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Abstract

markers.

A highly sensitive sandwich-type ECLIA technique using ruthenium complexes as labels was reported.
Superparamagnetic nanoparticles were synthesized with a diameter of 12 nm through a coprecipitation method and
used as the matrix solid-phase. Then, the ECL targets of Ru(bpy),(dcbpy)NHS were successfully synthesized and
labeled on the IgG. Furthermore, on the formation of an antibody-antigen immunocomplex, biotin-streptavidin system
and on the basis of the strong and stable ECL signal, we designed a novel multiple signal amplification of sandwich-
type ECLIA for sensitive detection of carcinoembryonic antigen (CEA) antibody. The calibration curve was linear in
the range of 1.0-780 ng mL~" with a detection limit of 0.28 ng mL~" (o = 3) and relative standard deviation of 3.9% (n
= 6). The results indicated that the new sandwich-type ECLIA provide several advantages, such as high sensitivity,
good selectivity, and wide linear range. This technique can be used in detection of anti-CEA as well as of other tumor
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Introduction

Malignant tumor, a malignant disease, is a serious threat to human
health and life. However, early diagnosis and effective therapy of
malignant disease have been the main cause of decrease in mortality
[1-3]. Tumor markers (TMs) as a vital important indicator, play
an important role in early diagnosis of malignant disease. There
have been more than one hundred of tumor markers; for example,
the tumor-associated membrane protein [4-8], tumor-associated
carbohydrate antigens [9-11], and enzymes and hormone [12,13].
Carcinoembryonic antigen (CEA), as a broad spectrum tumor marker,
has been applied in the clinical examination to predict several cancer
diseases, such as colon, lung, pancreatic, breast, and gastric cancers
[14-16]. So far, some immunoassay methods have been used for
clinical sample measurements [17-20]. In comparison with the other
methods, such as radioimmunoassay [21], fluorescence immunoassay
[22], chemiluminescence immunoassay [23], and enzyme-linked
immunosorbent assay (ELISA) [24], the electrochemiluminescence
immunoassay (ECLIA) method has considerable advantages, including
lack of radioactive pollution, high sensitivity, good selectivity, wide
linear range, good stability, fast inspection speed, high automation,
and wide application range [25]. In recent years, with the development
of nanoscience and nanotechnology, nanoparticles have been applied
as the labels in different field [26-30]. Magnetic nanoparticles
have revealed unique physical, chemical, thermal, and magnetic
properties that made them attractive in many applications [31-34].
Electrochemiluminescence (ECL) is the production of light as the
result of highly energetic electron transfer reactions between reactants
in an electrochemical process. It has recently become available as an
important technique in analytical chemistry [35,36]. The ECLIA is a
new generation immunolabelling technique with the advantages of
magnetic beads, immunoassay, and ECL [37,38]. On the basis of these
outstanding advantages, ECLIA technique has been widely used in
immunoassay, cell separation, DNA, and drug delivery systems [39-
47).

In this work, we successfully assembled a highly sensitive analyzer
of immunomagnetic electrochemiluminescence (IM-ECL). A novel

analytical method for carcinoembryonic antibody detection was
developed using electrochemiluminescence, immunoassay, biotin-
avidin, and magnetic nanoparticle. The magnetic nanoparticles were
synthesized using coprecipitation method, which were later coated
onto (3-aminopropyl) triethoxysilane (APTES). Because of the
outstanding integration of the strepavidin-biotin signal amplification
with the high sensitivity of the ECL technique, a novel sandwich ECL
immunoassay was constructed. The results indicated that the ECLIA
technique exhibited no radioactive pollution, good selectivity, high
sensitivity, wide linear range. It also provided excellent applicability in
other tumor marker detections.

