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Abstract

The mouse immunoglobulin G (mouse IgG) as a kind of bio-molecule was labeled with two different luminescent colloidal semiconductor
quantum dots (QDs), green-emitting CdTe quantum dots and red-emitting CdTe quantum dots in this work. As a result of the fluorescence res-
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onance energy transfer (FRET) between the two different sizes nanoparticles with mouse IgG as the binding bridge, a significant en
of the emission of the red-emitting CdTe quantum dots and the corresponding quenching of the emission of green-emitting CdTe
dots were observed. The relationship between the concentration of the mouse immunoglobulin G and the fluorescence intensity ratIa/Id) of
acceptors and donors was studied also. Under optimal conditions, the calibration graph is linear over the range of 0.1–20.0 mg/L m
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The quantitative determination of protein is very impor-
tant and essential in clinical medicine, biochemistry and
laboratory practice. But the conventional methods have some
limitation in terms of sensitivity, selectivity, stability and
simplicity, such as the Lowry assay[1], the Bradford method
[2], the bromophenol blue[3,4] and bromocresol green
procedures[5]. In recent years, several groups have shown
that surface ligands can be used to attach various biological
molecules to form QD-bioconjugates[6–13]. As an alter-
native to conventional fluorophores, QDs offer a number of
attractive features, including high photo-bleaching threshold,
good chemical stability, relatively narrow and symmetric
luminescence bands, readily tunable spectral properties
and a relatively large detectable optical signal. These QDs
can be detected at concentrations comparable to the best
conventional organic dyes by conventional fluorescence
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spectrometers, and individual bioconjugated QDs are obs
able by confocal microscopy[8]. These properties combine
make these materials attractive for labeling with functio
biomolecules for fluorescent tagging applications. Colloi
QDs are approximately spherical nanocrystals with surfa
that can be derived with a variety of functional cappi
groups (surface ligands), allowing their dispersion in a ra
of solvents, including aqueous environments[6–8,13]. The
surface ligands can be used to attach biomolecules to f
QD-bioconjugates. The water-compatible CdTe QDs hav
carboxylic acid terminal groups linked with biomolecu
for QD-bioconjugate formation where conjugation
driven by electrostatic self-assembly have been elabor
[6–8].

Fluorescence resonance energy transfer (FRET) oc
when the electronic excitation energy of a donor ch
mophore is transferred to an acceptor molecule nea
via a through-space dipole–dipole interaction between
donor–acceptor pair[14–18]. The FRET process is mo
efficient when there is an appreciable overlap between
emission spectrum of the donor and the absorption spec
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of the acceptor[15–18]. 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[19].
Compared with conventional chemical analysis, FRET-based
analytical method has higher sensitivity and more simplicity
in detection of ligand–receptor binding by observing merely
the enhanced fluorescence of the acceptor.

FRET-based studies involving pairs of organic dye
molecules as the donor–acceptor complexes are often lim-
ited by cross-talk caused by spectral overlap of the donor
and acceptor emission. Several recent reports have confirmed
that QDs, such as CdSe and CdTe, are able to participate
in resonance energy transfer processes analogous to FRET,
which overcome some of the limitations associated with
conventional organic dye molecules in FRET-based stud-
ies of biomolecules with their features as mentioned before
[12,18–21].

Our recent work has focused on fluorescence quench-
ing effects in QDs(G)/immunoglobulin G/QDs(R) assemblies
where the immunoglobulin G had been labeled with QDs of
two different sizes. Results got with solution phase showed
that the excited-state dipole–dipole coupling between QDs
of different sizes results in an excitation energy transfer
from QDs of smaller diameters (green-emitting) to those
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%), tellurium powder (∼200 mesh, 99.8%), CdCl2 (99+ %),
NaBH4 (99%) were purchased from Aldrich Chemical Co.
Mouse immunoglobulin G (mouse-IgG, 10 mg) was pur-
chased from Beijing Dingguo Biotechnology Ltd., China,
and used without further purification. The antigen powder
was dissolved in a 2 mmol/L phosphate buffered saline so-
lution (PBS, pH 7.3) to obtain 1 mg/mL solution and stored
at 0–4◦C, dilute only prior to immediate use. Water used
throughout was doubly distilled water (>18 M�cm).

