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1 Abbreviations used: LSPR, localized surface plasm
coupled device; AuNP, gold nanoparticle; PSA, prosta
antichymotrypsin; mAb, monoclonal antibody; BSA,
immunoglobulin G; HAuCl4�3H2O, hydrogen tetra
NH2OH�HCl, hydroxylamine hydrochloride; NHS, N-h
ethyl-N-(3-diethylaminopropyl) carbodiimide; PBS buf
in foil pouches; OEG6–COOH, HS(CH2)11(OCH2CH2)6

resolution transmission electron microscopy; FE–SE
electron microscopy; DI, deionized.
a b s t r a c t

We report the use of plasmonic responses of single gold nanoparticles (AuNPs) with various sizes for the
analysis of biomolecular recognition. We also describe the relationship between particle size and plas-
monic response induced by the binding of receptors and target analytes. To investigate the plasmonic
response of AuNPs, Rayleigh light scattering spectra were collected from individual AuNPs using a
dark-field microspectroscopy system. Using prostate-specific antigen (PSA) as a model, the linear
dynamic range was obtained in the concentration range of 10�4 to 10 ng/ml, with the smallest detectable
concentration at 0.1 pg/ml corresponding to localized surface plasmon resonance (LSPR) kmax shifts of
approximately 2.95 nm. This result indicates that individual AuNPs can be used for development of a very
sensitive, robust, simple, and label-free biosensor to detect protein biomarkers. Furthermore, the method
possesses great potential for monitoring other biological interactions.

� 2011 Elsevier Inc. All rights reserved.
Greater understanding of nanoscience and nanoscale phenom-
ena is essential for the development of devices based on nanotech-
nology. In particular, the optical properties of nanostructures have
been the subject of intensive research efforts owing to their appli-
cations in research fields such as surface-enhanced spectroscopies
[1–3], second harmonic generation [4–7], and surface plasmonic
amplifiers [8]. Above all, as one of the devices based on the optical
properties of metal nanostructure, localized surface plasmon reso-
nance (LSPR)1 biosensors have recently attracted considerable atten-
tion [9–13].

LSPR is a phenomenon caused by the collective oscillation of
conductive free electrons on the surface of noble metal nanostruc-
tures owing to the excitation of the electromagnetic field of the
incident light and is manifested by a peak in the extinctive spec-
trum of the nanostructures. The results of excitation are selective
photon absorption, strong light scattering, and local electromag-
ll rights reserved.

on resonance; CCD, charge-
te-specific antigen; ACT, a1-
bovine serum albumin; IgG,
chloroaurate(III) trihydrate;
ydroxysuccinimide; EDC, N-

fer, phosphate-buffered saline
OCH2COOH; HR–TEM, high-
M, field emission scanning
netic field enhancement. This phenomenon does not occur in the
spectrum of the bulk metal and is responsible for wavelength
selective absorption with extremely large molar extinction coeffi-
cients of approximately 3.0 � 1011 M�1 cm�1 and resonant Ray-
leigh light scattering with an efficiency equivalent to that of 106

fluorophores [14,15]. Moreover, the wavelength of the LSPR peak
is strongly dependent on size, shape, composition, and interparti-
cle spacing of the nanoparticle as well as on local dielectric envi-
ronment [16–23].

The advent of dark-field microscopy has enabled the study of
the optical properties of single metal nanoparticles. By coupling a
dark-field microscope to an imaging monochromator and a highly
sensitive charge-coupled device (CCD) camera, the Rayleigh light
scattering spectra from single metal nanoparticles can be mea-
sured easily [24]. The scattering signal of single nanoparticles
obtained on the dark-field microspectroscopy system has the
advantage of a high signal-to-noise ratio owing to the measure-
ments in the presence of a very low background [15]. Furthermore,
the scattering spectrum of single nanoparticles exhibits homoge-
neous sharpening compared with the ensemble spectrum, and
these spectral features make it possible to provide more accurate
determination of peak shifts [25].

In previous studies, we reported the proof of concept of using
the resonant Rayleigh light scattering spectra of individual gold
nanoparticles (AuNPs) for analysis of antigen–antibody recognition
[26,27]. Currently, nanorods are proven to have more advantages
compared with nanospheres owing to their higher sensitivity to
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refractive index changes, distinct optical properties, and clear LSPR
spectral shifts [27]. However, nanospheres, which can be either
obtained from the commercial sources with various sizes or conve-
niently produced in laboratories, are still popular and used for
biomedical applications due to their high chemical stability, conve-
nient surface bioconjugation with antibodies and DNA probes, and
unique optical properties [28–31]. In this study, we systematically
investigated the plasmonic responses of single AuNPs with various
sizes for a comparative analysis of the LSPR behavior induced by
the binding receptors and target analytes on the surface of each
AuNP. Moreover, the linear dynamic range of the plasmonic
response of each AuNP was examined to demonstrate possibilities
for use of single AuNPs with various sizes as a biosensor. Conse-
quently, the total linear dynamic range for prostate-specific anti-
gen and a1-antichymotrypsin (PSA–ACT complex) detection could
be obtained at a concentration range of 10�4 to 10 ng/ml, and the
smallest concentration at 0.1 pg/ml could be detected with a small
LSPR kmax shift of approximately 2.95 nm. The results show that
this study can be used for fabrication of a label-free biosensor,
allowing quantitative analysis of cancer-associated proteins in a
wide concentration range, and also can be expanded to design
other biomolecular binding assays.
Materials and methods