Materials and Methods
Materials and reagents

The primary anti-CEA monoclonal antibodies (Abl) and the
secondary anti-CEA (Ab2) were obtained from Biocell (Zhengzhou,
China). Human serum albumin (HSA) and IgG were purchased
from Beijing Dingguo Changsheng Biotechnology (Beijing, China).
4,4'-dicarboxylic acid-2,2"-bipyridine (dcbpy) and Tris(2,2-bipyridyl)-
ruthenium(II) chloride hexahydrate were obtained from Alfa Aesar
(Ward Hill, MA, USA). (2,2"-bipyridyl) ruthenium dichloride and
Tween-20 were purchased from J&K Chemical (Beijing, China).
N,N'-dicyclohexyl carbodiimide (DCC), and N-hydroxysuccinimide
(NHS) were obtained from Aladdin Reagent (Shanghai, China).
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Dimethyl Formamide (DMF), sodium hexafluorophosphate (NaPF,),
Tripropylamine (TPA), and Biotin-NHS were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Strepavidin was obtained from Sangon
Biotech (Shanghai, China). Glutaraldehyde and ethanolamine were
purchased from Sinopharm Chemical Reagent (Beijing, China).
Sodium bicarbonate, sulfuric acid, and methanol were purchased
from Guangzhou Chemical Reagent Factory (Guangzhou, China). The
buffer used was a phosphate system (Na,HPO,/NaH,PO,, 0.05 mol L™,
pH 7.4) obtained from Hunan Reagent Company (Hunan, China). All
chemicals used in the experiments were of analytical grade and double-
distilled water (DDW) was used throughout.

Characterizations and apparatus

The ECLIA examinations were carried out with MPI-B ECL system
(X{’an Remex Electronics Science & Technology, Xi’an, China) with
a three-electrode system composed of a working electrode (platinum
wire, 0.5 mm in diameter), a counter electrode (platinum wire), and
an Ag/AgCl reference electrode. It was used in a conventional three-
electrode system to produce Ru(bpy),’*, which was reacted with the
analytes to produce light. Transmission electron microscopy (TEM)
images were obtained using a JEM-2100 microscope (JEOL, Japan).
IR spectrometry examinations were performed on Fourier transform
infrared spectrometry (FT-IR, Perkin Elmer, USA) system. Powder
X-ray diffraction (XRD) patterns were acquired from dried nanoparticle
samples with a Rigaku D/max 2500v/pc X-ray diffractometer (Rigaku,
Japan). A MPMS-XL-7 vibrating sample magnetometer (VSM)
(Quantum Design, USA) system was used to examine the magnetization
of magnetite nanoparticles at room temperature. UV-vis spectra were
measured on a Perkin-Elmer Lambda 35 UV-vis spectrometer (Perkin-
Elmer, USA). For preparation of samples, a SK3200H ultrasonic cleaner
(Shanghai Kudos Ultrasonics Instrument, Shanghai, China) was used.

Preparation of Fe,O, magnetic nanoparticles (MNPs)

Iron oxide (Fe,O,) nanoparticles were synthesized via a
coprecipitation method. A aqueous solution consisting of ferric chloride
(0.0875 mol L) and ferrous chloride tetrahydrate (0.05 mol L) was
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prepared under N, atmosphere. Then, aqueous solution of ammonia
(1.5 mol L'!) was quickly dropped into the solution with mechanical
stirring until the pH of the solution reached to 9~10. The reaction
was performed at 80 °C, for 2 h. The obtained black precipitates were
isolated via magnetic separation and washed with DDW and ethanol
for several times until a pH of 7 was reached. The chemical reaction of
Fe,O, precipitation may be considered as follows:

Fe' + 2Fe’ + 80H™ > Fe,0, + 4H,0
Surface modification of MNP with APTES

100 mg Magnetite nanoparticles coated with 250 mg APTES
(NH,(CH,),Si(OC,H,),) via a silanization reaction to obtain a large
number of amino groups on the surface of MNPs [48,49]. In the
process, the magnetite is suspensed in 150 mL ethanol:water (1:1, v:v)
solution with sonication for 30 min to obtain a uniform dispersion.
Then, a certain amount of APTES was added to the solution with
mechanical stirring. The solution was protected under N, at 60 °C for
2 h. The molar ratio of APTES to Fe,O, was 4:1. After the reaction
completed, the solution was cooled to room temperature and isolated
through magnetic separation method. In the sequence, the finalized
magnetite particles were thoroughly washed with ethanol, followed by
DDW and dried under vacuum at 70°C for 24 h.