2.3. Preparation of water-compatible CdTe quantum
dots

Stable water-compatible CdTe quantum dots were pre-
pared by deriving nanocrystal surfaces with MPA as de-
scribed in previous papers[22,23]. In brief, sodium hydro-
gen telluride (NaHTe) was produced in an aqueous solution
by reaction of sodium borohydride (NaBH4) with tellurium
powder at a molar ratio of 2:1 at first. Later, freshly synthe-
sized oxygen-free NaHTe solution was mixed with nitrogen-
saturated 1.25× 10−3 mol/L CdCl2 aqueous solution at pH
11.4, with MPA as a stabilizing agent. The molar ratio of
Cd2+:MPA:HTe− was fixed at 1:2.4:0.5. The resulting mix-
ture was then subjected to refluxing to control the size of the
CdTe nanocrystals. Finally the QDs of different sizes were
s tely.
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ith larger diameters (red-emitting), i.e., fluorescence
nance energy transfer. The FRET process between
Ds of two sizes was confirmed by the changes of their s

ra. The FRET efficiency (E) and the Stern–Volmer que
onstant (Ksv) were calculated. Moreover, the influences

onic strength, pH and the varying concentration of mouse
unoglobulin G on the FRET process were studied in s
etail. Specifically, we employ one size of QDs linked w
nother size of QDs-labeled biological receptors that u
onor–acceptor energy transfer between QDs for condu
ecognition-based assays.

. Experimental

.1. Instrumentation

Fluorescence experiments were performed on a Shim
F-5301 PC spectrofluorophotometer. UV–vis absorp
pectra were obtained using a Varian GBC Cintra 10e UV
pectrometer. In either experiment a 1 cm path length q
uvette was used to measure the absorption or fluores
pectrum. All optical measurements were carried out at r
emperature under ambient conditions. All pH measurem
ere made with a PHS-3C pH meter (Hangzhou, China

.2. Chemicals and materials

All chemicals used were of analytical reagent grade w
ut further purification. 3-Mercaptopropyl acid (MPA) (9
ynthesized under different refluxing conditions separa
he final nanocrystal dispersions are stable in basic aqu
olutions (pH > 6). As the quantity of Cd2+ was excessiv
from the molar ratio of Cd2+ and HTe-) in reaction mixture
he concentration of CdTe QDs was calculated through
uantity of HTe-. A luminescence quantum yield of∼25%
as measured for the CdTe nanoparticles at room tem
ture by comparing with the fluorescence emission of R
amine 6G[24]. Two different QDs with emission maximu
t 535 nm (green-emitting), 590 nm (red-emitting), res

ively, were used in the present study (Fig. 1)

ig. 1. Normalized absorption and emission spectra obtained from sol
f CdTe QDs(G) (solid) and QDs(R) (dashed). Solutions were prepared
mmol/L PBS buffer (pH 7.3).
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2.4. Bioconjugation of QDs with immunoglobulin G

Bioconjugation of immunoglobulin G with two sizes of
MPA capped CdTe QDs was carried out by mixing the mouse
immunoglobulin G (IgG) and QDs(G) (smaller diameters,
green-emitting) in 1 ml of 2 mmol/L PBS buffer solution
(pH 7.3) and then incubated for approximately 1 h at room
temperature first. Then the QDs(R) (larger diameters, red-
emitting) were added to the complex. The resulting solution
contained stable QDs(G)-IgG-QDs(R) conjugation without
obvious aggregates was ready for assay. The emission spec-
tra of the bioconjugate solutions were measured by using
a RF-5301 PC fluorometer with excitation wavelength at
342 nm.

