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Abstract

A unique, sensitive, and highly specific fluoroimmunoassay system for antigen detection using quantum dot and gold nanoparticles has been
developed. The assay is based on the fluorescence quenching of quantum dots caused by gold nanoparticles coated with antibody. To demonstrate
its analytical capabilities, the quantum dots were coated with anti-HBsAg monoclonal antibodies (QDs-MADb1) and gold nanoparticles coated with
another anti-HBsAg monoclonal antibodies ( GNPs-MADb2) which specifically bound with HBsAg could sandwich the HBsAg captured by the
immunoreactions. The sandwich-type immunocomplex was formed and the energy of quantum dots was transferred to gold nanoparticles as they were
within a short distance, so that the fluorescence intensity of quantum dots was quenched. The fluorescence intensity of quantum dots at 570 nm was
negative linear proportional to HBsAg concentration logarithm. The result showed that the limit of detection of the HBsAg was 0.928 ng/mL. This
new system can be extended to detect target molecules with matched antibodies and has broad potential applications in immunoassay and disease

diagnosis.
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1. Introduction

Fluorescence resonance energy transfer (FRET) is a
process whereby the electronic excitation energy of a
donor chromophore is nonradiatively transferred to a
nearby acceptor molecule via a through-space dipole-
dipole interaction between the donor-acceptor pair [1-5].
FRET occurs when there is appreciable overlap between
the emission spectrum of the donor and the absorption
spectrum of the acceptor. The strong distance dependence
of the FRET efficiency has been widely exploited in
studying the structure and dynamics of proteins and
nucleic acids, in the detection and visualization of
intermolecular association, and in the development of
intermolecular binding assays [6]. FRET-based studies
involving pairs of organic dye molecules as the donor-
acceptor complexes are often limited by cross-talk caused
by spectral overlap of the donor and acceptor emission.
The need for significant overlap between the emission
and absorption spectra of the donor and acceptor, coupled
with the narrow absorption spectrum of conventional
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organic dye molecules, makes it difficult to avoid direct
excitation of the acceptor molecules at the excitation
wavelength needed to efficiently excite the donor. In
addition, the broad emission spectrum of the donor, with
its long red tail, can often overlap significantly with
the emission spectrum of the acceptor. Several recent
reports have confirmed that luminescent semiconductor
quantum dots (QDs), such as CdSe and CdTe, are able
to participate in resonance energy transfer processes
analogous to FRET [7-12], which makes these materials
good candidates to overcome some of the limitations
associated with conventional organic dye molecules in
FRET-based studies of biomolecular structure, ligand-
receptor binding, etc.

Semiconductor QDs are currently being investigated
for their use as luminescent biological probes because of
their high photostability relative to organic dye molecules
and their unique, size tunable spectral properties [13-16].
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In the past few years, QDs have been favorably adopted
in the FRET-based studies due to their distinct optical
characteristics [17]. In addition, gold nanoparticles
(GNPs) have been of great interest because of their high
extinction coefficient and a broad absorption spectrum
in a visible light that is overlapped with the emission
wavelength of usual energy donors [18-21]. As a photo-
luminescence (PL) quencher of organic dyes, GNPs
were employed to detect single-mismatched nucleotides
based on a molecular beacon technique and other
protein interactions [17]. However, despite a number of
bioanalytical applications of nanoparticles [22,23], to
the best of our knowledge, there have been few attempts
employing the PL quenching of QDs by GNPs for
studying an immunoassay in aqueous solutions [24,25].

Herein we reported a novel immunoassay based on
the modulation in FRET efficiency between QDs and
GNPs in the presence of the HBsAg which sandwiched
the interactions between QD- and GNPs-conjugated
biomolecules. The antigen HBsAg was chose to prove the
novel immunoassay method as a typical example.

