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Abstract: An ultrasensitive and rapid sandwich-type chemiluminescence immunoassay (CLIA) was
developed for the clinical determination of human epididymis protein 4 (HE4) in human serum,
using GoldMag nanoparticles as solid phase and acridinium ester (AE) as chemiluminescence system
(GMP-CLIA). The process of AE labeling antibodies was systematically studied and evaluated.
The effect of varies factors such as molar ratio of AE to antibodies, labeling time, and the components
of elution buffer and trigger solution were optimized. Under the selected conditions, AE labeling
experiments were successfully performed with the average labeling efficiency of 1.92 ± 0.08, and
antibody utilization rate of 69.77 ± 1.19%. Antibody activity remained unchanged after labeling.
The established GMP-CLIA method can detect HE4 in the range of 0.25–50 ng·mL−1 (10–2000 pM)
with a detection limit of 0.084 ng·mL−1 (3.36 pM). The sensitivity has reached a high level, comparable
with the current commercial detection kits. This proposed method has been successfully applied
to the clinical determination of HE4 in 65 human sera. The results showed a good correlation with
a clinical method, microplate-based chemiluminescence enzyme immunoassay (CLEIA), with the
correlation coefficient of 0.9594.
Keywords: GoldMag particles; chemiluminescence immunoassay; acridinium ester; labeling; human
epididymis protein 4

1. Introduction
Immunoassay has been extensively applied in areas of clinical diagnostics [1,2]. Compared with
the traditional technologies, such as radioimmunoassay (RIA) and enzyme-linked immunosorbent
assay (ELISA), a novel technology which is based on chemiluminescent (CL) reaction, the
chemiluminescent immunoassay (CLIA), has attracted much attention during the last decade. Due to
the related wide dynamic range, high sensitivity, and low background, this technology has quickly
become the main approach in clinical immunological analysis [3,4].
The sandwich-type is commonly-used mode for CLIA [5–7]. Lumimol and horseradish peroxidase
(HRP) are most widely used as the CL label and catalyst, respectively [8,9]. In the majority of
sandwich-type methods, a microplate is always used as an immobilization support [10]. Based
on these, many of the classical biomarkers related to diseases in human blood have been detected
accurately [11–13], which have greatly promoted the development of clinical diagnostic studies.
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However, challenges remain. The presence of enzymes usually increase the background of the reaction,
and the separation and cleaning processes based on the microplate during immunoreaction are always
complex and time-consuming [14]. With the development of personalized medicine, early clinical
diagnosis becomes particularly important. Faster and more sensitive methods for detecting biomarkers
is in great demand.
Magnetic particles, which are a new group of solid-phase carriers, have been utilized in clinical
immunoassay [15,16]. With the micron- or nano-scale iron oxide as the core component, magnetic
particles can rapidly aggregate under an external magnetic field [17]. When the external magnetic
field is removed, the magnetic particles will be re-suspended in solution, which greatly reduces
the cleaning time and is easy to automate. On the other hand, the bio-functionalized surface of
particles can immobilize a large amount of biomolecules, which is much more than what a microplate
can immobilize.
Our group first reported the preparation of Fe3 O4 /Au assembled particles in 2002 [18], named
GoldMag particles, which have good superparamagnetism and biocompatibility. These unique
particles have been successfully used in the field of magnetically-targeted drug delivery, nucleic
acid purification and individual genotyping these years [19–22]. In our previous work, a GoldMag
particle-based CLIA method for the detection of high-sensitive C-reactive protein (hsCRP) in human
serum was developed, in which HRP-Luminol-H2 O2 system was used [23]. However, the attachment
of luminol to protein would lead to a decline in luminescence activity [24].
Acridinium ester (AE) is one of the novel chemiluminescent reagents developed ten years ago,
which independently emits light in the presence of H2 O2 and NaOH without the participation of
an enzyme, and reaches its maximum CL only in 0.4 s [25]. More importantly, the labeled proteins
have a minimal influence on AE mediated luminescence intensity [26]. Based on these advantages,
commercialized AE labeling kits, such as acridinium protein labeling kits from Cayman and Enzo Life
Sciences, has been commercialized quickly and applied in laboratory studies. Although these kits have
been widely used in AE labeling on a variety of biomolecules, such as antibodies, peptides, and nucleic
acids, the relatively low stability and efficiency for different types of antibodies limits its application
in the development of our detection system. On the other hand, current evaluation methods for AE
labeling include a spectrophotometry method for quantifying the concentration of AE on antibodies
(the labeled product is treated with concentrated hydrochloric acid to form a colored acridine ester salt
which absorbs light at 367 nm). Users have to perform relatively complicated calculations to eliminate
the interference to antibody quantification (the protein has a maximum light absorption at 280 nm).
A more convenient assessment method should be established.
In this work, AE labeled-HE4 antibodies were prepared by using an improved labeling method
with higher efficiency. By combining the AE-labeled antibodies with magnetic particles, we developed
a detection system (GMP-CLIA) for the determination of human epididymis protein 4 (HE4), which
is considered as a new specific biomarker of ovarian cancer [27,28]. The scheme of proposed
GMP-CLIA method is illustrated in Figure 1. The primary antibody, mouse-anti-human HE4 was
first immobilized on a magnetic nanoparticle, and then the antigen (human HE4) and the AE-labeled
second antibody were conjugated successively to form a sandwich-type immunocomplex. CL was
carried out in a solution containing NaOH and H2 O2 . The relative light unit (RLU) obtained from
AE chemiluminescence was proportional to the concentration of the HE4 antigen. This detection
system is faster and simpler than the traditional methods, such as ELISA and CLEIA, exhibits high
sensitivity which is comparable to the Roche electrochemical luminescence assay (ECLIA), and shows
great application potential in clinical detection.
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Figure 1. Schematic illustration of established sandwich-type GMP-CLIA method.