3. Results and discussion

3.1. Fluorescence and absorption spectra

The absorption and emission spectra obtained from two
sizes of free CdTe quantum dots QDs(G) and QDs(R) in PBS
buffer solution (pH 7.3) were shown inFig. 1. The right QDs
sizes were chosen in order to maximize the spectral overlap
of the donor–acceptor emission and absorption spectra while
still maintaining good spectral resolution of the donor and
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Fig. 2. Fluorescence spectra of QDs(G) labeled mouse IgG (a), QDs(R) la-
beled mouse IgG (b) and QDs(G)–mouse IgG–QDs(R) (c). Excitation wave-
length is 342 nm.

vious findings that the interaction between proteins and QDs
is charge–charge electrostatic attraction[8].

Considering that when the pH value of the PBS buffer so-
lution was lower than 6.5, the QDs can be unstable in the
aqueous environment and the protein was prone to denatu-
ralization when the pH value was too high. Therefore, a pH
of 7.3 was chosen in this study.

3.2.2. Effect of the ionic strength
It is well-known that the conjugation via electrostatic

interaction is not stable enough and can be easily affected by
ambient conditions, not only pH value but also ionic strength
[25]. In above-mentioned studies, the analysis was carried out
in a low concentration PBS buffer solution (2 mmol/L) with
low ionic strength. To examine the influence of higher ionic
strength on the interaction between QDs and immunoglob-
ulin G, the fluorescence spectra of and QDs(G)–IgG–QDs(R)

F nten-
s
s

cceptor emission. The maximal emission peak of the QD(G)
s at 535 nm, while that of the QDs(R) is at 590 nm. So the
s appreciable overlap between the emission spectrum
Ds(G) (donor) and the absorption spectrum of the QD(R)

acceptor).

.2. Fluorescence spectra of QDs(G)–IgG–QDs(R)

ystem

The fluorescence spectra change obviously when Q(R)
onjugate with mouse immunoglobulin G which has b
abeled with QDs(G), as shown inFig. 2.

The effect of buffer pH and ionic strength on the conju
ion between CdTe quantum dots and mouse immunoglo

were investigated, respectively.

.2.1. Effect of the buffer pH
The effect of the buffer pH on the fluorescence spe

f the QDs(G)–IgG–QDs(R) system was studied. The fl
rescence intensity of QDs(G) at 535 nm increased grad
lly along with the increasing of pH value from 6.0 to
seeFig. 3). After that, the fluorescence intensity decrea
lowly. The same tendency can also be seen for the flu
ence intensity of QDs(R) at 590 nm which increases with t

ncreasing of pH value from 6.5 to 7.5, though the increa
xtent of fluorescence intensity of QDs(R) is less than that o
Ds(G). It indicated that the pH has influence on the ene

ransfer between QDs(G) and QDs(R) to some extent. Wh
s more, it can also influence the interaction between QD(G)
nd immunoglobulin G. This result is consistent with the
ig. 3. The effect of the buffer pH value on the related fluorescence i
ity of QDs(G) (square) and QDs(R) (circle) in QDs(G)–mouse IgG–QDs(R)

ystem.
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Fig. 4. The effect of ionic strength on the relative fluorescence intensity
of QDs(G) (square) and QDs(R) (circle) in QDs(G)–mouse IgG–QDs(R) sys-
tem. A series of different volume of 0.5 mol/L NaCl solutions are added to
the sample of CdTe and CdTe-ATR conjugates. Each salt concentration is
calculated according to the resulting solution.

solution were recorded as a function of increased NaCl
concentration. It indicated that the ionic strength has a great
effect on the binding in QDs(G)–IgG–QDs(R) system. The
fluorescence intensity at 535 and 590 nm were all decreased
gradually along with the increasing of ionic strength (see
Fig. 4), whereas the fluorescence intensity of free CdTe
QDs shows no change upon salt addition as proved in our
previous paper[26]. This phenomenon is a result of the
counter-ion screening effect, which reduces the binding
affinity of QDs to immunoglobulin. It was also confirmed
that interaction between the QDs and protein is electrostatic
binding.