Synthesis of Ru(bpy),(dcbpy) NHS

The synthetic pathway of the activated NHS ester of
Ru(bpy),(dcbpy)NHS is shown in Figure 1a and b. It was prepared in
two steps according to the literatures [50,51] with some modifications.
Briefly, Ru(bpy),Cl, (0.2 g), 2,2"-bipyridine4,4'-dicarboxylic acid
(dcbpy) (0.12 g), and NaHCO, (0.2 g) were dissolved in 40 mL of 80%
methanol:water (v:v) solution and mixed under reflux at 80°C for 10 h.
Then, the solution was cooled in an ice bath for 2 h. Sulfuric acid (1 M)
was slowly dropped into the mixing solution to adjust pH to 4.4. The
formed precipitate was filtrated through vacuum filtration and washed
three times with 10 mL of methanol. Finally, 10 mL of NaPF, solution
was added into the filter liquor with magnetic stirring for 30 min. The
solution was cooled to 4°C inside refrigerator for 10 days. The formed
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Figure 1: Synthetic routes of: (a) Ru(bpy)2(dcbpy)(PF6)2; (b) Ru(bpy)2(dcbpy)NHS.
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crystals were collected via vacuum filtration and recrystallized from
methanol. The obtained crystal was Ru(bpy),(dcbpy)(PF6), .

After the first step that the reaction completed, DCC (0.46 g) and
NHS (0.24 g) were dissolved in 4.0 mL of DMF with magnetic stirring
and cooled in an ice bath. Next, the solution of Ru(bpy),(dcbpy)(PF,),
(0.146 g) in 1 mL of DMF was added and the mixture was stirred for
5 h. The formed precipitate was removed through vacuum filtration
and the filtrate, containing Ru(bpy),(dcbpy)NHS, was used for the
ECL labeling. Finally, the ECL targets of Ru(bpy),(dcbpy)NHS was
estimated at 2.65 x 10~ mol L™ with UV-vis absorption measurement.

Streptavidin immobilization on MNPs

Streptavidin immobilization on the magnetite nanoparticles was
conducted according to the method reported in literatures with some
modification [52-54]. Typically, Fe,O,/APTES (50 mg) was dispersed
via sonication into a 10 mL 10% glutaraldehyde solution in 0.05 mol L
phosphate buffer solution (PBS, pH 7.4), and then stirred repercussion
for 3 h at room temperature. The suspension was washed three times in
this manner with PBS (pH 7.4) through magnetic separation method.
A solution of 10 mg Fe,O,/APTES mixed with 1 mL of 0.05 mol L™
PBS (pH 7.4) containing 0.5% Tween-20 was transferred into a 5.0 mL
centrifuge tube. One milliliter of 0.05 mol L™ PBS (pH 7.4) containing
1.0 mg Streptavidin (SA) was added to the above mixing solution, which
was incubated for 10 h at 4°C while stirring. After that, the solution was
allowed to add excess ethanolamine (0.2 mL, 1.0 mol L!) and stirred for
2 h at room temperature. This procedure was performed to terminate
the activated residual groups. After the reaction was completed, the
bead conjugates were washed five times with PBS. Finally, the bead
conjugates were re-suspended in 1.0 mL of 0.05 mol L PBS (pH
7.4) containing 0.5% Tween 20 (pH 7.4). Unreacted streptavidin was
analyzed with the UV absorption at 282 nm.

Preparation of biotinylated anti-CEA

A 1.0 mg of Biotin-N-hydroxysuccinimide ester (BNHSE) was
dissolved in dimethyl sulfoxide. Anti-CEA monoclonal antibodies
(1.0 mg) was added to 100 mmol L™ sodium bicarbonate solution (pH
8.3) and then reacted with 75 pg of BNHSE. The reaction mixture was
incubated for 4 h at room temperature on an end-over-end rotator.
They were then transferred to centrifugal tube using centrifugal
ultrafiltration to remove unreacted materials. Finally, sodium
bicarbonate solution was added to the conjugate to a total reaction
volume of 1.0 mL.