Figure 1. Schematic illustration of established sandwich-type GMP-CLIA method.
2. Materials and Methods

2. Materials and Methods
2.1. Materials

2.1. Materials

Acridinium NHS ester was purchased from Cayman Chemical (Ann Arbor, MI, USA). Mouse
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(TurKu, Finland), and HE4 recombinant antigen was obtained from Sino Biological Inc. (Beijing,
anti-HE4 monoclonal antibodies 3C24 (capture) and 2B13 (detection) were obtained from HyTest Ltd.
China). Bovine serum albumin (BSA), DL-lysine hydrochloride and HRP-goat anti-mouse antibodies
(TurKu, Finland), and HE4 recombinant antigen was obtained from Sino Biological Inc. (Beijing, China).
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Engineering Research Center for Micro Detection System (Xi’an, China). The commercial HE4 CLEIA
kit was purchased from Connery (Gothenburg, Switzerland). All aqueous solutions were prepared
2.2. Preparation of AE-Labeled Antibodies
using water purified with an ultrapure water system (Millipore, Billerica, MA, USA).
Anti-HE4 antibody (2B13) solution (250 μg) was placed in 2 mL centrifuge tubes and mixed well
with labeling
buffer (0.1 M
Phosphate buffered saline (PBS) containing 0.15 M NaCl, pH 8.0). Then a
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1000 µL. The antibody was labeled in the dark at 180 rpm in a constant-temperature incubator
and collection of target antibodies. PBS (0.1 M) containing 0.15 M NaCl (pH 6.3) was used as elution
Next, 100 µL of 5% DL-lysine hydrochloride solution was added into the tube and incubated in the
buffer. The eluted components were collected with 500 μL in each tube and 24 tubes were obtained.
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(Thermo Fisher Scientific, Waltham, MA, USA). In order to observe each elute clearly, the number of
tubes was plotted on the X-axis, and the RLU and the concentration of antibodies measured on the
Y-axis, respectively. The overlap between the RLU peak and the concentration peak just corresponds
to the AE-labeled antibodies. Finally, the elutes containing AE-labeled antibody were mixed well, and
added with 0.1% BSA and 0.1% ProClin 300, stored at 4 ◦ C for short time, or added with 50% glycerol
and stored at −20 ◦ C for long-term storage.
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The labeling efficiency was defined as the ratio of molar concentration of AE to that of labeled
antibody in the elute mixture above. “Standard curve method” was used to determine the molar
concentration of AE in every elute sample, where the RLU value was the Y-axis and the gradient
concentration of AE standard solution was the X-axis.
The utilization rate of antibodies was defined as the mass percentage of labeled antibody to total
antibody in advance (250 µg). The amount of labeled antibodies was calculated by the concentration
of the labeled antibodies and their elution volume.
Antibody activity before and after labeling was assessed by ELISA. Anti-HE4 antibodies before
and after labeling was adjusted to the same concentration firstly. HE4 antigen was dissolved in 0.1 M
PBS to achieve the final concentration of 5 µg/mL. The plate was coated with antigen solution at
100 µL/well at 2–8 ◦ C overnight. The plate was washed with PBST the next day and sealed with
sealing solution for 2 h at 37 ◦ C. After washing with PBST, the anti-HE4 antibody before and after
labeling was diluted from 103 to 108 times with elution buffer. The sample was added at 100 µL/well.
The eluent buffer was used as the negative control. The cells were incubated at 37 ◦ C for 1 h and
added with 1:2000 HRP-goat anti-mouse antibody at 100 µL/well. After incubation at 37 ◦ C for 1 h
and washing with PBST, the TMB substrate buffers A and B were added at 50 µL/well for reaction
away from light for 15 min. The stopping buffer was added at 50 µL/well to determine A450, which
was measured by a WD-2102A automatic microplate reader (Beijing Liuyi, Beijing, China).
2.4. GMP-CLIA for HE4
In sandwich-type immunoassay, two antibodies are often utilized for target antigen detection.