Chemicals and materials

Human PSA–ACT complex and PSA–ACT complex monoclonal
antibody (PSA–ACT mAb) were supplied by BiosPacific (Emeryville,
CA, USA). Bovine serum albumin (BSA), human immunoglobulin G
(IgG), fibrinogen from human plasma, hydrogen tetrachloroau-
rate(I) trihydrate (HAuCl4�3H2O, 99.9%), hydroxylamine hydro-
chloride (NH2OH�HCl), sodium citrate, absolute ethanol,
ethanolamine, N-hydroxysuccinimide (NHS), N-ethyl-N-(3-dieth-
ylaminopropyl) carbodiimide (EDC), and phosphate-buffered saline
in foil pouches (PBS buffer, pH 7.4) were purchased from Sigma–
Aldrich (Korea). HS(CH2)11(OCH2CH2)6OCH2COOH (OEG6–COOH)
was purchased from Cos Biotech (Korea). A coverslip slide
(22 � 40 � 0.1 mm) was purchased from Deckglaser (Germany).
Ultrapure water (18.2 mX cm�1) was used to prepare all chemical
solutions.
Synthesis of AuNPs

Spherical AuNPs with various sizes were prepared by hydroxyl-
amine reduction coupled with a seed-mediated growth procedure
[32]. Briefly, all glassware was thoroughly cleaned with aqua regia
(3:1 HNO3/HCl) and rinsed extensively with ultrapure water
(18.2 mO cm�1). Next, to prepare the Au seeds, 5.0 ml of 1% sodium
citrate, 1.7 ml of 1% HAuCl4 solution, and 50 ml of fresh water were
quickly mixed with heating and stirring in a round-bottom flask.
The mixture was then refluxed for 15 min and cooled down to
room temperature with continuous stirring. Subsequently, the sus-
pension was filtered using a 0.22-lm filter to remove any aggre-
gated particles. After synthesis of the Au seeds, the suspension
was used to prepare larger sized AuNPs. The AuNPs with different
diameters were synthesized by adjusting the volume of the Au
seeds added to a solution with 0.5 ml of 1% HAuCl4, 2.1 ml of
40 mM NH2OH�HCl, and 95 ml of H2O. This reaction was carried
out at room temperature. The size and morphology of the synthe-
sized AuNPs were estimated by high-resolution transmission elec-
tron microscopy (HR–TEM, JEOL JEM-3011 operated at 300 kV),
and the dispersity of the AuNPs immobilized onto the glass surface
was observed by field emission scanning electron microscopy
(FE–SEM, JEOL JSM6700F operated at 15 kV).
Sample preparation

To investigate the optical response of individual nanoparticles,
all AuNP solutions were diluted with ultrapure water to an optical
density of 0.2 at 520 nm. Next, the AuNPs were immobilized by
drop-coating onto a coverslip slide for 4 to 6 h at room tempera-
ture. Subsequently, the glass slide was mounted onto an RC-30
closed-bath imaging chamber (Warner Instruments, Holliston,
MA, USA) to visualize the AuNPs as well as to investigate the LSPR
response of single nanoparticles induced by the adsorbates and
reactants. Afterward, the chamber was inserted onto the sample
holder of the dark-field microscope and a fluidic flow was settled
by connecting with a syringe pump (Harvard Apparatus, Holliston,
MA, USA).

Dark-field microspectroscopy

To observe the scattered light of single metal nanoparticles, a
transmission configuration for the resonant Rayleigh light scatter-
ing microspectroscopy was established using a dark-field
microscope (Eclipse TE2000-U, Nikon) (Fig. 1). For spectral mea-
surements, the microscope was equipped with a spectrograph
(Microspec 2300i, Roper Scientifics, Sarasota, FL, USA) and a CCD
camera (PIXIS: 400B, Princeton Instruments, Trenton, NJ, USA). A
color camera (D50, Nikon) was mounted on the front port of the
microscope. A 100-W tungsten lamp and a dark-field condenser
(dry condenser, NA = 0.80–0.95, Nikon) were used to illuminate
the nanoparticles. The scattered light was collected with a 100�
objective (CFI Plan Fluor ELWD, NA = 0.6) and directed to the spec-
trograph to be dispersed into monochromatic light. The CCD cam-
era was used to measure the intensity of the monochromatic light,
which was recorded as a function of light scattering intensity ver-
sus wavelength.