Preparation of Ru(bpy),(dcbpy)NHS labeled IgG
The Ru(bpy),(dcbpy)NHS labeled IgG was made via mixing 2.0
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mg of IgG in 2.0 mL of PBS (pH 7.8) with freshly prepared 120 uL
of 2.65 x 10> mol L' Ru(bpy),(dcbpy)NHS in DMF, while incubated
under shaking in a 37°C water bath for 6 h in the dark. Then, the
mixing solution was transferred into the centrifuge tube via centrifugal
ultrafiltration-dialysis. The purified Ru(bpy),(dcbpy)NHS labeled IgG
was further diluted with PBS (pH 7.8) to 2.0 mL and stored at 4°C in
the dark.

Fabrication of sandwich-type ECL immunocomplexes

Figure 2 schematically shows the designed ECLIA technique for
anti-CEA. The immunocomplexes were prepared as follows: A mixture
of 1.0 mL biotinylated anti-CEA (Abl) and 1.0 mL streptavidin-coated
magnetic beads was prepared and incubated at room temperature for
1 h. After that, the mixed solution was washed twice with PBST (0.01
M pH 7.8 PBS containing 0.05% Tween-20) via magnetic separation,
then was dispersed in 0.01 M of PBS to a final volume of 2.0 mL.
Subsequently, 1.0 mg of human serum albumin (HSA) was added
and incubated at room temperature for 30 min under stirring. After
washing with PBS, the components were dissolved in 0.01 M of PBS
to a final volume of 3.0 mL. Finally, the mixing solution was incubated
with anti-CEA (Ab2) and Ru(bpy)2(dcbpy)NHS labeled IgG. After the
reaction completed, it was washed with PBST via magnetic separation
and was used for the ECL examination.

ECL measurements

The ECL detection for anti-CEA was performed via IM-ECL
measurements, as shown in Figure 3. The heart of the ECL system is
the reaction cell and light signal acquisition device. The reaction cell,
which produces ECL signal, contains a working electrode, a counter
electrode, and an Ag/AgCl reference electrode. The process of IM-
ECL measurement is shown in Figure 4. The magnetic sandwich-type
immunocomplex solutions, with various concentrations of target anti-
CEA and a solution of PBST containing 0.01 M TPA, were added to the
reaction cell, where the magnetic beads were captured on the surface
of the working electrode by a magnet above it. Then, a voltage of 1.25
V was applied to the working electrode and counter electrode, and
a voltage of 800 V to the photomultiplier tube. In this way, the ECL
signals related to the anti-CEA concentrations could be measured.

Results and Discussion

Identification of MNP

In the present study, Fe,O, magnetic nanoparticles were
synthesized via chemical coprecipitation process. The surface of Fe,O,
MNPs were chemically modified with APTES. The morphology and
properties of these magnetic nanoparticles were characterized with
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Figure 2: Process schematic of immunoassay. IM for imimunomagnetic, NHS for N-hydroxysuccinimide.
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Figure 3: Design diagram of immunomagnetic electrochemiluminescence

analyzer. A: Electrochemical controlling

system; B:

Multi-function

chemiluminescence collector; C: Electrochemiluminescence reaction cell;
PMT: Photomultiplier tube; PC: Personal computer. The C and PMT were

placed in dark boxes, respectively.
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Figure 4: Process of IM-ECL measurements. TPA for tripropylamine, PMT for
Photomultiplier tube, ECL for Electrochemiluminescence.

TEM, XRD, FT-IR spectrometry, and VSM techniques. The FT-IR
spectra in Figure 5a show that the APTES was successfully coated on
the Fe,O, MNPs surfaces. The size distribution and average diameter
of the MNPs were manipulated to about 12.5 nm based on the
observations of TEM (Figure 5b). Most particles in the micrograph
appear spherical although some aggregations of particles are seen. In
this work, the magnetic properties of the MNPs were analyzed using
VSM technique. Figure 5¢ shows a typical magnetization curve of
MNPs, revealing hysteresis loop of MNP at room temperature. The
curve exhibits zero remanence and coercivity, indicating that MNPs
possess superparamagnetic properties and includes single-domain
nanoparticles. The saturation magnetization of the magnetite was
determined as 71 emu g'. The large saturation magnetization value of
MNP makes it very susceptible to magnetic fields, and therefore, makes
it easily separated from the solid and liquid phase. The synthesized
MNPs provided good superparamagnetism. The XRD patterns of
synthesized MNPs are shown in Figure 5d, confirming the existence of
crystalline structure in the MNPs. The XRD pattern of MNPs exactly
matched to the reference pattern of magnetite Fe,O, provided by the
Joint Committee on Powder Diffraction Standards (JCPDS) database
PDF No. 65-3107. On the basis of the above results, the synthesized
Fe,O, MNPs could be used in the following experiment.