We used anti-HE4 antibody (3C24) as the capture antibody and the AE-labeled anti-HE4 antibody
(2B13) as the detection antibody. These two distinct monoclonal antibodies can recognize different
epitopes on HE4 molecules. First, we prepared GoldMag particles by following the procedures
reported previously [18]. And then, immobilized anti-HE4 capture antibody onto GoldMag particles to
form the anti-HE4-GMPs. GoldMag particles (1 mg) were incubated with 50 µg of anti-HE4 antibody
(3C24) in 200 µL of Tris-HCl buffer (0.02 M, pH7.4) at 180 rpm, 37 ◦ C for 30 min. After washing
with PBST, 1 mL of sealing buffer (0.1 M PBS containing blocking agents) was added for reaction
at 180 rpm, at 37 ◦ C for 2 h. Then, particles coated with antibodies were washed with PBST and
resuspended with 1 mL of storage buffer (0.1 M PBS containing BSA and ProClin 300) and the final
concentration of particles was made to be 1 mg/mL for use. Next, the HE4 antigen was diluted to
concentration gradient of 50 ng·mL−1 , 40 ng·mL−1 , 30 ng·mL−1 , 20 ng·mL−1 , 10 ng·mL−1 , 5 ng·mL−1 ,
2.5 ng·mL−1 , 1 ng·mL−1 , 0.5 ng·mL−1 , and 0.25 ng·mL−1 . AE-labeled anti-HE4 antibodies prepared in
advance were diluted by 100 times. Finally, 30 µL of anti-HE4 Ab-GMPs, 50 µL of HE4 antigen of each
concentration, and 100 µL of diluted AE-anti-HE4 were added into the special detection tube one time
(the final concentration of particles was 16.6 mg/mL). Then, the resulting mixture was incubated in
a constant-temperature incubator (Zhicheng, China) with gentle shaking, at 180 rpm and 37 ◦ C for
40 min. When the reaction finished, the products were washed with PBST three times. The supernatant
was discarded by magnetic separation. Finally, 100 µL of trigger solution was automatically loaded
into each tube. The RLU of each tube was detected immediately by using BHP9507 chemiluminescence
analyzer (Hamamatsu Photon Techniques, Beijing). The standard curve of the antigen concentration vs.
RLU was plotted, with the concentration of the HE4 antigen on the X-axis and the RLU on the Y-axis.
2.5. Detection Limit and Functional Sensitivity Measurement
The RLU of the negative sample was measured 20 times. The mean (M) and the standard deviation
(SD) were calculated to obtain the value of M + 2SD. The M + 2SD value was treated as the RLU to be
substituted into the standard curve equation. Thus, the corresponding concentration, i.e., the detection
limit, was calculated. The HE4 reference substance with the low concentration of 0.20 ng·mL−1 ,
0.25 ng·mL−1 , and 0.30 ng·mL−1 was measured, respectively, 20 times. The variation coefficient (CV)
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of the measurements was calculated. The lowest concentration with a CV smaller than 20% represented
the functional sensitivity of the HE4 detection system.
2.6. Clinical Application and Analysis
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Clinical samples used in this study were obtained from the First Affiliated Hospital of Zhejiang
coefficient (CV) of the measurements was calculated. The lowest concentration with a CV smaller
University Medical College. HE4 of 65 clinical serum samples were determined by using the proposed
than 20% represented the functional sensitivity of the HE4 detection system.
method, and the results were compared with that obtained by the clinical method (microplate-based
CLEIA).2.6.
Linear
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the 95%equation
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determine the consistency, the Bland-Altman method was used for stochastic effect analysis on their
differences, with the average of concentration determined by two methods as the X-axis, and relative
3. Results
error (the ratio of the difference to average) as the Y-axis. Finally, the mean relative error and the 95%
confidence interval were determined.
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for 20 min in the dark. Labeling products were applied to a Sephadex G-25 desalting column and 24
tubes of elutes were collected.

