla serrata) showed negligible
changes, whereas that of the mixture containing target sIgE
showed a slight inuence compared to the target sIgE. In
comparison, puried antigens had higher uorescence inten-
sities than Meta. E. extract, which demonstrates that puried
allergens exhibit stronger binding capacity. These results
demonstrated that the proposed sensor showed high selectivity
toward sIgE against puried Meta. E. antigens.

Stability was tested by examining the uorescent signal of
the sensor against storage time (Fig. 4D). The uorescent signal
changed only slightly when the bio-conjugated FHMNs and
magnetic probes were used aer storage at 4 �C for 3 weeks,
suggesting the good stability of the sensor, which could be
attributed to the well-known biocompatibility of the surface
microenvironment for antibody conjugation.
Application of the sensor

To assess the applicability of the sensor, we tested 9 human sera
using both ELISA kits and the developed EMFP system. The
results are recorded in Table 1. All samples demonstrated higher
level by the EMFP system. Notably, the sIgE in serum #6 was only
detectable by the EMFP system. These results conrm that the
sensor possessed high sensitivity. It also showed good repeat-
ability, because the relative standard deviation (RSD) was
between 2.560% and 4.290% for the EMFP system. In order to
highlight the performance of the sensor established in this study,
a comparison of IgE detection sensors according to their
analytical performances was conducted, as shown in Table 2. The
total assay time for the system was 75 min in this study (60 min
for immunomagnetic separation, and 15 min for release and
measurement), which is superior to most detection times except
for at 30min, whereas the limit of detection of 0.0159 ngmL�1 in
the present study is the best among the reviewed
studies.23,25,26,28,30,45–47 In particular, one article used a similar
This journal is © The Royal Society of Chemistry 2018
strategy whereby uorescent microspheres were used as carriers
to capture IgE and simultaneously quantify the concentration of
IgE.47 In contrast, in the present study, uorescent hollow mes-
oporous nanospheres were utilized to amplify signal from the
target IgE in addition to magnetic nanoparticles to rapidly
capture and separate the targeted IgE. Moreover, although the
previous study applied a uorescent suspension array to simul-
taneously detect total IgE and specic IgE, this required
substantial time because of the tedious steps. Moreover, the
sensitivity was less than that of the EMFP, owing to the high
efficiency of EMFP for separation and enrichment of the target
sIgE via a one-step process, which also markedly simplied the
operation and considerably shortened the reaction time.
Together, these results indicate that the sensor has high potential
for sensitive, reproducible, rapid, and low-cost detection that is
simple to process for the determination of sIgE in human sera.
Conclusion

In this study, bio-conjugated FHMNs were developed with the
function of signal amplication, and magnetic particles were
RSC Adv., 2018, 8, 3547–3555 | 3553
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synthesized to separate and enrich target sIgE in one step. The
sensor composed of these materials was rst developed to
sensitively test sIgE of Meta. E. from 0.0125 to 9.895 ng mL�1

with a LOD of 0.0159 ng mL�1, which is 15-fold more sensitive
than that of the FDA-approved ImmunoCAP analyzers. The
sensor also exhibits high sensitivity compared with the
commercial ELISA; the deviation of sIgE detection levels
between these systems might be attributed to the differences in
allergen activity aer binding, surface chemistry, uorescence
reporter, and detection instrument. In addition, the analytic
process of the EMFP system can be completed within 75 min,
which is better than the 240 min minimum required for ELISA
systems, which might be due to the efficient separation and
enrichment of the target sIgE in one step effected by the
magnetic nanoparticles, and the simplication of the experi-
mental procedure making it easy to handle. Furthermore, the
cheaper materials, reagents, and economical detection equip-
ment renders this system more affordable for developing
nations. This methodology could also be readily adapted for
detecting other allergies by using different allergen-specic
bioelements. The application of nanomaterials to immune
detection thus has considerable signicance for medical
development.
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