
U
d
u
p
s

J
P
B
B

A
s
o
s
t
t
s
v
4
�
r
i
d
5
v
e
P

K
d

P
M
o

t
a
t
h
s
t
a
t
e
t
s
e
w
q
m
f
r

A
n
L

JBO LETTERS

J

ltrasensitive protein
etection in blood serum
sing gold nanoparticle
robes by single molecule
pectroscopy
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bstract. A one-step rapid and ultrasensitive immunoas-
ay capable of detecting proteins in blood serum is devel-
ped using gold nanoprobes and fluorescence correlation
pectroscopy �FCS�. In this approach we take advantage of
he inherent photoluminescence property of gold nanopar-
icles �GNPs� to develop a fluorophore-free assay to ob-
erve binding entities by monitoring the diffusion of bound
ersus unbound molecules in a limited confocal volume.
0-nm GNPs conjugated separately with rabbit anti-IgG
Fc� and goat anti-IgG �Fab� when incubated in blood se-
um containing IgG forms a sandwich structure constitut-
ng dimers and oligomers that can be differentiated by to
etect IgG in blood serum at a limit of detection �LOD� of
pg/ml. The novelty of integrating GNPs with FCS to de-

elop a sensitive blood immunoassay brings single mol-
cule methods one step closer to the clinic. © 2009 Society of
hoto-Optical Instrumentation Engineers. �DOI: 10.1117/1.3183789�

eywords: gold nanoparticles; fluorescence correlation spectroscopy;
etection; blood serum.
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Immunoassays play a prominent role in clinical diagnos-
ics, which are based on specific molecular recognition of
ntigens by antibodies. Although many advances such as elec-
rochemical biosensors,1 surface-enhanced Raman scattering2

ave enhanced the limit of detection �LOD�, the quest for a
impler and more sensitive assay format persists. It is known
hat gold nanoparticles �GNP� posses an enhanced degree of
bsorption and scattering due to the surface plasmon oscilla-
ion of the electron cloud in metal particles to yield light
mission several orders of magnitude compared to some of
he conventional dyes.3 The strong photon luminescence, light
cattering property, and biocompatibility of GNP have been
xploited for cell imaging4 and photothermal therapy.5 Past
ork on GNP photon luminescence has focused mostly on
ualitative application of microscopic imaging and assess-
ent. Our motivation here is to develop a quantitative assay

or the very first time in blood serum using fluorescence cor-
elation spectroscopy at a single particle level.

ddress all correspondence to: Joseph Irudayaraj, Profesor of Biological Engi-
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afayette, IN 47907. Tel: 765–494–0388; E-mail: josephi@purdue.edu
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Recently, fluorescence correlation spectroscopy �FCS�, a
single molecule technique, has been used for single molecule
kinetics and biomolecular interaction studies in living cells,6

antigen detection,7 and freely diffusing gold nanorod in vivo
imaging.8 Liu et al. demonstrated in a recent study that
prostate-specific antigens can be detected by dynamic light
scattering �DLS� with a detection limit of 0.5 ng /mL in neat
buffers.9 We hypothesize that if GNP could be used as labels
instead of fluorophores, then the present FCS technique could
be adapted to observe the diffusion mode of not only a single
gold nanoparticle but also higher-order aggregates of GNP.
Because the diffusion time of GNPs passing through the con-
focal volume increases on formation of aggregates constitut-
ing oligomers, by studying the diffusion properties of gold
particle-based oligomers from autocorrelation analysis, a
highly sensitive FCS-based immunoassay could be developed.
In addition to that, we also show that diffusion and hydrody-
namic diameter of GNP and their aggregates could be consis-
tently monitored in blood serum for quantification.

We report on the development of a one-step assay to detect
human IgG as an antigen protein spiked in 20% dog blood
serum using GNP conjugated with different antihuman IgG
antibody fragments to result in the formation of oligomers of
different orders. An example of the sandwich structure consti-
tuting the binding of the target IgG molecule respectively to
the GNP conjugated with rabbit antihuman IgG Fc fragment
and GNP conjugated with goat antihuman IgG Fab fragment
�Thermo Fisher Scientific, Rockford, Illinois� is shown in Fig.
1. When these two GNP antibody conjugates are mixed in dog
blood serum �Veterinary Clinic, Purdue University� spiked
with different concentrations of human IgG, the binding of
human IgG will induce GNP to form dimeric or high-order
oligomeric aggregates through a typical antibody-antigen-
antibody sandwich structure that can then be evaluated for
detection sensitivity using their respective diffusion times.
While our goal in this work is not to evaluate the number of
particles in the aggregates, we expect that a significant change
in diffusion time could be noted on aggregation and used as a
quantitative measure in clinical assay development.

