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a b s t r a c t

Quantum dots (QDs) are widely used in the immune detection. Yet, the sensitivity and specificity of the
immune detection are not satisfactory because the binding sites of QDs onto antibody (Ab) are often arbi-
trary and the influence of the large surface electronic potential energy of QDs on the directly conjugated
Ab is nonnegligible. In this work, we provide a “flexible” coupling method, in which protein G (PG) is
selected as the flexible bridge between the QDs and the Hepatitis B virus surface antibody (HBsAb), to
improve the sensitivity and specificity of the fluoroimmunoassay compared to the directly covalent con-
jugation. Successful coupling of the HBsAb to our highly luminescent CdTe/CdS core/shell QDs is proven
rotein G
lexible coupling

with Gel electrophoresis and atomic force microscopy (AFM). The assay results, based on the microelisa
well plate as matrix to immobilize the sandwich structure, show that both sensitivity and specificity can

ugh t
luorescent immune detection
pecificity

be improved greatly thro

. Introduction

Quantum dots (QDs) hold immense promise for optoelectronical
nd biological/biomedical applications due to their unique optical
roperties, such as size-tunable photoluminescence (PL), high PL
uantum yields (QY), narrow emission line width, broad absorption
rofile, superior photostability, and flexible solution-processing
1–3]. Compared to organic fluorophores, the QDs also have high
esistance to chemical degradation and photodegradation [4]. The
umber of publications on applications of QDs in bio-labeling and
io-detection has increased enormously during the recent years
3,5–12]. Attempt of in vivo applications, e.g., cell-imaging with the
lutathione capped CdTe QDs has been reported [7]. In the mean
ime, focus has been given on in vitro applications based on the tox-
city concern of the QDs. Mattoussi’s group reported the detection

f pathogens by using the conjugates of dihydrolipoic acid capped
dSe/ZnS QDs and the recombinant maltose binding protein [8,9].
eng et al. improved the sensitivity of pathogens detection to be
s low as 5 ng/ml via CdSe/ZnS dendron QDs and a porous mem-
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he flexible coupled QDs–PG–Ab conjugates.
© 2009 Published by Elsevier B.V.

brane immunofilter [10]. In spite of these efforts, the large surface
electronic potential energy and the resulting influence of the QDs
on the antibody (Ab) are still large, which will ultimately reduce
the immunoreactivity and increase the nonspecific binding of the
labeled antibody. This disadvantage will be reduced by applying
“flexible” coupling where a proper soft bridge is built up provid-
ing a single coupled site to the Ab and the single site linkage can
minimize the orientation alteration of the Ab, thus maintaining its
native immunoreactivity.

The biotin–avidin system (BAS) has been widely applied in the
bio-conjugation of QDs and proteins as a “bridge” [4,8]. However,
this requires the antibody (or antigen) to be conjugated to biotin
molecules, the non-epitaxial conjugation will finally sacrifice the
sensitivity and specificity of the bio-detection. It is well known
that the Fab fragments of the antibody contain the antigen binding
regions. And protein G (PG) is an immunoglobulin-binding protein
expressed in group C and G streptococcal bacteria. It is a cell sur-
face protein that has found application in purifying or coupling
antibodies because the ˇ2 domain of PG can bind strongly with

the Fc fragment of the antibody [9]. The fluorescent labels can
thus be connected to the antibodies through protein G – a “flex-
ible bridge” – without occupying the Fab domain and influencing
the bio-specificity of the Ab. Early in 2002, Mattoussi et al. reported
the detection of explosive 2,4,6-trinitrotoluene with conjugates of

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:xgkong14@ciomp.ac.cn
mailto:h.zhang@uva.nl
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Ds and a specific antibody using PG as a bridge [13], however,
hey did not give a systematical discussion and manifestation on
he high-specificity of the fluoroimmunoassay. In this work, flexi-
le conjugation is realized by covalently coupling carboxylic highly

uminescent aqueous CdTe/CdS core/shell QDs with PG to form a
Ds–PG complex which is then bounded to the antibodies. The
ffect on the specificity and sensitivity of detection based on the
andwich structure is studied with choosing microelisa well plate
s the matrix for antibody immobilization. As far as virus is con-
erned we have chosen Hepatitis B virus (HBV)—known to be one
f the leading causes of death worldwide [14]. In our experiments,
epatitis B surface antigen (HBsAg) are detected with much lower
etect limitation and non-specificity when the flexible coupling is
ealized of the HBsAb with highly luminescent CdTe/CdS QDs.