3.2. Optimization of the Labeling Conditions
3.2. Optimization of the Labeling Conditions
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To determine the optimal labeling time, the labeling reaction time of 10 min, 20 min, 30 min, and
To determine the optimal labeling time, the labeling reaction time of 10 min, 20 min, 30 min, and
1 h were chosen, respectively. As shown in Figure 4, labeling efficiency achieved a maximum when
1 h were chosen, respectively. As shown in Figure 4, labeling efficiency achieved a maximum when the
the labeling time was 20 min (Figure 4B), while the antibody utilization rate did not change
labeling time was 20 min (Figure 4B), while the antibody utilization rate did not change significantly
significantly under different labeling times. The results indicated that either a too short or a too long
under different labeling times. The results indicated that either a too short or a too long reaction time
reaction time would affect the labeling efficiency.
would affect the labeling efficiency.
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The CL behavior of AE can be initiated in the presence of H2 O2 and NaOH. In an alkaline
environment, the C9 position of the acridine ring binds to the hydroxide ions in the solution, forming
the pseudobase, which is unfavorable for the chemiluminescence of acridinium ester [30]. There have
been reports suggesting that the addition of HNO3 before the CL reaction could create an acidic
environment, which inhibits the formation of pseudobase and, furthermore, a suitable surfactant
could increase the CL intensity [31]. Two microliters, at high concentration (6.25 × 10−7 mol·L−1 ) and
low concentration (1.56 × 10−7 mol·L−1 ), of AE solution was excited respectively by different trigger
solutions, and RLUs were collected. Finally, a suitable trigger solution was selected by comparison
of the RLU value. As shown in Table 1, when 0.1 M HNO3 was added before NaOH, RLU from the
AE solution was 5–10 times more than that without HNO3 addition. Moreover, when 2% Tween-20
or Triton-100 was added into solution B, RLU value increased in various degrees. Thus, solution A,
containing 0.1% H2 O2 and 0.1 M HNO3 , and solution B, containing 0.25 M NaOH and 2% Triton-100,
were selected as the trigger solution.
Table 1. Effect of different trigger solutions used in CL reaction of AE.

a

RLU1

a

b

No

Trigger Solution

1

(A) 0.1% H2 O2
(B) 0.25 M NaOH

17,239 ± 902

2266 ± 308

2

(A) 0.1% H2 O2 + 0.1 M HNO3
(B) 0.25 M NaOH

180,503 ± 6011

13,266 ± 927

3

(A) 0.1% H2 O2 + 0.1 M HNO3
(B) 0.25 M NaOH + 2% Tween-20

484,743 ± 4813

55,142 ± 882

4

(A) 0.1% H2 O2 + 0.1 M HNO3
(B) 0.25 M NaOH + 2% Triton-100

1,145,820 ± 18921

95,443 ± 730

RLU2

6.25 × 10−7 mol/L AE solution in 0.1 M PBS, pH 6.3; b 1.56 × 10−7 mol/L AE solution in 0.1 M PBS, pH 6.3.