Characteristics of Ru(bpy),(dcbpy)NHS and Ru(bpy),(dcbpy)
NHS labeled IgG

Properties of synthesized ruthenium complex: The structural
formula of ruthenium complex of Ru-bis(2,2-bipyridine)
(dicarboxylic acid-2,2"-bipyridine-4,4') N-hydroxysuecinimide ester
(Ru(bpy),(dcbpy)NHS) is shown in Figure 6, which was synthesized
according to the method described in the experimental section. The
Ru(bpy), (dcbpy)NHS was characterized with FT-IR, UV-vis, and
fluorescent spectrometry techniques. The FT-IR spectra of Ru-
(bpy),(dcbpy)NHS is shown in Figure 7. In these spectra, the 846
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Figure 5: (a) FT-IR spectra of Fe,O,/APTES magnetic nanoparticles; (b) TEM micrograph of Fe,O,/APTES magnetic nanoparticles; (c) Magnetization curves of Fe,O,/
APTES magnetic nanoparticles; (d) XRD pattern of Fe,O,/APTES magnetic nanoparticles.
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cm™' band belongs to the stretching vibration mode of =C-H bonds.
Absorption bands at 1224 cm™ for stretching vibration of -C-O bond,
bands at 1712 and 1778 cm™, corresponding to -C=0 groups, were
observed.

The fluorescence spectra properties of Ru(bpy),(dcbpy)NHS
are presented in Figure 8a and b. Ru(bpy),(dcbpy)NHS exhibits the
characteristic of metal-to-ligand charge-transfer band centered at 456
nm in the excitation spectrum. The same characteristic was found in
Ru(bpy),*". The m—m* transition of bipyridine is present at 280 nm.
Ru(bpy),(dcbpy)NHS revealed a maximum excitation wavelength
at 465 nm and a maximum emission wavelength at 625 nm. The
investigation was carried out in PBS. Furthermore, the ECL behavior
of Ru(bpy),(dcbpy)NHS was detected. The cyclic voltammograms and
the corresponding ECL intensities of the Ru(bpy),(dcbpy)NHS and
Ru(bpy),** are shown in Figure 9a-d. Good luminescent properties
with Ru(bpy),(dcbpy)NHS was observed. Simultaneously, the ECL
performance of Ru(bpy),(dcbpy)NHS was found stable. All of these
observations revealed that the synthesis of Ru(bpy),(dcbpy)NHS was
successful.

ECL behavior of Ru(bpy),(dcbpy)NHS labeled IgG: Cyclic
voltammetry technique and the corresponding ECL emission were
used to characterize the electrochemical and ECL behaviors of IgG,

(PF¢)2 o
Figure 6: Structural formula of Ru(bpy),(dcbpy)NHS.
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Figure 7: FT-IR spectra of drying of Ru(bpy),(dcbpy)NHS. (a) 846.22 cm™'
band for the stretching vibration mode of =C—H bonds; (b) bands in 1223.61

cm~' due to stretching vibration of -C—O bond; (c,d) the bands in 1710.64 cm~'
and 1777.78 cm™' corresponding to —C=0 groups.
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Figure 8: (a) Fluorescence spectra of Ru(bpy),C1,; (b) Ru(bpy),(dcbpy)NHS.
1: Excitation spectrum; 2: Emission spectrum. (Detection conditions: Slit width
5 nm, excitation wavelength: 465 nm).

