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This paper reports a single-bead immunoassay method based on the combined use of magnetic
microparticles (MMPs) for target capturing/enrichment and antibody-conjugated semiconductor
quantum dots (QDs) for fluorescence detection. In comparison with organic dyes and fluorescent
proteins, QDs exhibit unique optical properties such as size-tunable fluorescence emission (spectral
shifting), large absorption coefficients, improved brightness, and superior photostability. Magnetic
beads, composed of iron oxide nanoparticles embedded in polymeric matrices, provide a platform
for rapid capturing and enrichment of biomolecules and pathogens in dilute biological and
environmental samples. However, a major problem in using magnetic beads for fluorescence
immunoassays is that the bead’s autofluorescence strongly interferes with the target detection signal.
This spectral overlapping problem can be overcome by using semiconductor QDs as a new class of
spectral-shifting labels. By shifting the QD emission signals away from the bead autofluorescence, it
is possible to detect biomolecular antigens such as tumor necrosis factor (TNF-R) at femtomolar
(10-15 M) concentrations when the target molecules are captured and enriched on the magnetic
bead surface. This sensitivity is almost 1000 times higher that that of traditional immunoabsorbent
assays and more than 100 times higher than immunofluorescent assays using organic dyes.
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INTRODUCTION

Immunoassays using fluorophore-labeled antibodies are a
popular technique for the detection and screening of biological
molecules, cells, and pathogens (1, 2). These assays are often
carried out in a sandwich format in which two antibodies
simultaneously recognize two binding sites on the same target
molecule. This two-site sandwich method relies on a “double-
selection” process to improve both detection sensitivity and
specificity, and the target molecules do not need to be chemically
modified or derivatized. However, these promising features are
limited by the less than optimal absorption and emission
properties of traditional organic dyes such as low signal
intensity, rapid photobleaching, and broad emission spectra.
Recent advances in nanotechnology have led to a new class of
biological detection labels based on semiconductor quantum dots
(QDs) for a broad range of applications, including single-
molecule biophysics, biomolecular profiling, optical barcoding,
and in vivo imaging (3-7). Quantum dots have unique optical
and electronic properties such as size-tunable light emission,
improved signal brightness, resistance against photobleaching,
and simultaneous excitation of multiple fluorescence colors.
Surface-passivated QDs are highly stable against photobleaching
and have narrow, symmetrical emission peaks [as narrow as

14 nm full width at half-maximum (fwhm)]. It has been
estimated that CdSe QDs are about 10-100 times brighter
(depending on the particle size and quantum yields) and are
more than 1000 times more stable against photobleaching than
organic dyes. These properties have made QDs an ideal label
for ultrasensitive, multiplexed, and quantitative immunoassays
with broad applications in biological, agricultural, and food
chemistry.

Here we report the use of magnetic microbeads and fluores-
cent QDs for advanced immunochemical analysis. These
magnetic beads are composed of iron oxide nanoparticles
embedded in a polymeric matrix and are well suited for target
capturing, enrichment, and isolation (8-10). They are also being
used for isolating foodborne bacteria (11,12) and for removing
environmental toxins such as heavy metals and chemical waste
(13, 14). In particular, we have developed magnetic/optical bead-
based immunoassays to detect secreted antigens such as tumor
necrosis factorR (TNF-R). As an essential mediator of inflam-
matory and immunodefense functions, TNF-R is a polypeptide
cytokine that is produced by macrophages and other cells in
response to bacterial infection, injury, and inflammation (15,
16). Elevated levels of TNF-R have been associated with several
pathological states (15,17), whereas it is present in only trace
amounts in the serum of healthy individuals. Several food
products contain proteins (18) or contaminants (e.g., trichoth-
ecene vomitoxin in wheat and corn supplies) (19) that may
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trigger TNF-Rrelease in the host. A number of food allergens
(e.g., cow’s milk) are also known to increase the secretion level
of TNF-R (20, 21). Due to its biological significance, it is
important to develop more rapid and sensitive assays for TNF-R
detection (22,23), especially in highly dilute biological samples
for screening of potential allergens in various food products.