. Experimental

.1. Materials

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ide (EDC) (99%), sulfo-N-hydroxysulfosuccunimide (sulfo-NHS)
98.5%), aminopropyltriethoxysilane (APTES) (98%) and glutaralde-
yde (Glu) were purchased from Aldrich. Protein G, HBsAb, HBsAg,
ovine serum albumin (BSA) and the microelisa well plate were
ll subscribed from Beijing DingGuo Biotechnology co. Ltd. All the
eagents were used without further purification. Deionized water
as purified through Milli-Q water purification system and the

esistivity was 18.2 M� cm.

.2. Apparatus

Ultraviolet–visible (UV–vis) absorption and fluorescence spec-
ra were measured at room temperature (RT) by a UV-3101
pectrophotometer and a Hitachi F-4500 fluorescence spectroflu-
rimeter, respectively. Unless claimed otherwise, the excitation
avelength was set to 350 nm and the excitation and emission

plits are 5 nm. The QY of nanocrystal solutions was determined
sing Rhodamine 6G in ethanol as a standard. The sizes and con-
entration of CdTe QDs were calculated based on the wavelength
f the first excitonic absorption peak [15]. The photo-irradiation
xperiments were performed under ambient condition and irra-
iation from a 365 nm ultraviolet lamp at certain time intervals.
he samples were prepared by the 1:200 dilution of a stock solu-
ion.

.3. Synthesis of highly luminescent CdTe/CdS core/shell QDs

CdTe/CdS core/shell QDs were prepared according to our previ-
us publication [16]. The CdTe QDs were capped with 2 monolayers
ML) of CdS shell with a 530 nm emission and QY of 40%. The aver-
ge size of the aqueous core–shell QDs was calculated to be only

bout 3 nm, which successfully discards the drawback of the large
ize (12–20 nm) water-soluble QDs after the multilayer coating,
.g., phospholipids [17], silica [2,18], or polymer [19,20], etc. This
s because that the small dimension would dramatically improve
he biological labeling and detection efficiency.

Scheme 2. Flexible coupling of CdTe/CdS QD
Scheme 1. Covalent conjugation of CdTe/CdS QDs and HBsAb.

2.4. Conjugation of antibody onto CdTe/CdS QDs

The HBsAb was conjugated to the CdTe/CdS QDs classically by
using EDC and sulfo-NHS (S-NHS) as crossing-linking reagent [10].
The schematic route of the conjugation is shown in Scheme 1.
Firstly, 0.1 ml of QDs (60 �M) was mixed with 10 �l of EDC and
sulfo-NHS in phosphate buffer saline (PBS, pH 7.4) with the molar
ratio of 1:100:200. After 30 min of magnetic stirring, 3 nmol HBsAb
was added into the reacted bottle and stirred at room tempera-
ture for another 2 h. In this way, the amide linkage can be formed
through the amino of the Ab and the active carboxyl of QDs. In order
to remove the excess small molecules, e.g., EDC and sulfo-NHS,
the resulting samples were centrifuged in Microcon Centrifugal Fil-
ter Devices (50,000 Nominal Molecule Weight Limit). Afterwards,
the product was purified by sephadex-150 filtration column chro-
matography. The conjugation of Ab and QDs was confirmed by the
agarose gel (0.8%) electrophoresis technique.

2.5. Flexible conjugation of antibodies onto CdTe/CdS QDs

The HBsAb was conjugated with QDs flexibly by using protein
G as a bridge. Firstly, the PG was covalently linked with QDs by an
EDC-mediated coupling reaction as described above. Then the com-
plex was purified by centrifugation in Microcon Centrifugal Filter
Devices (50,000 Nominal Molecule Weight Limit). Afterwards, the
HBsAb was added into the QDs–PG PBS solutions with equal molar
ratio under stirring for 2 h. Because the ˇ2 domain of protein G can
bind with the Fc domain of the Ab specially, the Ab can be oriented
as shown in Scheme 2. The product was then purified by sephadex-
150 filtration column chromatography to separate the by-products
and the excessive QDs. The conjugation of Ab and QDs was also
confirmed by the agarose gel (0.8%) electrophoresis technique.