3.3. Energy transfer between two sizes of CdTe QDs

In this work, the change of fluorescence spectra of
QDs(G)–IgG–QDs(R) solutions with gradually increasing
quantity of QDs(R) to a fixed amount of QDs(G)–IgG was stud-
ied. To see the change of the spectra clearly, the fluorescence
intensities of QDs(G)–IgG–QDs(R) solutions at 590 nm were
obtained by extracting (obtained by fitting the region of the
QDs(R) emission to a pure QDs(R) spectrum and then subtract-
ing the fitted spectrum from the entire QDs(G)–IgG–QDs(R)
spectrum) the QDs(R) fluorescence spectrum from each spec-
trum and correcting for background and direct QDs(R) exci-
t nt of
Q ond-
i e
o ulin
G
c
c
Q ively
c otein
[

Fig. 5. Fluorescence emission spectra from solutions containing
0.05 mmol/L QDs(G), 4.0 mg/L mouse IgG and different concentration
of QDs(R) solutions: (a) 0 mmol/L; (b) 0.025 mmol/l; (c) 0.05 mmol/L;
(d) 0.1 mmol/L; (e) 0.125 mmol/L; (f) 0.187 mmol/L. All solutions were
prepared in 2 mmol/L PBS buffer (pH 7.3). An excitation wavelength
of 342 nm was used for all samples. The enhanced QDs(R) fluorescence
intensity at 590 nm from the QDs(G)–immunoglobulin–QDs(R) solutions as
a function of QDs(R) concentration were obtained by extracting the QDs(R)

fluorescence spectrum from each spectrum and correcting for background
and direct QDs(R) excitation as described in the text.

Quenching processes can be quantitatively described by
the Stern–Volmer equation:

I0

I
= 1 + Ksv [acceptor] (1)

whereI is the integrated fluorescence intensity of the donor in
the presence of the acceptor andI0 the integrated fluorescence
intensity of the donor in the absence of the acceptor[27]. Ksv
is Stern–Volmer quenching constant. The FRET efficiency
can be measured experimentally and is commonly defined as

E = 1 − I

I0
(2)

The relation between energy transfer efficiency and the dis-
tance between the donor–acceptor pair is expressed as:

E = R6
0

R6
0 + R6

(3)

whereR0 is the donor–acceptor distance at 50% energy trans-
fer efficiency[28].

Fig. 5shows that the QD(G) fluorescence intensity reduced
rapidly with the increasing of QDs(R) concentration. In the
range of (0–1.25)× 10−4 mol/L QDs(R), I0/I increased lin-
early with the concentration of the QDs(R). By fitting the data
with the Stern–Volmer equation, the Stern–Volmer constant
w 3

con-
c
c
c -
t y of
ation (seeFig. 5). As expected, a significant enhanceme
Ds(R) fluorescence intensity at 590 nm and the corresp

ng quenching of the green emission of QDs(G) at 535 nm ar
bserved after the conjugation with mouse immunoglob

as the bridge. The enhancement in the QDs(R) fluores-
ence observed for the QDs(G)–IgG–QDs(R) solutions indi-
ates that a FRET process occurs between CdTe QDs(G) and
Ds(R) due to the electrostatic attraction between negat

harged CdTe quantum dots and positively charged pr
8].
as found to be 5.2× 10 L/mol.
The FRET efficiency can also be measured when the

entration of QDs(R) was changed in the QDs(G)–IgG–QDs(R)
onjugation. When the concentration of QDs(R) ex-
eeded 1.87× 10−1 mmol/L, the QDs(G) fluorescence in
ensity did not change anymore. The FRET efficienc
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QDs(G)–IgG–QDs(R) conjugation can reach to 40.59%. The
R0 for the QDs(G)–IgG–QDs(R) donor–acceptor pair based
on spectral overlap is 6.48 nm, by fitting the data with Eq.
(3), the distance between the donor–acceptor was found to
be 6.90 nm. These results confirm also that a FRET process
occurs between QDs(G) donors and the QDs(R) acceptors.