2. Experimental

2.1 Materials and reagents

Bovine serum albumin (BSA), ethyl-3-(dimethyl-
aminopropyl) carbodiimide(EDC), hydrogen tetra-
chloroaurate(III) trihydrate (HAuCl,) and trisodium
citrate were purchased from Shanghai Chemical Reagent
Corporation (China). Hepatitis B Surface Antigen, anti-
HBsAg monoclonal antibodies (M701077, MADb2), anti-
HBsAg monoclonal antibodies(M701079, MAbl) were
purchased from Fitzgerald Industries International, Inc.
Water soluble carboxyl modified quantum dots of CdTe
(QDs) were prepared by our laboratory [26]. All other
chemicals were of analytical grade.

2.2 QDs-MADb1 conjugate preparation

The COOH-functionalized CdTe nanoparticles (QDs)
were conjugated to anti-HBsAg monoclonal antibodies
(MAD!) with the cross-linking reagent ethyl-3-(dimethyl-
aminopropyl) carbodiimide. Briefly, 100 pL of QDs (4
mg/mL) was incubated with 200 uL of MAb1 (2.2 mg/mL
in distilled water) and 9 mg of EDC. The incubation was
carried out for 3 h with shaking at room temperature. The
excess proteins were removed by centrifugation (12000
1p, 20 min) and repeated 3 times. The purified conjugates
were stored in PBS at 4 °C.
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2.3 GNPs preparation

GNPs were synthesized by reduction of HAuCl,
solution by trisodium citrate [27]. In brief, a 100 mL
HAuCI, solution was prepared in a round bottom flask. To
this vigorously stirred solution, 2 mL of freshly prepared
1% trisodium citrate solution was added when the
HAuCl, solution was boiled. Stirring and heating was
allowed to proceed for 5 min. after the color change to
red occurred. Then the colloidal gold was stirred until the
solution cooled off to room temperature.

2.4 GNPs-MADb2 conjugate preparation

The GNPs were conjugated to anti-HBsAg monoclonal
antibodies (MADb2). 200 uL of MAb2 (1 mg/mL) was
added to 5 mL of pH-adjusted colloidal Au suspension
(pH 8.5~9.0 adjusted with 0.1 M K,CO,), followed by
incubation for 2 h at room temperature. The conjugate
was centrifuged at 9000 rpm for 10 min, and the soft
sediment was resuspended in PBS (5% BSA, pH 7.4) this
step was repeated 3 times to removed the excess MAD2.
The GNPs labeled MADb2 (GNPs-MADb2) were obtained
and stored in PBS at 4 °C.

2.5 Detection of HBsAg

The methodology of HBsAg detection by the novel
immunoassay is shown in Fig. 1. QDs-MAb1 and GNPs-
MAD?2 probes were used in this method. After the immuno
reaction, the sandwich-type immunocomplex was formed.
The procedure is described as follows: 0.05 mL of QDs-
MADI probes and 0.05 mL of GNPs-MADb2 probes were
reacted simultaneously with 0.1 mL of HBsAg standard
samples (the different concentrations of HBsAg were
0, 0.5, 1.5, 5, 15, 50, and 120 ng/mL, respectively) for
30 min in the polystyrene tubes. Then the fluorescence
quenching signal was measured by a Perkin-Elmer LS-
55 spectrofluorometer immediately. The excitation
wavelength was at 430 nm, and the emission spectra
were recorded from 450 to 700 nm. The excitation and
emission slit widths were set to 10 nm. Samples were put
in 1 cm path length quartz cuvettes. The quenching signal
at 570 nm was proportional to the amount of HBsAg
present in the samples.

3. Results and discussions
3.1 Characterization of QDs-MAb1

The fluorescent intensity of QDs before and after
binding with MAb1 was detected by a PerkinElmer LS
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Fig. 1 Schematics of the QDs-GNPs fluorescence quenching immunoassay
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Fig. 2 Fluorescence spectra of CdTe solution before (1) and after (2)
labeling with MADbI.