Finally, the optimal conditions for AE labeling and CL reaction were optimized as follows:
15:1 molar ratio of AE to antibodies, 20 min labeling time, 0.1 M PBS buffer (BSA-free) for elution, and
a trigger solution added 0.1 M HNO3 and 2% Triton-100. It was noted that the activity of antibodies
was also measured under different labeling efficiencies (data not shown), and no significant difference
was found. The activity of antibodies after AE labeling were sufficient in the following detection.
3.3. Evaluation of the Labeling System
Based on the optimized conditions above, AE labeling experiments were performed three times.
We further assessed the labeling system by using three parameters: labeling efficiency, utilization rate
of antibodies, and antibody activity.
The labeling efficiency was defined as the ratio of molar concentration of AE to that of labeled
antibodies in the elute mixture (4th, 5th, and 6th tubes). The antibody concentration and AE
luminescence of all elutes from three experiments are shown in Figure 6. We measured RLU values for
a series of gradient AE solutions, and used the linear correlation between them to further determine
the AE concentration of the sample with known RLU. After calculation, the molar concentration of AE
labeled on antibodies was 14.84 ± 0.21 × 10−7 M, and the molar concentration of labeled antibodies
was 7.73 ± 0.13 × 10−7 M; thus, the labeling efficiency was 1.92 ± 0.08.
The utilization rate of antibody was defined as the percentage of AE-labeled antibody amount
accounted for that of total antibody we provided in advance. The average concentration of
labeled antibodies from the three-tube mixed elutes was determined to be 0.116 ± 0.002 mg·mL−1 .
The corresponding volume was 1500 µL and the total amount of antibody we provided was 250 µg,
thus, the average utilization rate of antibody was 69.77 ± 1.19%.
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concentration in human serum for diagnosis is about 3.5 ng·mL−1. In order to obtain a sufficiently
reaction time were optimized successively according to our previous report. The standard calibration
high sensitivity that might be suitable for clinical diagnosis at the nanometer level, not only a strong
curve was successfully obtained for RLU values against HE4 concentrations of 0.25–50 ng·mL−1 .
signal source, but also an excellent immobilized carrier is needed. For the latter, GoldMag particles
As shown in Figure 7, there is a good linearity and the square of the correlation coefficient is

with a core-shell structure and large surface area-to-volume ratio were selected. Our previous work
reported their application in quantitative detection of hsCRP in human serum, although the detection
sensitivity was only achieved at the microgram level [23].
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used for the determination of HE4. Moreover, the whole detection is finished in less than one hour,
and the sensitivity of the present method is similar with that of commercially-available test kit from
and the sensitivity of the present method is similar with that of commercially-available test kit from
Roche (based on ECLIA) and higher than that from CanAg (based on ELISA).
Roche (based on ECLIA) and higher than that from CanAg (based on ELISA).