2.6. Fluorescent immune detection

As depicted in Scheme 3, firstly, 200 �l designed amount of mon-
oclonal HBsAb was planted into the transparent microelisa well

plate and incubated at 4 ◦C for about 16 h. Then, the solution was
discarded away and 200 �l 5% (w/v) nonfat powdered milk in PBS
was added into the well to block the plates. After 2 h of blocking time
at RT, the nonfat dried milk solutions were also discarded and the
wells were rinsed with PBS for 3 times. Afterwards, 200 �l series of

s and HBsAb by using PG as a bridge.
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Scheme 3. Immune microelisa well plate detection route of HBsAg b

ilutions of HBsAg solutions were dropped into the well for about
wo hours’ specific adsorption reaction and then the solutions were
emoved again and rinsed with PBS for 3 times. Control well was
lways included in which no HBsAg was added to capture the Ab
dsorbed on the walls of the wells. At last, the designed concen-
ration of QDs labeled HBsAb was added into the well and reacted
pecifically with HBsAg for 2 h. The solutions were taken out for
dditional PL measurement to obtain the detection curves.

.7. AFM measurement

The atomic force microscopy (AFM) (Veeco Instrument, DI-3100)
as measured via immobilizing the QDs labeled Ab covalently onto

he silicon slice to evaluate the flexible coupling. Tapping mode
ilicon probe with spring constants of ∼180 N/m and resonance
requencies of ∼1 kHz was used. Prior to silanization, the silicon
lice surface was pre-cleaned by treatment in HCl:CH3OH = 1:1
olution, followed by strong vitriol for 30 min and being boiled
or 10 min, then extensive rinsing with deionized water, and were
tored in 25% ethanol. Chemically cleaned silicon slice surface
as reacted with an acetone solution of APTES for 90 min at RT,
ollowed by rinsing several times with acetone, and dried with
itrogen flowing and baked for 2 h at 120 ◦C in a vacuum oven.
inally, the APTES-treated silicon slice was immersed in the 10%
olution of glutaraldehyde in PBS (pH 7.4) for 2 h, followed by
insing with PBS (pH 7.4). QDs labeled Ab was immobilized on the

ig. 1. (a) Absorption and PL spectra of CdTe (solid line) and CdTe/CdS (dashed line) QD
rradiation. (b) Time-evolution of the blue-shift of the PL peak positions of diluted CdTe a
on the normal (left) and flexible (right) coupling of HBsAb and QDs.

APTES-Glu surface by incubation at 4 ◦C with an aqueous solution
overnight. The QDs labeled Ab was covalently immobilized on
this surface by an imine linkage between the aldehyde group on
surface and primary amine of the Ab. The images were obtained in
air after drying the samples in a gentle stream of nitrogen.

3. Results and discussion

The absorption and emission spectra of bare CdTe and CdTe/CdS
core/shell QDs are shown in Fig. 1a, the calculated QY of the CdTe
QDs increases from 15 to 40% after growing 2 monolayers CdS shell.
The photo-irradiation experiments of the diluted samples (0.3 �M)
were performed under ambient condition and irradiation from a
365-nm ultraviolet lamp at certain time intervals. It is reported
that the PL peak will shift to blue side with time under ultravio-
let light irradiation due to photo-oxidation reaction of the diluted
samples [21]. In our experiments, a blue-shift of 39.6 nm of the PL
spectrum of the CdTe bare core is observed after four hours’ photo-
irradiation, however, the blue-shift of the CdTe/CdS core/shell QDs
is only 2.8 nm under the same conditions (cf Fig. 1b). In fact, these
aqueous core/shell QDs are found to be stable and the optical prop-

erties of them in a sealed vial remain invariable over one year’s
storage under ambient condition. Therefore the core/shell QDs are
capable to act as the fluorescent marker in the immunoassay.

In order to purify the QDs–Ab complexes and investigate the
combination of proteins and CdTe/CdS QDs, the sephadex G-150

s. Inset shows the photo of the CdTe/CdS core/shell QDs under an ultraviolet lamp
nd CdTe/CdS samples under the photo-irradiation of a 365-nm ultraviolet lamp.
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ig. 2. The digital photos of the QDs-based AGE gel electrophoresis for probing the
roteins under the excitation of a 365-nm ultraviolet lamp. (A) Photo shows AGE
lectrophoresis of the QDs and QDs–Ab. (B) photo shows AGE electrophoresis of the
Ds and QDs–PG. (C) photo shows AGE electrophoresis of the QDs and QDs–PG–Ab.

