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Highly sensitive detection and accurate analysis of biomarker
molecules in human fluid samples are essential for early detection,
treatment and management of cancer. For a typical sandwich-type
immunoassay which is routinely used for protein biomarker
detection, a capture antibody against a specific biomarker protein
is first immobilized on a microtiter plate. After the binding of
antigen from a sample solution, a labeled detector antibody is
allowed to bind with the immobilized antigen. The concentration
of the antigen can then be determined by indirectly measuring the
concentration of the probe attached to the detector antibody, which
include enzymes, fluorescence tags, DNA-barcodes, etc.1 A typical
heterogeneous immunoassay involves antibody immobilization,
multiple steps of incubation, and washing cycles, followed by signal
amplification and reading. From the initial antibody immobilization
to the final reading of the assay results, the entire immunoassay
can usually take hours to days to complete. A traditional immu-
noassay is rather time-consuming and labor-intensive. To overcome
these problems, the development of single-step, washing-free
homogeneous immunoassays has been of tremendous interest and
value to the scientific community.2

Gold nanoparticles, including spherical particles, nanorods, and
nanoshells with a size ranging from 10s to 100s nanometers, are
known to have a large light absorption and scattering cross section
in the surface plasmon resonance wavelength regions.3 The
magnitude of light scattering by a gold nanoparticle can be orders
of magnitude higher than light emission from strongly fluorescing
dyes. This unique property has enabled many important and
promising applications of metal nanoparticles in the biomedical
field, such as molecular and cell imaging, biosensing, bioassays,
and photothermal therapy.4 However, the strong light scattering
property of gold nanoparticles has been mainly applied to optical
microscopic imaging of biological cells for qualitative evaluation,
but much less frequently for quantitative analysis and assays.

Dynamic light scattering (DLS), also known as photon correlation
spectroscopy or quasi-elastic light scattering, is a technique used
widely for particle size and size distribution studies. This technique
is based on the Brownian motion of spherical particles which causes
a Doppler shift of incident laser light. The diffusion constant of
particles is measured and the size of the particles is calculated
according to the Stokes-Einstein relation.5 DLS is used routinely
to analyze the size and size distribution of polymers, proteins,
colloids, and nanoparticles. Because of the strong light scattering
property of gold nanoparticles, it is natural to hypothesize that DLS
can be a very sensitive technique for quantitative detection and
analysis of nanoparticle probes at low concentration.6 Indeed, it
has been demonstrated that DLS can be used to monitor the gold
nanoshell concentration in whole blood samples after the intrave-
nous injection of nanoparticles in a murine tumor model6a and
enzyme to quantum dots interactions.6b Although extensive studies

have been reported on bioconjugation of gold nanoparticles and
biomolecular interaction-directed nanoparticle assembling, to our
surprise, DLS has not been used in conjunction with gold
nanoparticle probes for homogeneous and quantitative immunoas-
say. DLS can distinguish individual nanoparticles versus nanopar-
ticle dimers, oligomers or aggregates because of their particle size
differences, and this capability makes DLS a potential analytical
tool for a quantitative immunoassay.

Prostate specific antigen (PSA), is an FDA-approved biomarker
for prostate cancer diagnosis. The total PSA concentration of a
healthy male is in the range of a few ng/mL and the free PSA
(f-PSA) concentration is typically less than 1 ng/mL, in the range
of 10% of the total PSA.7 Free PSA is the unbound form of prostate
specific antigen. Studies have shown that the percentage of f-PSA
in total PSA is lower in patients with prostate cancer than those
with benign prostate hyperplasia. The free to total PSA ratio is
now being introduced and studied as an additional tool for prostate
cancer diagnosis. We herein report the development of a highly
sensitive one-step homogeneous immunoassay for free PSA detec-
tion using gold nanoparticle probes coupled with dynamic light
scattering analysis. As illustrated in Scheme 1, two different types
of gold nanoparticles (here one is a spherical nanoparticle and one
is a nanorod), are to be conjugated with an anti-PSA antibody pair,
one with a capture antibody and one with a detector antibody. When
these two bioconjugated nanoparticles are mixed in a sample
solution that contains antigen f-PSA, the binding of f-PSA will cause
nanoparticles to form dimers, oligomers, or aggregates, depending
on the concentration of the antigen. Through DLS analysis, the
relative ratio of nanoparticle dimers, oligomers, or aggregates versus
individual nanoparticles can be measured quantitatively. This ratio
should increase accordingly with increased amount of antigen in
sample solution, and such a correlation will form the analytical
basis of a homogeneous immunoassay.