Figure 7. Calibration curve of CL intensity versus the concentration of HE4. Thirty microliters of
Figure 7. Calibration curve of CL intensity versus the concentration of HE4. Thirty microliters of
magnetic particles coated with anti-HE4 antibody, 50 µL HE4 antigen solution, and 50 µL AE-labeled
magnetic particles coated with anti-HE4 antibody, 50 μL HE4 antigen solution, and 50 μL AE-labeled
antibody solution were involved in the detection system. Immune reaction time, 20 min; trigger
antibody solution were involved in the detection system. Immune reaction time, 20 min; trigger
solution, A, 0.1% H O + 0.1 M HNO , B, 0.25 M NaOH + 2% Triton-100.
solution, A, 0.1% H22O22 + 0.1 M HNO3,3 B, 0.25 M NaOH + 2% Triton-100.
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4. Discussion
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In
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of
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method
instability of AE labeling in previous works, we optimized the conditions that may affect the labeling
and instability of AE labeling in previous works, we optimized the conditions that may affect the
efficiency and CL behavior, including the molar ratio of AE to antibodies, labeling time, components
labeling efficiency and CL behavior, including the molar ratio of AE to antibodies, labeling time,
of the elution buffer, and trigger solution. Here, we developed a simple and systematic evaluation
components of the elution buffer, and trigger solution. Here, we developed a simple and systematic
method for AE labeling and, finally, confirmed that the labeled antibodies had superior performances
evaluation method for AE labeling and, finally, confirmed that the labeled antibodies had superior
for biological detection. On this basis, the sandwich-type CLIA detection system was established by
performances for biological detection. On this basis, the sandwich-type CLIA detection system was
using our unique GoldMag particles as the solid-phase carrier. The results showed that HE4 could
established by using our unique GoldMag particles as the solid-phase carrier. The results showed
be detected in the range of 0.25–50 ng·mL−1 (10–2000 pM) with a detection limit of 0.084 ng·mL−1 (3.36
that HE4 could be detected in the range of 0.25–50 ng·mL−1 (10–2000 pM) with a detection limit of
pM). The established method was finally applied to quantitatively determine HE4 concentration in
0.084 ng·mL−1 (3.36 pM). The established method was finally applied to quantitatively determine
65 human serum samples and compared with the results obtained from clinical method (microplateHE4 concentration in 65 human serum samples and compared with the results obtained from clinical
based CLEIA). Correlation and consistency analysis suggest that GMP-CLIA method is accurate
method (microplate-based CLEIA). Correlation and consistency analysis suggest that GMP-CLIA
enough and applicable for the biodetection in real clinical serum samples. Our method shows a much
method is accurate enough and applicable for the biodetection in real clinical serum samples. Our
higher sensitivity and reduced detection time in HE4 assay than traditional CLEIA and ELISA.
method shows a much higher sensitivity and reduced detection time in HE4 assay than traditional
Although there is no significant difference in sensitivity compared with ECLIA (Roche) (the highest
CLEIA and ELISA. Although there is no significant difference in sensitivity compared with ECLIA
sensitivity in the chemiluminescence detection field), a relatively simple device was crafted with our
(Roche) (the highest sensitivity in the chemiluminescence detection field), a relatively simple device
detection system, which makes it a high-accuracy, fast, and low-cost HE4 assay method for clinical
was crafted with our detection system, which makes it a high-accuracy, fast, and low-cost HE4 assay
application.
method for clinical application.
Due to the strong signal intensity of AE and amplification effect of magnetic particles, the
Due to the strong signal intensity of AE and amplification effect of magnetic particles, the
established method has several obvious advantages. (1) This method greatly reduces the detection
established method has several obvious advantages. (1) This method greatly reduces the detection
time. The entire test is finished within 1 h, whereas 2–3 h is required for the microplate CLEIA
time. The entire test is finished within 1 h, whereas 2–3 h is required for the microplate CLEIA method;
method; (2) Our method has high sensitivity and a wider detection range. In a magnetic field, proteins
(2) Our method has high sensitivity and a wider detection range. In a magnetic field, proteins at
at low concentrations of HE4 can be enriched and the sensitivity can be enhanced. GMPs have a large
low concentrations of HE4 can be enriched and the sensitivity can be enhanced. GMPs have a large
surface area-to-volume ratio, and their application for antibody or antigen immobilization affords a
surface area-to-volume ratio, and their application for antibody or antigen immobilization affords a
linear detection range of 0.25–50 ng·mL−1 (10–2000 pM) which is sufficient for the detection of HE4
linear detection range of 0.25–50 ng·mL−1 (10–2000 pM) which is sufficient for the detection of HE4
physiological (<140 pM, 3.5 ng·mL−1) and clinical levels (140–800 pM).
physiological (<140 pM, 3.5 ng·mL−1 ) and clinical levels (140–800 pM).
This work has demonstrated that GoldMag particles as the immobilized supporter could
This work has demonstrated that GoldMag particles as the immobilized supporter could
effectively amplify the CL of sandwich-type immunocomplex labeled with AE, which is quite suitable
effectively amplify the CL of sandwich-type immunocomplex labeled with AE, which is quite suitable
for developing a rapid, highly-sensitive commercial kit for the detection of biomarkers including, but
for developing a rapid, highly-sensitive commercial kit for the detection of biomarkers including, but
not limited to, HE4 in clinical diagnosis.
not limited to, HE4 in clinical diagnosis.
5. Conclusions
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5. Conclusions
A high-sensitivity, relatively simple and rapid CLIA has been developed for the clinical
determination of HE4 in human serum, using AE chemiluminescence system combined with GoldMag
magnetic particles. This assay provides apparent advantages and shows great potential in the
clinical diagnosis.
Acknowledgments: This work is supported by the National High Technology Research and Development
Program of China (No. 2011AA02A101).
Author Contributions: Yali Cui conceived and designed the experiments; Ting Ma and Mengdan Zhang
performed the experiments; Le Ma and Ting Ma analyzed the data; and Le Ma and Yinsheng Wan wrote
the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.
5.

6.

7.

8.

9.
10.

11.

12.

13.