el filtration column chromatography is employed. After collection
f first peaks, QDs–Ab and QDs–PG–Ab are collected and condensed
or the next electrophoresis and detection experiment. In general,
lectrophoretic analysis can be used to confirm the conjugation of
iomolecules to QDs [22,23]. The agarose gel electrophoresis (AGE)
echnique is applied here to further identify the bio-conjugation
f QDs and proteins. Because the COOH-QDs carry a high nega-
ive charge density, they migrate quickly through the gel matrix
nder an electric field. The mobility of the proteins in electrophore-
is is determined by the mass/charge ratio of proteins. As shown
n Fig. 2, the green luminescence bands of QDs and QDs labeled
roteins are observed under the excitation of a 365-nm ultravi-
let lamp. Because the sizes (equal to the mass/charge ratio) of
Ds–Ab, QDs–PG and QDs–PG–Ab bio-conjugates are larger than

he QDs, they all migrate more slowly than pure QDs and sepa-
ate well in 0.8% agarose gels, which strongly suggests the presence
f the corresponding conjugates. Considering that PG is a kind of
mall molecular protein than HBsAb, the electrophoretic mobility
f QDs–PG is slightly slower than that of QDs (Fig. 2B) and faster
han that of QDs–Ab (Fig. 2A). The fluorescent band of QDs–PG–Ab

igrates most slowly (Fig. 2C), which is due to the fact that the
ighest molecular-weight QDs–PG–Ab complexes have formed.
AFM is a powerful technique for studying biomolecule inter-
ctions and it provides topographic images with high resolution
24]. The AFM imaging has previously been used to characterize
he size of QDs [25]. In this work, AFM imaging is used to demon-
trate the success in flexible conjugation of the QDs to Ab based on

Fig. 3. AFM images of the complexes of QD
 (2009) 307–312

the fact that the height of the flexible coupling should be higher
compared to that of the normal covalent coupling. In order to keep
the proteins stable on the silicon surface, covalent immobilization
is a preferred method. APTES surfaces are used to immobilize the
proteins covalently, because the amido groups on their surfaces
can react with glutaraldehyde, yielding aldehyde groups that could
form an imine linkage with the primary amine groups on the surface
of the proteins. The size of a protein measured from AFM is directly
correlated to its molecule weight [26]. Hence, AFM can be used to
study the binding behavior of Ab to QDs. Fig. 3 is the AFM image
of QDs–Ab and QDs–PG–Ab bio-conjugates. Because the binding
sites of QDs onto Ab are arbitrary, the conformational dimension
of QDs–Ab complex must be tanglesome. On the contrary, the con-
formational dimension of QDs–PG–Ab complex should be uniform.
In our image, the QDs–Ab exhibits a heterogeneous and dissym-
metrical shape with the AFM height of approximately 6–8 nm,
and reversely, the QDs–PG–Ab exhibits a homogeneous and sym-
metrical shape with the AFM height of approximately 10–12 nm.
Considering that the sizes of QDs, Ab and PG are 3, 7 and 3 nm,
respectively, the result from AFM match closely with the heights of
QDs–Ab and QDs–PG–Ab with only a few nanometers less, and this
shortening can be ascribed to the fact that Ab protein molecules
on QDs surface can be compressed by the imaging process due to
forces applied to the samples [27,28]. In line with this idea, the aver-
age AFM heights of QDs–Ab and QDs–PG–Ab are a little smaller than
the estimated ones. In any case, the height of QDs–PG–Ab is obvi-
ously higher than that of QDs–Ab, which can be used to efficiently
testify the flexible coupling between QDs and Ab via PG bridges.

The fluorescent immune detection is based on the sandwich
method with bright and robust CdTe/CdS QDs as the indicator. In
order to enhance the efficiency of the immunoreaction between
Ab and Ag, shorten the detection time, and reduce the detection
limit, the flexible coupling based immunoassay is employed with
microelisa well plate as the matrix. The microelisa well plate can
provide a large surface area for protein immobilization and proper-
sized pores in the plate to force the immunoreaction between Ab
and Ag in a limited space that is small but sufficiently large for
the volume of the sample solution. In order to immobilize the Ab
sufficiently, the adsorption time of the Ab on the pores should
be enough (not less than 12 h). The detecting signal of the HBsAg
is based on measuring the subtraction between the PL intensity
of the control value of the QDs–Ab without any Ag injection and
the value of the excessive unreacted QDs–Ab on the sandwich

immunoplexes of the wells. The schematic bio-detection of HBsAg
by using the microelisa well plate is given in Scheme 3, whereas
Fig. 4 illustrate the PL spectra of the normal coupling (QDs–Ab)
and flexible coupling (QDs–PG–Ab) with different concentrations
of the HBsAg. Fig. 4C and D show the experimental results where

s–HBsAb (A) and QDs–PG–HBsAb (B).
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ig. 4. PL spectra (A and B) and the detection curves (C and D) of the PL intensity
roduct of QDs–Ab, B and D show the results based on the flexible coupling product
nd the sample (with antigen). The fitted linear equations are also shown.