To demonstrate the feasibility and sensitivity of DLS for
immunoassay using gold nanoparticle probes, we first conducted a
DLS analysis of nanoparticle materials used in this study. Two types
of gold nanoparticles, a citrate-stabilized gold nanoparticle (GNP)
and a cetyltrimethyl ammonium bromide (CTAB)-protected gold
nanorod (GNR), were synthesized following the literature proce-
dures.8 The gold nanoparticles have an average core diameter of
37 nm, and the nanorods have a dimension of 10 by 40 nm, as
determined from TEM analysis (Figure 1a and b). The actual
concentrations of the as-synthesized gold nanoparticles and nano-
rods were determined by a graphite furnace atomic absorption
spectroscopy, combined with UV-vis absorption spectroscopy
(Supporting Information). The nanoparticle and nanorod solutions
were then diluted to appropriate concentrations for DLS analysis.
Figure 1c is the plots of the average scattered light intensity versus
nanoparticle and nanorod concentration as measured by DLS. Both
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gold nanoparticles and nanorods demonstrate a linear increase of
scattered light intensity versus concentration in the picomolar range.
A detection limit of 0.02 pM (low fM range) for gold nanoparticles
and 0.4 pM for gold nanorods was established, which is similar to
the reported result of gold nanoshell.6a These detection limits are
nine orders of magnitudes lower than protein or DNA molecules
and four orders of magnitudes lower than sensors based on light
absorption.9 By attaching a metal nanoparticle probe to biomacro-
molecules such as antibody, it is possible to develop a highly
sensitive immunoassay using the DLS technique.

For the immunoassay development, the citrate-protected spherical
nanoparticles were conjugated with a detector antibody (GNP-dAb),
while the CTAB-protected gold nanorods were conjugated with the
capture antibody (GNR-cAb) (Supporting Information).10 Through
our study, it was found that because of the surface positive charge
of the CTAB-stabilized gold nanorods, the capture antibody can
be conjugated more effectively to nanorods than the citrate-
stabilized nanoparticles, while the detector antibody can be
conjugated more effectively to the negatively charged citrate-
stabilized gold nanoparticles. The successful conjugation of nano-
particles with detector antibody and nanorods with capture antibody
was first confirmed by DLS measurement and UV-vis spectral
analysis (Supporting Information, Figures S1 and S2). After
conjugation with the primary antibodies, the average diameter of
gold nanoparticles increased from 37 to 57 nm, while the
hydrodynamic dimension of nanorods increased from 30 to 37 nm.
The UV-vis spectra revealed a slight shift of the surface plasmon
resonance in both intensity and wavelength. For gold nanoparticles,
the SPR band shifted from 535 to 541 nm upon antibody
conjugation. This shift is most likely caused by the surface
chemistry change of the nanoparticles from a citrate-ligand layer
to an antibody layer. For the gold nanorods, changes in the SPR
band peak wavelengths as well as relative ratio of the two SPR

bands were observed. The longitudinal SPR band at 733 nm blue-
shifted to 725 nm and the transverse SPR band at 516 nm red-
shifted to 518 nm. The relative intensity of the longitudinal versus
the transverse band decreased from 2.7 to 1.6, corresponding to
what has been observed previously from a gold nanorod biocon-
jugate reported by Rayavarpu et al.11

To further confirm the successful conjugation of the two
antibodies to the nanoparticles and nanorods, we analyzed the
coupling product of the nanoparticle probes with antigen f-PSA in
solution using TEM. A 1:2.5 mixture solution of the two nano-
probes, GNP-dAb:GNR-cAb, was added to a buffer solution of
f-PSA with a concentration of 2 ng/mL. The mixed solution was
incubated for 30 min at 37°C, and then drop cast on a copper grid
and examined by TEM. During the imaging, we observed a large
amount of nanoparticle-nanorod dimers as shown in Figure 2a
(more TEM micrographs in Figure S3). These nanoparticle dimer
and oligomers are believed to be formed through antigen binding
with capture antibodies from the nanorods and detector antibodies
from the spherical nanoparticles. With increased f-PSA concentra-
tion, the amount of such nanoparticle-nanorod pairs and aggregates
increased accordingly. To further verify that the nanoparticle-
nanorod pairs and oligomers were formed from the binding between
antigen f-PSA and the primary antibodies attached to nanoprobes,
we added a secondary antimouse IgG-labeled gold nanoparticle (5
nm) into the mixed nanoparticle, nanorods, and f-PSA solution.
After incubation for 60 min, the solution was cast on a copper grid
and examined by TEM. The TEM micrographs as shown in Figure
2b revealed that most 5 nm gold nanoparticles appeared on the
surface or vicinity of large nanoparticles and nanorods, owing to
the binding of secondary antibody from the 5 nm nanoparticles to
the primary antibodies on the surface of large nanoparticles and
nanorods.

The homogeneous immunoassay of f-PSA was then conducted
in solution using the conjugated nanoparticles and nanorods coupled
with dynamic light scattering measurement. The two nanoprobes
were mixed in 1:2.5 (GNP-dAb:GNR-cAb) ratio and then added
to the standard f-PSA solutions with different concentrations. After
incubating for 30 min, the solutions were diluted to appropriate
concentrations for DLS analysis. Figure 3a and b are the size
distribution of pure conjugated nanoparticles and nanorods, respec-
tively, while Figure 3c is the size distribution of mixed nanoprobe
solution in the presence of 1 ng/mL of f-PSA. For the pure
nanoparticle and nanorod conjugates, only one size of particles was
observed from the distribution. With f-PSA added to the nanoprobe
solution, DLS measurement detected two particle sizes (peak area
A and B), one is centered at below 60 nm representing individual
nanoparticles and nanorods, and one is above 100 nm corresponding
to nanoparticle-nanorod oligomers. The relative ratio of nanopar-

Scheme 1. A Schematic Illustration of a Homogeneous
Immunoassay Using Antibody-Conjugated Nanoparticles and
Nanorods Coupled with Dynamic Light Scattering Measurementa

a Abbreviations: GNP, citrate-protected gold nanoparticles; dAb, anti-
PSA detector antibody; GNR, gold nanorods; cAb, anti-PSA capture
antibody.