EXPERIMENTAL METHODS

Bioconjugation. Streptavidin-coated MMPs (2.8µm diameter, 6.7
million beads; Invitrogen Inc., Carlsbad, CA) were first washed with
a blocking solution (BlockAid, Invitrogen Inc.) and then mixed with
biotinylated monoclonal murine TNF-Rantibody (0.5 mg/mL T9160-
14d, 20µL, U.S. Biologicals Inc., Swampscott, MA) in PBS buffer
(10 mM, pH 7.4, Sigma-Aldrich, St. Louis, MO). After 30 min at room
temperature, the MMPs were purified by applying a 1.5 T magnetic
field using a permanent magnet (Sintered Neodymium Iron Boron
Magnet, MCE Magnets Inc., Torrance, CA) and were washed three
times with the PBS buffer to remove unbound antibody molecules. An
excess of free avidin (Sigma-Aldrich Inc.) was added to the purified
constructs to saturate all free biotin binding sites. For QD bioconju-
gation, 10 nM streptavidin-coated QDs with emission at 525 or 605
nm (Invitrogen Inc.) were conjugated with biotinylated monoclonal
antibody for murine TNF-R (333µM MP6-XT3, BD Pharmingen Inc.,
San Jose, CA) in PBS buffer (10 mM, pH 7.4, Sigma-Aldrich Inc.).
The antibodies were selected to ensure simultaneous binding to the
target molecule. QD probes were also incubated with excess of free
avidin molecules to saturate all free biotin sites on the antibody.

Tetramethylrhodamine and biotin-labeled dextran (Invitrogen Inc.) were
also used to test the detection limit using identical experimental
procedures.

Carboxylate-modified yellow/green FluoSpheres (F8795, excitation/
emission 505/515, 43 nm diameter, Invitrogen Inc.) were conjugated
to monoclonal murine TNF-R antibody (T9160-16A, 1 mg/mL, U.S.
Biologicals Inc.) using an aqueous-based 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC; Sigma-Aldrich) coupling
reaction (24). Specifically, 5µL of the FluoSphere stock solution was
added to 40µL of 25 mM MES buffer (pH 5.9), and the mixture was
sonicated for 15 min. Next, the EDC solution at a concentration of 5
mg/mL (20µL, 100 µg total) was added to the bead solution and was
vortexed for 15 min. Similarly, 11µL of N-hydroxysulfosuccinimide
(sulfo-NHS; Thermo-Fisher Scientific, Rockford, IL) at 14 mg/mL
concentration was added to the bead solution and was vortexed for 15
min. Thereafter, 2.5µL of TNF-R antibody at a stock concentration of
1 mg/mL was added to the solution and vortexed for 1 h. Next, 100µg
of EDC (as freshly prepared solution in MES buffer) was added, and
the solution was vortexed for 75 min (total reaction volume was 100
µL). Finally, the reaction product was filtered by using an S-400 HR
size exclusion filtration column (GE Healthcare, Piscataway, NJ) to
remove unreacted antibody molecules.

Antibody-Antigen Binding. One microliter of magnetic micro-
particle (MMP)-antibody conjugates was mixed with recombinant
murine TNF-R molecule (R&D Systems Inc., Minneapolis, MN) in
various concentrations (from 6× 10-9 to 10-17 M) in 1 mL of PBS
buffer (10 mM PBS, pH 7.4+ 0.1% BSA+ 0.02% sodium azide+
0.02% Tween 20) and was allowed to react with vigorous stirring at

Figure 1. Schematic illustration of magnetic/optical bead immunoassays. (A) Antibody-conjugated magnetic microparticles (MMPs) capture and enrich
target molecules in a dilute sample solution. After washing, the capture target molecules are detected by using bioconjugated labeling nanoparticles
(LNP) such as quantum dots in a sandwich-binding format. Single beads are analyzed by wavelength-resolved spectroscopy and fluorescence imaging
on an optical microscope. (B) Two conjugation schemes are based on non-covalent streptavidin−biotin binding and covalent carboxylate−primary amine
coupling, respectively.
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room temperature for 2 h. The MMPs were pulled down using a 1.5 T
magnet (Sintered Neodymium Iron Boron Magnet, MCE Magnets Inc.)
and were washed three times with the PBS buffer. The MMPs with
TNF-R molecules captured on their surfaces were resuspended in 90
µL of PBS buffer and were allowed to react with 10µL of Fluosphere-
antibody conjugate with vigorous vortexing for 1 h atroom temperature.
Finally, the reaction product was pulled down using magnet, washed
two times with the PBS buffer, and concentrated to 10µL before
imaging. Similar protocols were used to label TNF-R with QD-
antibody conjugates.