he PL intensity from bound HBsAb conjugate is measured over a
ange of HBsAg concentration till 2000 ng/ml. It should be noted
hat the signal increases monotonically with the increase of the
oncentration of HBsAg until saturation is reached at ∼1000 ng/ml.
he detection limit can be defined as the lowest concentration of
etected sample that give positive value of the PL intensity differ-
nce between control (without antigen) and detected sample (with
ntigen) [4,13]. It can be clearly seen from Fig. 4 that the subtracted
L intensity is still discernable to be positive even when the concen-
ration of HBsAg is as low as 62.5 ng/ml for normal conjugation and
5.6 ng/ml for flexible conjugation, which indicates that the sensi-
ivity of detection is improved due to flexible coupling. The lower
etection limit and broad working range in the flexible situation
esult from high capturing efficiency of QDs with the microelisa
ell plate. The higher capturing efficiency is due to the flexible

oupling of QDs and Ab (as shown in Scheme 2) which enables
ufficiently mutual affinity between QDs labeled HBsAb and the
BsAg immobilized onto the pores of the well plates. On the con-

rary, the normal coupling are commonly accompanied with certain

on-efficient conjugation by occupying the specific site or influenc-

ng the bioactivity of the Ab (as shown in Scheme 1), which will
educe the ability of the recognition between the QDs labeled Ab
nd the detected Ag consequently and result in a lower detection
ensitivity.
concentration of HBsAg. A and C show the results based on the normal coupling
s–PG–Ab. C and D are the PL intensity difference between control (without antigen)

The specificity of an immunoassay system mainly depends on
the immunoreactivity of the labeled monoclonal Ab. However, due
to the larger surface electronic potential energy of the nanocrys-
tals, the property of the Ab can be easily manipulated by the
nature of the fluorescence labels. PG acts as a “flexible bridge”
for connecting the QDs with Ab to avoid the non-specific and null
combination, and thus to increase the specificity of the immunoas-
say. As is shown in Fig. 4C, detect signal shows negative value
at certain low cencentrations, which is not observed in Fig. 4D.
The negative value is mainly a consequence of the non-specific
adsorption between QDs–Ab and the blocking molecules immo-
bilized on the wall of the well. To further validate the specificity
enhancement based on the flexible coupling, a control experiment
was designed by using a 1% BSA PBS solution as the detected
sample. The results are given in Fig. 5, in which the PL inten-
sity is normalized to the value of HBsAg detection. When the
QDs–Ab is used to monitor the nonspecific binding of the BSA
molecules, a low PL intensity can be obtained, which indicates that
there is 31.5% non-specific adsorption of BSA molecules during the

detection process. Comparably, when the QDs–PG–Ab is used to
monitor the nonspecific binding of the BSA molecules, only a small
PL signal is observed under the same detection condition, which
indicates that only 2.4% non-specificity with BSA exists. Clearly
the immunoassay using the QDs–PG–HBsAb conjugate is much
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ig. 5. The normalized PL intensity on the non-specific adsorption experiments of 1%
SA solution using the normal coupled QDs–Ab product (A) and the flexible coupled
Ds–PG–Ab product (B).

ore specific for HBsAg than that using the QDs–HBsAb conju-
ate.

. Conclusions

Highly luminescent aqueous CdTe/CdS core/shell QDs are cova-
ently conjugated with HBsAb and PG by using EDC and S-NHS as
ross-linking reagents. The flexible coupling using protein G as a
ridge between the QDs and HBsAb is characterized by the gel
lectrophoresis technique and AFM measurement. The fluoroim-
unoassay based on the microlisa strip plates via the conjugates

f QDs and HBsAb is applied to detect the HBsAg. The detect lim-
tation can reach about 15.6 ng/ml and 62.5 ng/ml by using the
omplexes of QDs–PG–Ab and QDs–Ab, respectively. In addition,
he immune detection using QDs–PG–Ab conjugate shows higher
pecificity, accompanied with the higher sensitivity. Therefore, the

exible coupling by using PG as a bridge is feasible and the fluo-
escent immune detection via microelisa well plate based on the
oupling of the highly luminescent aqueous CdTe/CdS QDs and
iomolecules is also acceptable and can be applied into the future
iological diagnosis.
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