Ru(bpy),*, and Ru(bpy),(dcbpy)NHS labeled IgG. The ECL behaviors
of these materials were studied from starting at approximately 0.20 to
the ending at 1.5 V. There was an obvious rise at about 1.25 V in the
presence of TPA for Ru(bpy),** and Ru(bpy),(dcbpy)NHS labeled IgG.
Simultaneously, there was no rise at about 1.25 V for IgG (Figure 10).
The results showed that Ru(bpy),(dcbpy)NHS was successfully labeled
on the IgG and kept the ECL properties of Ru(bpy),*".

Performance of the Immunomagnetic sandwich-type ECL for
anti-CEA detection

For each examination, sandwich-type immunocomplexes with
various concentrations of anti-CEA and 100 pL ECL buffer solution
containing 0.01 M TPA was added to the reaction celland measurements
were conducted with IM-ECL. Results indicated that the intensity of
ECL increase with the concentrations of anti-CEA. The calibration
curve (Figure 11) was linear over the range of 1.0-780 ng mL™' with a
detection limit of 0.28 ng mL™" (o = 3). The relative standard deviation
was 3.9% (n = 6). The linearity range for the developed method is larger
than that of the previous report [17,19]. The limit of detection of this
method is higher than that of literature [18,20] and lower than that of
reference [19].

Application to real samples

The feasibility of the developed sandwich type immunoassay for
the detecting of CEA antibody was further evaluated using nine serum
samples obtained from Guilin Medical University. The results showed
that the concentrations of CEA antibody in these serum samples were
between 0.9622 and 159.2 ng mL™! (Table 1). CEA concentrations were
measured by our developed immunoassay and compared with those
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Figure 9: (a,b) Cyclic voltammograms; (c,d) profiles of electrogenerated chemiluminescence. Detection conditions: (a) 5 mmol L=' Ru(bpy),C1, + 50 mmol L-' PBS
(pH7.4), scan rate: 100 mV s7'; (b) 5 mmol L' Ru(bpy),(dcbpy)NHS + 50 mmol L-' PBS (pH7.4), scan rate: 100 mV s~'; (¢) 5 mmol L= Ru(bpy),C1, + 50 mmol L-' PBS
(pH7.4), scan rate: 100 mV s™; (d) 5 mmol L= Ru(bpy),(dcbpy)NHS + 50 mmol L= PBS (pH7.4), scan rate: 100 mV s™'.
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Figure 10: Profiles of electrochemiluminescence (ECL). (a) IgG; (b) Ru(bpy),(dcbpy)NHS labeled IgG; (c) 10 mmol L' Ru(bpy),?*. Scan voltage: 0.2~1.5 V; scan
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Figure 11: Relationships between of ECL signal and CEA antibody
concentrations.

Samples Found (ng/mL) | Added (ng/mL) Total (ng/mL) Recovery (%)
Serum 1 0.9622 1.000 1.86 95.78
Serum 2 1.214 1.200 2.35 96.33
Serum 3 14.93 15.00 29.4 96.47
Serum 4 30.25 30.00 60.8 101.8
Serum 5 43.81 45.00 89.6 101.8
Serum 6 62.72 60.00 121.7 98.3
Serum 7 1234 120.0 2421 98.92
Serum 8 134.6 130.0 263.5 99.15
Serum 9 159.2 160.0 320.6 100.9

Table 1: Analytical results of anti-CEA in human serum samples.(n = 6).

detected by a commercially available chemiluminescence method of
Roche diagnosis. Linear regression analyses revealed good correlations
between the developed method and chemiluminescence method of
Roche diagnosis. The correlation coeflicient was r=0.9951 between our
proposed method and the commercially available chemiluminescence
method of Roche diagnosis. This result indicated that no significant
difference was found between the results of the two methods (paired
t-test, P=0.214) and the proposed assay could serve for clinical
determination of CEA in human serum.

Conclusions

In this paper, we assembled a highly sensitive analyzer of IM-ECL.
On the basis of the new analyzer, we designed a novel analytical method
for CEA antibody and developed using ECLIA, biotin-avidin, and MNP
together. The method showed high sensitivity and reproducibility for
the determination of CEA antibody in serum samples, suggesting its
potential application value. This system could be also used for detection
of other tumor markers.
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