Data Acquisition and Analysis. All images were taken using an
Olympus IX-71 microscope (Center Valley, PA) that was equipped
with a mercury lamp for excitation, a Nikon D70 color digital camera,
and a 100× objective (NA 1.25, oil). The hybridized or control sample
(∼1-3 µL) was spread between two clean cover slips (no. 1 coverglass,
Corning Inc., Acton, MA) and was placed on an epi-fluorescence
microscope. True color fluorescence images were obtained by using
488-nm excitation and a long pass filter (505 nm, Chroma Technology
Corp., Brattleboro, VT). The exposure times were 0.2-2 s. The
fluorescence spectra of the QDs and the fluospheres (λex ) 505 nm,
λem ) 515 nm; Invitrogen Inc.) were recorded by using a standard
fluorometer (FluoMax; Jobin Yvon, Edison, NJ), and the spectra of
single MMPs were recorded by using a spectrophotometer (SpectraPro
150, Roper Scientific, Trenton, NJ) attached to the side port of the
microscope. All images were analyzed by using NIH Image J software
(25).

RESULTS AND DISCUSSION

The basic principles of our magneto-optical immunoassays
are shown inFigure 1. In this scheme, magnetically responsive
microbeads or microparticles (MMP) are coated with a mono-
clonal capture antibody that is specific for the target molecule.
After the target molecules are captured on the bead, a magnetic
field is applied to isolate these beads. Following target capturing
and enrichment, fluorescent nanoparticle probes conjugated with
another monoclonal antibody are used to label the target in a
“sandwich” format. Free or unbound QD probes are removed
by washing in the presence of the magnetic field. The QD-
labeled magnetic beads are then placed on a thin glass coverslip
for spectroscopic measurement and imaging using a fluorescence
microscope. It is important to note that the sandwich format
eliminates the need for direct target tagging, a task that is often
inefficient and time-consuming for low-concentration samples.
It also minimizes sample handling and ensures the safety of
workers dealing with samples that may be contaminated with
infectious agents.

To evaluate the detection sensitivity of our bead-based assays,
we have used a biotinylated dextran-dye conjugate [dextran
conjugated to tetramethylrhodamine (TMR) and biotin] (Invit-
rogen Inc.) to streptavidin-coated magnetic microbeads. High-
resolution fluorescence images are obtained from single beads
at various dextran-dye concentrations (Figure 2, top). The
integrated fluorescence intensities are also measured and plotted
as a function of dextran-dye concentration (Figure 2, bottom).
The results indicate that 1 pM (10-12 M) dextran-dye conjugate
yields a detectable signal above the bead autofluorescence
background, but below this value, the dextran-dye signals are
buried under the bead autofluorescence and cannot be detected
reliably.

To further examine how this autofluorescence interferes with
the QD signals, we have obtained and compared the emission
spectra of magnetic microbeads with those of QD-605, QD-
525, and dye-embedded nanoparticles (Figure 3). When a blue
excitation source is used (λex ∼ 488 nm), there is indeed
significant spectral overlap between the MMP emission and the
QD-605. However, the spectral overlap is significantly reduced

when the QD emission spectrum is shifted to 525 nm. Due to
the unique excitation profiles of semiconductor QDs, a blue light
source can be used to excite multicolored QDs, leading to Stokes
wavelength shifts as large as 300-350 nm. This novel feature
becomes critically important when complex materials such as
polymer beads embedded with magnetic nanoparticles and “real-
world” biological samples that often exhibit high background
fluorescence across a broad wavelength range are examined.
In comparison, organic dyes and fluorescent proteins give rise
to small Stokes shifts, and their emission signals are often in
the same spectral region as background fluorescence.

Figure 2. Single-bead immunoassay and quantitative analysis of bead
signal intensities as a function of dye label concentration: (A) fluorescence
images of single magnetic microparticles (MMPs) after incubation with
different concentrations of a dextran−dye label; (B) plot of the integrated
bead fluorescence intensity as a function of concentration of the dye−
dextran conjugate (error bars show the standard deviation for sample
sizes >5). The average background signal outside each bead was
subtracted to obtain the fluorescent signal from the bead.

Figure 3. Comparison of fluorescence emission spectra among magnetic
microbeads, quantum dots, and dye-embedded nanoparticles. Note that
MMP emission has significant overlap with QD605 emission, but this
overlap is greatly reduced when the QD emission spectrum is shifted to
525 nm.
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To take advantage of this spectral-shifting effect, we prepared
QD-antibody probes for labeling TNF-Rprotein molecules
captured on the MMP probes. As shown inFigure 4, the use
of green-emitting QD probes (but not red-emitting dots) allows
a clear differentiation from the bead autofluorescence (orange).
A further interesting observation is that QD probes with excess
monoclonal antibodies lead to MMP aggregation when the
TNF-R concentration is increased (Figure 4A). This type of
bead aggregation is similar to the phenomenon of “latex
agglutination” because the QD probes often have multiple
binding sites. Thus, a single QD probe could simultaneously
bind to two or more magnetic beads, leading to multivalent
binding and aggregation (seeFigure 1). As shown by the control
studies, bead aggregation is not observed in the absence of
TNF-R (no TNF-R) or without antibody conjugation to QDs
(no Ab). Using green-emitting QD probes (QD-525), target
TNF-R signals can be detected at concentrations as low as 1
fM (1 × 10-15 M). At such low concentrations, the probabilities
of multivalent QD binding are very small and bead aggregation
is reduced. In control experiments in which no TNF-R was used
or the particles were not coupled with antibodies, no QD-525
signal was seen on the magnetic beads. These results suggest

that the immunoassay detection sensitivities achieved with
spectral-shifting QDs are 2-3 orders of magnitude higher than
that with organic dyes.