Christodoulides, N.; Tran, M.; Floriano, P.N.; Rodriguez, M.; Goodey, A.; Ali, M.; Neikirk, D.; McDevitt, J.T.
A microchip-based multianalyte assay system for the assessment of cardiac risk. Anal. Chem. 2002, 74,
3030–3036. [CrossRef] [PubMed]
Skogstrand, K.; Thorsen, P.; Norgaardpedersen, B.; Schendel, D.E.; Sørensen, L.C.; Hougaard, D.M.
Simultaneous measurement of 25 inflammatory markers and neurotrophins in neonatal dried blood spots by
immunoassay with xMAP technology. Clin. Chem. 2005, 51, 1854–1866. [CrossRef] [PubMed]
Rodriguez-Orozco, A.R.; Ruiz-Reyes, H.; Medina-Serriteno, N. Recent applications of chemiluminescence
assays in clinical immunology. Mini Rev. Med. Chem. 2010, 10, 1393–1400. [CrossRef] [PubMed]
Kricka, L.J. Application of bioluminescence and chemiluminescence in biomedical sciences. Methods Enzymol.
2000, 305, 333–345. [PubMed]
Falzarano, R.; Viggiani, V.; Michienzi, S.; Longo, F.; Tudini, S.; Frati, L.; Anastasi, E. Evaluation of a CLEIA
automated assay system for the detection of a panel of tumor markers. Tumour Biol. 2013, 34, 3093–3100.
[CrossRef] [PubMed]
Ren, S.; Wang, X.; Lin, Z.; Li, Z.; Ying, X.; Chen, G.; Lin, J.M. Development of a high-throughput, indirect
antibody immobilization format chemiluminescence enzyme immunoassay (CLEIA) for the determination
of progesterone in human serum. Luminescence 2008, 23, 175–181. [CrossRef] [PubMed]
Kim, J.K.; Adam, A.; Loo, J.C.; Ong, H. A chemiluminescence enzyme immunoassay (CLEIA) for the
determination of medroxyprogesterone acetate in human serum. J. Pharm. Biomed. Anal. 1995, 13, 885–891.
[PubMed]
Shi, G.; Tang, B.-J.; Wang, X.; Zhao, L.; Lin, J.-M. Microplate chemiluminescent enzyme immunoassay for
the quantitative analysis of free prostate-specific antigen in human serum. Chin. J. Anal. Chem. 2007, 35,
1541–1547.
Barni, F.; Lewis, S.W.; Berti, A.; Miskelly, G.M.; Lago, G. Forensic application of the luminol reaction as a
preumptivetest for latent blood detection. Talanta 2007, 72, 896–913. [CrossRef] [PubMed]
Wang, X.; Chen, H.; Lin, J.M.; Ying, X. Development of a highly sensitive and selective microplate
chemiluminescence enzyme immunoassay for the determination of free thyroxine in human serum. Int. J.
Biol. Sci. 2007, 3, 274–280. [CrossRef] [PubMed]
Lin, Z.; Wang, X.; Li, Z.J.; Ren, S.Q.; Chen, G.N.; Ying, X.T.; Lin, J.M. Development of a sensitive, rapid,
biotin-streptavidin based chemiluminescent enzyme immunoassay for human thyroid stimulating hormone.
Talanta 2008, 75, 965–972. [CrossRef] [PubMed]
Liu, F.; Li, Y.; Song, C.; Dong, B.; Liu, Z.; Zhang, K.; Li, H.; Sun, Y.; Wei, Y.; Yang, A.; et al. Highly sensitive
microplate chemiluminescence enzyme immunoassay for the determination of staphylococcal enterotoxin B
based on a pair of specific monoclonal antibodies and its application to various matrices. Anal. Chem. 2010,
82, 7758–7765. [CrossRef] [PubMed]
Rauch, P.; Poplstein, M.; Hochel, I.; Fukal, L.; Ferri, E.; Abagnato, C.A.; Girotti, S.; Roda, A. Enhanced
chemiluminescent sandwich enzyme immunoassay for hen egg lysozyme. J. Biolumin. Chemilumin. 1995, 10,
35–40. [CrossRef] [PubMed]

Micromachines 2017, 8, 149

14.
15.

16.

17.
18.
19.

20.

21.

22.

23.
24.
25.
26.
27.
28.
29.
30.

31.