All measurements were performed using a scanning con-
focal time-resolved microscopy with a 465-nm �40-MHz
pulsing� picosecond laser as an excitation source �Picoquant,
Germany�. The details of the instrumentation can be found
elsewhere.10 The autocorrelation curve of GNP diffusion was
fitted to a 3-D diffusion model by Origin Lab as Eq. �1�.

G��� =
1

�N��1 +
�

�D
�−1�1 +

�

�D . �2�−1/2

. �1�

Calibration of the confocal volume for autocorrelation studies
was performed with rhodamine 123 before actual measure-
ments. The autocorrelation traces were fitted using the known
diffusion coefficient �D� of rhodamine �rho� 123 as
300 �m2 /sec. The radial and axial beam were calculated by
the expression D=�2 /4�D, where � is the radial beam size
and �D is the diffusion time.

Next, 40-nm gold nanoparticles �GNPs� were synthesized
by a citrate reduction of HAuCl4

11 and functionalized with
the respective biomolecules. Its diffusion characteristics in
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0% dog blood serum were investigated. As shown in the
ount rate trace of GNPs from FCS, GNPs did not display any
leaching of their photoluminescence �Fig. 2�c��, which is a
ajor advantage compared to conventional fluorescence dyes.
he autocorrelation curve could be fitted well by a single
omponent, indicating isotropic diffusion. The diffusion time
f GNP obtained from Eq. �1� was 1.8 ms. Viscosity of 20%
lood serum was determined by evaluating the change in dif-
usion coefficient of rho 123 from water to 20% blood serum.
n addition to diffusion, the size of the particles was also
ack-calculated to confirm the estimations according to the
tokes-Einstein equation D=KT / �6��d�, where k is the
oltzmann constant, T is the temperature, and � is the viscos-

ty of liquid. From the calculations, the average hydrodynamic
iameter of the diffusing GNP was estimated to be 42 nm,
hich is in agreement with the size of the as-prepared
0-nm-diam GNP.

Before proceeding with immunoassay experiments, two
atches of the citrate-coated GNP were separately conjugated
ith either the rabbit or goat antihuman IgG antibody frag-
ent. To ensure attachment,5 biofunctionalization was as-

essed by the red shift of the surface plasmon resonance band
or the GNP and GNP-antibody conjugates from the vis-NIR
pectra �Jasco, Easton, Maryland� �data not shown�. The an-
ibody conjugation resulted in an increase in the diffusion
ime of GNP from 1.8 to 2.4 ms, indicating an increase in the

ig. 1 Illustration of protein detection using GNR antibody conjugates
y fluorescence correlation spectroscopy. ACF is autocorrelation

unction.

ig. 2 �a� Autocorrelation spectra of 40 nm GNP ��� and antigen-indu
10 ng/ml ���, 5 pg/ml ���� in 20% blood serum and the correspon
he diffusion time distribution of GNP with respect to antigen concen

race of GNPs with average size of 40 nm during FCS measurements.
ournal of Biomedical Optics 040501-
mean hydrodynamic size from 42 to 56 nm according to the
Einstein-Stokes equation. The concentration of 40-nm GNP
was estimated using a molar extinction coefficient of 7.666
�109 M−1cm−1 at a plasmon resonance wavelength maxi-
mum �max of 528 nm.3

Since the single-component diffusion mode �Eq. �1�� is not
accurate enough for estimating diffusion of antigen-induced
GNP aggregations in a heterogeneous system, a multiple-
component model with a maximum entropy method called
MEMFCS12 was used to obtain an optimal fit to further assess
the autocorrelation. By introducing Eq. �1�, G��� can be re-
lated to a continuous distribution of diffusion times in MEM-
FCS as follows:

G��� =	 	i�1 +
�

�D
�−1�1 + �2 �

�D
�−0.5

d�D. �2�

The algorithm attempts to minimize the normalized chi-
square value �
2� while maximizing the entropy �S� term de-
fined as s=
ipiInpi, where pi=	i / 
	i. Unlike the conven-
tional fitting method where fitting components �i.e., 1,2,3,
etc.� need to be set a priori, MEMFCS instead yields a size
distribution that is discrete and particularly suitable for analy-
sis of hetergeneous systems. The detection of human IgG in
20% dog serum was then demonstrated using the antibody-
conjugated GNP based on FCS in the following experiments.
The two gold nanoparticle probes �20 �l of 0.2-nM concen-
tration each� were added to 20 �l of 20% dog serum, and the
diffusion time was observed for varying concentrations �0,
10 ng /mL, 1 ng /mL, 0.1 ng /mL, 10 pg /mL, 5 pg /mL, and
1 pg /mL� of human IgG. 30-�L solutions were used for
measurement each time after incubating the GNP probes for
20 min at 37 °C. As expected, the half-value decay time of
the normalized autocorrelation curves, which allows for a
crude estimation of the diffusion time of the fluorescencing
particles, varies significantly with increased antigen concen-
tration �Fig. 2�a��. The diffusion time distribution obtained
using the MEMFCS fitting routine is shown in Fig. 2�b�. The
GNP probes show two predominant peaks with a higher IgG
concentration �10 ng /ml�, one at 2.5 ms and the other at

P oligomers in the presence of different concentrations of human IgG
tting curves �solid line�. Arrow indicates increased diffusion time. �b�
and the resulting GNP oligomers from the MEMFCS fit. �c� Count-rate
ced GN
ding fi
tration
July/August 2009 � Vol. 14�4�2
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round 21 ms, corresponding to free GNP and oligomeric
NP, respectively. However, bare GNP showed a single peak

round 1.9 ms, which is in a good agreement with the one-
omponent fit �1.8 ms�. GNP probes with 5-pg /ml IgG con-
entration showed a peak at 7 ms, which is in the range be-
ween 2 to 10 ms, indicating the presence of both free and
ligomeric GNP oligomers. Figure 3 shows the diffusion time
nd hydrodynamic diameter of GNP aggregates in the pres-
nce of different concentrations of human IgG in 20% blood
erum. As the antigen concentration increased from
to 10 ng /ml, the size of oligomers increased from

6 to 470 nm, and the diffusion time of GNP aggregates in-
reased accordingly with higher antigen concentration
2.5 to 21 ms�, as shown in Fig. 3. To further confirm the
andwich configuration resulting from the binding of the two
NP antibody conjugates �Fa and Fc probes�, specifically to

he target �human IgG�, nonspecific binding control experi-
ents were carried out with the two GNP probes simulta-

eously suspended in 20% serum without human IgG
0 ng /mL�. In the control experiment, the diffusion time of
he GNP probes was similar to the free GNP, demonstrating
hat the probes were stable with respect to nonspecific aggre-
ation in blood serum, and their antigen-induced aggregation
an be detected via the FCS at the single-particle level. Each
easurement was replicated three times with three different

ample preparations to demonstrate reproducibility to provide
n assay at a LOD of 5 pg /mL. To the best of our knowledge,
his is the first blood serum immunoassay to report sensitivi-
ies in this order within 30 min at the single-particle level. It
s also important to mention that the detection limit of our
ssay can be improved by orders of magnitude in buffers,
ecause protein-rich environments of blood serum could

ig. 3 Diffusion time and corresponding hydrodynamic diameter dis-
ribution of different concentrations of human IgG �0, 1 pg/ml,

pg/ml, 10 pg/ml, 0.1 ng/ml, 1 ng/ml, and 10 ng/ml� induced GNP
robe aggregation plot as determined by FCS.
ournal of Biomedical Optics 040501-
hinder the assay performance, in addition to contributing to
background scattering noise.

In conclusion, by taking advantage of the superior optical
property of GNPs and single-molecule spectroscopy, a label-
free immunoassay that is simple, rapid, and ultrasensitive was
shown to detect antigens at a LOD of 5 pg /mL in blood
serum. Compared to traditional plate-based methods, our
strategy is wash-free and can detect very low concentrations
of targets directly in blood serum within minutes without.
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