To determine the binding ratio of both QDs with IgG,
the concentrations of QDs and IgG in the reaction mixture
were determined by the related UV–vis absorption signals of
the CdTe QDs and IgG. At this time, we are unable to de-
termine the exact stoichiometry of the QDs(G)–IgG–QDs(R)
complexes formed. A rough calculation of the average num-
ber of IgG present per QD was estimated to be about 1–2.
Unlike the case of QD-DNA conjugates[29], the attachment
of a greater number of IgG units to CdTe did not occur, most
likely due to the steric hindrances related to the difficulty with
the accommodation of bulky protein units around relatively
small QDs (2–3 nm).

As the concentrations of QDs(G) and QDs(R) were
fixed, the relation between the concentration of mouse im-
munoglobulin G and the fluorescence intensity ratio of
Iacceptor/Idonor were also studied under the optimal con-
ditions in this work. The results were shown inFig. 6.
The insert displays the fluorescence intensity ratio of
590–535 nm as a function of the concentration of mouse
immunoglobulin G. It can be seen that theI /I

increases linearly with the concentration of mouse im-
munoglobulin G. The linear regression equation is as follows:
Iacceptor/Idonor= 0.476 + 0.0237Cmouse-IgG(�g/mL). The co-
efficients of correlation is above 0.999 (n= 4). The detection
limits of analytical processes based on FRET to the mouse
immunoglobulin G can be as low as 0.042 mg/L. And the lin-
ear dynamic range of mouse IgG is 0.1–20.0 mg/L. From the
dynamic ranges and detection limits for IgG, it is very clear
that this method is sensitive.

3.4. Effect of papain on the FRET process

Further evidence for the conjugation of QDs and IgG is
provided by studying the influence of papain on the FRET
process of QDs(G)–papain–QDs(R) bioconjugate system.
Papain, a nonspecific protease, can digest of mouse IgG
antibody (by cleaving mAb preferentially in the hinge
region)[30]. In this work, papain solution was added to the
bioconjugate solution, the results were showed inFig. 7. It
can be seen that, with the addition of papain, the fluorescence
emission intensity of green-emitting QDs increases, and that
of red-emitting QDs decreases synchronously. The FRET
process of the bioconjugation system of IgG with two sizes
CdTe QDs was prohibited. With the addition of papain, the
quantity of mouse IgG bound to QDs reduced, which pro-
h reen

F
4
o

acceptor donor
ig. 6. Fluorescence emission spectra at a series of different concentration
mg/L; (c) 6 mg/L; (d) 8 mg/L; (e) 10 mg/L mouse IgG. The insert displays th
f mouse immunoglobulin G.
ibits the FRET process. As a result, an increase of the g
of mouse IgG labeled with same quantity of QDs(G) and QDs(R): (a) 2 mg/L; (b)
e fluorescence intensity ratio of 590–535 nm as a function of the concentration
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Fig. 7. Fluorescence spectra of the QDs(G)–IgG–QDs(R) bioconjugate sys-
tem without papain (solid) and with papain (dashed).

emission peak of QDs is observed again, while the red emis-
sion peak intensity decreases. This phenomenon can also
prove that the dots are actually intimately associated with the
IgG.

4. Conclusions

In summary, we have shown a FRET process between QDs
of different sizes with the mouse immunoglobulin G as the
binding bridge which results in an enhancement of fluores-
cence of the QDs(R) and a decline of that of the QDs(G). The
two sizes of QDs can be used as probes for sensitive deter-
mination of protein with the advantage of simplicity, rapidity
and practicability. We believe that with the further studies in
this field, the donor–acceptor pair of QDs will be found more
utilities and features in design of assays of antibody–antigen
binding, DNA hybridization, and enzyme–substrate interac-
tion, etc.
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