13 of 13

Xie, X.; Ohnishi, N.; Takahashi, Y.; Kondo, A. Application of magnetic nanoparticles in full-automated
chemiluminescent enzyme immunoassay. J. Magn. Magn. Mater. 2009, 321, 1686–1688. [CrossRef]
Yang, C.C.; Yang, S.Y.; Ho, C.S.; Chang, J.F.; Liu, B.H.; Huang, K.W. Development of antibody functionalized
magnetic nanoparticles for the immunoassay of carcinoembryonic antigen: A feasibility study for clinical
use. J. Nanobiotechnol. 2014, 12, 44. [CrossRef] [PubMed]
Xiao, Q.; Li, H.; Lin, J.M. Development of a highly sensitive magnetic particle-based chemiluminescence
enzyme immunoassay for thyroid stimulating hormone and comparison with two other immunoassays.
Clin. Chim. Acta 2010, 411, 1151–1153. [CrossRef] [PubMed]
Goya, G.F.; Berquo, T.S.; Fonseca, F.C. Static and dynamic magnetic properties of spherical magnetite
nanoparticles. J. Appl. Phys. 2003, 94, 3520–3528. [CrossRef]
Cui, Y.; Hui, W.; Wang, H.; Wang, L.; Chen, C. Preparation and characterization of Fe3 O4 /Au composite
particles. Sci. China Ser. B Chem. 2004, 47, 152–158. [CrossRef]
Yang, D.; Ma, J.; Zhang, Q.; Li, N.; Yang, J.; Raju, P.A.; Peng, M.; Luo, Y.; Hui, W.; Chen, C.; et al.
Polyelectrolyte-coated gold Magnetic nanoparticles for immunoassay development: Toward point of care
diagnostics for syphilis screening. Anal. Chem. 2013, 85, 6688–6695. [CrossRef] [PubMed]
Li, X.; Zhang, Q.; Hou, P.; Chen, M.; Hui, W.; Vermorken, A.; Luo, Z.; Li, H.; Li, Q.; Cui, Y. Gold magnetic
nanoparticle conjugate-based lateral flow assay for the detection of IgM class antibodies related to TORCH
infections. Int. J. Mol. Med. 2015, 36, 1319–1326. [CrossRef] [PubMed]
Hui, W.; Zhang, S.; Zhang, C.; Wan, Y.; Zhu, J.; Zhao, G.; Wu, S.; Xi, D.; Zhang, Q.; Li, N.; et al. A Novel
Lateral Flow Assay Based on GoldMag Nanoparticles and Its Clinical Applications for Genotyping of
MTHFR C677T Polymorphisms. Nanoscale 2016, 8, 3579–3587. [CrossRef] [PubMed]
Peng, M.; Li, H.; Luo, Z.; Kong, J.; Wan, Y.; Niu, H.; Vermorken, F.; Van de Ven, W.; Zhang, X.; Li, F.; et al.
Dextran-coated superparamagnetic nanoparticles as potential cancer drug carrier in vivo. Nanoscale 2015, 7,
1155–1162. [CrossRef] [PubMed]
Guo, B.; Ma, L.; Zhang, M.; Yang, J.; Du, H.; Ma, T.; Cui, Y. GoldMag particle-based chemiluminescene
immunoassay for human high sensitive C-reactive protein. Chinese J. Cell. Mol. Immunol. 2015, 31, 1468–1505.
Dodeigne, C.; Thunus, L.; Lejeune, R. Chemiluminescence as diagnostic tool. Talanta 2000, 51, 415–439.
[CrossRef]
Simpson, J.S.; Campbell, A.K.; Ryall, M.E.; Woodhead, J.S. A stable chemiluminescent-labelled antibody for
immunological assays. Nature 1979, 279, 646–647. [CrossRef] [PubMed]
Weeks, I.; Sturgess, M.; Brown, R.C.; Woodhead, J.S. Immunoassays using acridinium esters. Methods Enzymol.
1986, 133, 366–387. [PubMed]
Speeckaert, M.M.; Speeckaert, R.; Delanghe, J.R. Human epididymis protein 4 in cancer diagnostics:
A promising and reliable tumor marker. Adv. Clin. Chem. 2013, 59, 1–21. [PubMed]
Hellstrom, I.; Heagerty, P.J.; Swisher, E.M.; Liu, P.; Jaffar, J.; Agnew, K.; Hellstrom, K.E. Detection of the HE4
protein in urine as a biomarker for ovarian neoplasms. Cancer Lett. 2010, 296, 43–48. [CrossRef] [PubMed]
Yin, D.-G.; He, Y.-F.; Liu, Y.-B.; Shen, D.-C.; Han, S.-Q.; Luo, Z.-F. Study of chemiluminescence characters of
DMAE·NHS. Label. Immunoass. Clin. Med. 2004, 11, 163–167.
Rak, J.; Skurski, P.; Blazejowski, J. Toward an understanding of the chemiluminescence accompanying the
reaction of 9-carboxy-10-methylacridinium phenyl ester with hydrogen peroxide. J. Org. Chem. 1999, 64,
3002–3008. [CrossRef] [PubMed]
Natrajan, A.; Sharpe, D.; Wen, D. Effect of surfactants on the chemiluminescence of acridinium
dimethylphenyl ester labels and their conjugates. Org. Biomol. Chem. 2011, 9, 5092–5103. [CrossRef]
[PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