We have further investigated whether other classes of
fluorescent nanoparticle probes could be used with magnetic
microbeads. In particular, dye-embedded polymer nanoparticles
are bright and photostable and offer advantages similar to those
of QD probes.Figure 5 shows the results for TNF-R labeling
and detection obtained with 515-nm emitting dye-doped nano-
particles (43-nm diameter). Green fluorescence from the nano-
particle labels can be detected at TNF-R concentrations as low
as 6 fM, but no signal is seen in the absence of TNF-R or
antibody. To determine the detection sensitivity more quanti-
tatively, the integrated bead fluorescence is calculated and is
plotted as a function of TNF-R concentration (Figure 5B). This
analysis confirms that the target signals obtained at 6 fM
concentration are well above the background level. Further
studies are still needed to examine the dynamic range and
linearity of this single-bead assay method.

A potential limiting factor is that antibody-antigen interac-
tions have finite dissociation equilibrium constants (k), on the
order of 10-9-10-12 M. Using second-order binding kinetics
as a first approximation, an excess probe concentration equal
to k leads to 50% target binding at equilibrium. To achieve 90%
target binding, the excess probe concentration must be 9k. This
simple analysis suggests that significant probe excess is needed
to drive protein binding. On the other hand, excess probes will
cause more background noise and could interfere with measure-

Figure 4. Bead-based immunoassay of tumor necrosis factor R (TNF)
using magnetic microbeads for capturing and spectral-shifiting QDs for
labeling: (A) fluorescence images of magnetic beads obtained by using
QD-605 probes at various TNF concentrations and control conditions,
showing color overlap between the bead autofluorescence and the QD
emission; (B) fluorescence images of magnetic beads obtained by using
QD-525 probes at various TNF concentrations and control conditions,
showing a spectral shift of the QD signal away from the bead
autofluorescence background. See text for detailed discussion.

Figure 5. Bead-based immunoassay of tumor necrosis factor R (TNF)
using magnetic microbeads for capturing and dye-embedded nanoparticles
for labeling: (A) fluorescence images of single beads obtained at various
TNF concentrations and control conditions; (B) plot of the integrated bead
fluorescence intensity as a function of TNF concentration. The average
background signal outside each bead was subtracted to obtain the
fluorescent signal from the bead.
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ment. On the basis of the level of nonspecific background signals
with cytokine antibodies, we estimate that the maximum probe
concentrations could be increased to about 10-20 times the
equilibrium constantk to achieve 90-95% target binding. An
alternative approach is to mix the probes and targets at high
concentrations and then dilute the mixture immediately prior
to analysis. In this case, the stability of the complex becomes
an important factor. Recent work by Klenerman et al. (26) has
found that the dissociation rates for the IgG antibody-antigen
complex are ca. 3× 103 s-1 and that the dissociation equilibrium
constants for the antigen-antibody dimer Ag-Ab2 are ca. 2.3
× 10-21 M2. Under these conditions, quantitative measurement
of protein-antibody complexes were reported over 3 orders of
magnitude, and the achieved sensitivity was found to be limited
by the slow rate for target molecules to encounter the probe
laser beam.

In conclusion, we have reported a combined magnetic
enrichment and optical detection method for ultrasensitive
immunoassays of secreted proteins in dilute samples. In this
method, magnetic microbeads are used for efficient target
capturing and antibody-conjugated semiconductor quantum dots
for fluorescence labeling. A key finding is that by shifting the
QD emission signals away from the bead autofluorescence, it
is possible to detect biomolecular antigens such as tumor
necrosis factor (TNF-R) at concentrations as low as 1-10 fM
[(1-10) × 10-15 M). This sensitivity is about 2-3 orders of
magnitude higher than that achieved with current immunoassay
methods. By using differently colored QDs conjugated to
different antibodies (each recognizing a specific antigen), we
envision that multiplexed bead assays can be developed to detect
a panel of biological molecules and pathogens in food,
agricultural, and environmental samples.
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