55 spectrofluorometer, the excitation wavelength of QDs
was at 430 nm, and the emission spectra were recorded
from 450 to 700 nm as shown in Fig. 2. The emission
maximum was at 569 nm for the QDs and after binding
with MAbl was at 582 nm, the peaks moved 13 nm.
While the emission spectrum of QDs-MADbI1 solution
showed a red-shift in the emission peak, the intrinsic
emission band width was unchanged. It was proved
that the shift of the emission peak was the result of the
conjugation between QDs and MADbI1. Furthermore, it
was also proved that the QDs-MAbI composite wasn’t
agglomerated and had good dispersivity.

3.2 Characterization of GNPs

The properties of GNPs after binding with MAb2 was
detected by UV-vis spectroscopy analysis as shown in Fig.
3, the maximal absorbance (A,,,) was at 522 nm for the
GNPs and after binding with MAb2, A, values shifted to
longer wavelength at 536 nm. The UV-vis spectra proved
the conjugation between GNPs and proteins.
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Fig. 4 (a) Effect of GNPs-MAD2 probes on the fluorescence spectra of
FITC. HBsAg concentration increased from top to bottom: 0, 0.5, 1.5, 5,
15, 50, and 120 ng/mL, and the solid line was the control of QDs-MAb]
without GNPs-MAb2 probes. (b) Plots of the fluorescence intensity at
570nm when HBsAg concentration increased.
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Fig. 3 UV-vis spectra of GNPs samples: (1) GNPs; (2) GNPs-MAb2

3.3 Detection of HBsAg

The principle of the novel immunoassay based on
the PL quenching of QDs by GNPs was described
in Fig. 1. To examine whether FRET between QDs-
MADbI and GNPs-MAD?2 is specific and applicable to
the immunoassay, we monitored the changes in the PL
spectra of reaction liquids at different concentration of
HBsAg by using a photoluminescence spectrometer as
shown in Fig. 4. The fluorescence intensity of reaction
liquids was quenched over 50% (Fig. 4a) and decreased
gradually at 570 nm as the concentration of HBsAg
increased from 0 to 120 ng/mL (Fig. 4b). On the other
hand, when the QDs-MADbI1 were replaced by QDs, the
fluorescence intensity of QDs was quenched about 20%
and the quenching percentage was almost unchanged
during the concentration of HBsAg increased from 0 to
120 ng/mL as shown in Fig. 5. It was evident that FRET
occurs when QDs and GNPs are within a short distance
by specific interaction between QDs-MAb1 and GNPs-
MADb2 with HBsAg (antigen), which induces an efficient
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Fig. 5 The plot of GNPs-MAb2 probes quenching QDs at different
concentrations of HBsAg (F: fluorescence intensity of QDs with the
presence of GNPs-MAD2; FO: fluorescence intensity of QDs without the
presence of GNPs-MAb2)
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energy transfer from the donor (QDs-MAb1) to the
acceptor (GNPs-MAb2).

On the basis of the above results, we attempted an
assay for HBsAg as a model protein. After the immuno
reaction, the sandwich-type immunocomplex of the QDs-
MAbI1 and GNPs-MAb2 was increased as the concen-
tration of HBsAg increased. Fig. 4a represents that
FRET happened between CdTe nanocrystals and gold
nanoparticles in the course of immunoreaction. The PL
intensity at 570 nm is negative linear proportional to
HBsAg concentration logarithm (Fig. 4b). The limit of
detection was about 0.928 ng/mL under our experimental
condition, which was calculated by the interpolation of
the mean plus two standard deviations of 10 replicates of
the zero standards.

4. Conclusions

Water soluble quantum dots such as CdSe, CdTe nano-
crystals, etc. have been being explored application
in biological analysis and cell imaging. Herein we
investigated a new FRET immunoassay based on GNPs
and QDs. The energy of quantum dots was transferred to
gold nanoparticles as they were within a short distance by
the sandwich-type immuno reactions. We have demon-
strated that FRET between QDs and GNPs can be used
for determination of the antigen and the whole procedure
was very simple. Herein we attempted an assay for
HBsAg as a model protein; the assay is general for the
detection of the target molecules with known matched
antibodies. Therefore, the new method could be used
widely in immunoassays.
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