Figure 1. TEM micrographs of (a) gold nanoparticles (scale bar: 50 nm),
(b) gold nanorods (scale bar: 60 nm), and (c) their dynamic light scattering
intensities and linear regression curves.

Figure 2. TEM micrographs of (a) nanoparticle-nanorod conjugate
oligomers formed from the binding of primary antibody-conjugated gold
nanoparticles (GNP-dAb) and gold nanorods (GNR-cAb) nanoprobes with
antigen f-PSA (concentration 2 ng/mL); and (b) nanoparticle-nanorod pair
after further conjugation with antimouse secondary antibody-conjugated 5
nm gold nanoparticles (scale bar: 20 nm).
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ticle oligomers in the size range of 60-500 nm (area A) versus
individual nanoparticles in the size range of 20-60 nm range (area
B) can be numerically calculated from the size distribution curve.
Figure 3d is the plot of this numerical ratio versus f-PSA
concentration (DLS data in Supporting Information, Figure S4).
With increased concentration of f-PSA, the relative percentage of
nanoparticle oligomers increased while the percentage of individual
nanoprobes decreased. Using the same nanoprobes in buffer
solution, we conducted the analysis of an unknown sample solution
(f-PSA concentration at 0.5 ng/mL). The determined concentration
corresponds very well to the true concentration of the sample
(Figure 3d, data indicated with an asterisk). It is very important to
mention here that the standard f-PSA solutions, including the control
solution, were actually prepared in a protein matrix solution to
simulate the protein content of human serum samples. It was
noticeable that when the two nanoprobes were added to the control
solution with 0 ng/mL f-PSA, a certain level of nanoparticle
oligomer formation was observed, according to DLS analysis. The
aggregation is most likely caused by the high content of proteins
and high ionic strength of the matrix solution. However, our study
demonstrated that even with a small level of nanoparticle instability
and aggregation, a quantitative immunoassay is still possible in
complex biological fluids using our developed approach. Recently,
it was reported by Liu C.-H. et al.2e that the light scattering by
metal nanoparticles can be detected directly by a fluorescence
spectrometer and further used for quantitative DNA detection. In
this study, we obtained the average scattered light intensity of each
assay solution from DLS measurement; however, we did not find
a clear correlation between the average scattered light intensity
versus antigen concentration in solution. The comparative ratio of
nanoparticle oligomers versus individual particles as determined
by DLS measurement appears to provide a more accurate bioassay.

We also conducted a control experiment to demonstrate the
selectivity of the assay. The mixed nanoprobe solution was added

to solutions that contain a different cancer biomarker, CA125. The
oligomer versus individual nanoparticle ratio remained unchanged
at different concentrations of CA125 (Supporting Information,
Figure S5). This comparison study revealed a good selectivity of
the nanoprobe immunoassay.

In summary, we demonstrated here a promising one-step
homogeneous immunoassay. By taking advantage of the large
scattering cross section of gold nanoparticles and the high sensitivity
of DLS measurement, biomarker proteins or other biotargets can
be detected at very low concentration using gold nanoparticle
probes. As opposed to the traditional plate-based immunoassay,
our assay is conducted in solution, which allows a much better
mixing and antibody-antigen interaction. The assay does not
involve any washing cycle and the assay result can be read as soon
as the nanoprobe-sample incubation is completed. Moreover,
extremely small amounts of samples are needed for the assay (in
this study, about 3.3µL sample solution was used for each assay).
This sample volume can be further decreased by orders of
magnitude by using the most advanced DLS technique. We are
currently conducting further studies to improve the stability of
nanoparticle bioconjugates and optimize the assay conditions to
make it suitable for direct analysis of protein biomakers from human
serum samples.
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Figure 3. Hydrodynamic diameter distribution plots as determined by DLS
measurements: (a) nanoparticle-detector antibody conjugates (GNP-dAb,
5 pM); (b) nanorod-capture antibody conjugates (GNR-cAb, 5 pM); (c) a
1:2.5 mixture of GNP-dAb:GNR-cAb in the presence of f-PSA (1.0 ng/
mL); and (d) the calculated numerical ratio of nanoparticle oligomers in
the size range of 60-500 nm (peak area A) versus individual particles in
the size range of 20-60 nm (peak area B) according to DLS measurement
at different f-PSA level (the unknown sample has a concentration of 0.5
ng/mL, data labeled with an asterisk).
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