LSPR response investigation of individual AuNP sensors induced by
adsorbates and target analytes (PSA–ACT complex)

For the LSPR response investigation of individual AuNPs, the
first step was to functionalize the surface of individual AuNPs.
The experimental process was carried out as follows (Fig. 1). First,
the surface of AuNPs was cleaned by injecting an absolute ethanol
solution for 10 min and then was washed with deionized (DI)
water for 5 min to remove all contaminants and unbound AuNPs.
Because the AuNPs were electrostatically immobilized onto the
glass surface, a further normalizing step was performed by inject-
ing DI water for another 30 min to remove any free AuNPs from the
chamber. Next, the thiol derivative OEG6–COOH was used to func-
tionalize the particle surface before being chemically capped with
the capture antibody. Briefly, 1.0 ml of an absolute ethanol solution
containing 0.4 mM OEG6–COOH was injected over the immobilized
AuNPs, followed by an incubation period of 10 h. The carboxyl
groups of OEG6–COOH were subsequently activated by injecting
2.0 ml of a mixed solution of 0.1 M NHS and EDC for 10 min. Next,
PSA–ACT mAb was immobilized onto the surface of AuNPs by
injecting 1.0 ml of PSA–ACT mAb (10.0 lg/ml) and incubating for
2 h. Subsequently, 1.0 ml of 0.2 M ethanolamine was injected over
the flow cell to deactivate the unreacted sites on the surface of the
AuNPs and was incubated for 30 min. After the immobilization of
PSA–ACT mAb, human PSA–ACT complex with various concentra-
tions ranging from 0 to 102 ng/ml diluted in PBS buffer (pH 7.4)
was injected over the surface of AuNPs and incubated for 1 h. At
each step of the chemical binding, the sensor surface was rinsed
by injecting DI water over the flow cell for 5 min, and the LSPR kmax

shift induced by the binding of analytes was recorded by measur-
ing the scattering spectrum of individual AuNPs in DI water. Due to
the fluctuation of the Rayleigh light scattering spectrum, the



Fig.1. Scheme for the system setup using an inverted dark-field microscope and overall procedure describing the experimental processes.
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Lorentzian algorithm was applied to fit the spectrum. OriginPro 7.5
software was used to provide accurate and efficient peaks as well
as to remove the noise. The LSPR kmax shift was calculated as fol-
lows: Dkmax = kmax (after chemical binding) � kmax (before chemi-
cal binding).

For data collection, spectral signatures from many single AuNPs
selected in the field of view were first identified. Subsequently, the
optical responses of the same set of the specified AuNPs induced by
the binding of adsorbates were systematically recorded as the
spectral changes corresponding to the binding of adsorbates and
target analytes. The data collected from every step of adsorption
completed the statistical analysis and the error propagation during
the calculation.

Results and discussion

AuNPs were chosen as plasmonic transducers of binding events
for the following reasons. First, gold was chosen over silver, even
though silver particles exhibit a higher local refractive index sensi-
tivity than gold particles of the same shape and size [33], because
the greater reactivity of silver compared with gold makes it less
suitable for use in biologically relevant devices. Second, AuNPs
are nontoxic and nonradioactive, making them ideal platforms
for quantification of biochemical species and monitoring of
dynamic processes inside biological cells [34].

For preparation of homogeneous samples, AuNPs with various
sizes were synthesized through hydroxylamine reduction coupled
with seed-mediated growth (the details of the synthesis were
described in Materials and methods). The size and morphology of
AuNPs were estimated by HR–TEM. The sizes of AuNPs were deter-
mined as mean values from counting three to five representative
regions within each image. As a result, the average diameters of
21.1 ± 1.9, 42.9 ± 4.1, and 81.2 ± 6.2 nm were obtained from three
synthesized AuNP samples. Fig. 2A shows the TEM image of the
spherical AuNPs with an average diameter of approximately
21 nm, and the dispersion of the AuNPs that were immobilized
onto the glass surface was observed by FE–SEM (Fig. 2B). As shown
in Fig. 2B, the AuNPs were randomly arranged on the glass surface,
and the arrangement state of the AuNPs observed by FE–SEM was
in both individually isolated and aggregated forms. To reduce
interparticle coupling effects, only individual nanoparticles with
a particle-to-particle spacing of approximately greater than 2.5
times the particle diameter were selected for investigation because
it has been indicated that the plasmon resonance peaks were
remarkably shifted to the longer wavelength area when the inter-
particle spacing was reduced [35,36]. Thus, the AuNP solution was
diluted with ultrapure water to an optical density of 0.2 at 520 nm
prior to the immobilization of the AuNPs on the glass slide.

Using a dark-field microscope, the individual AuNPs immobi-
lized on the glass slide could be visualized with the naked eye in
the field of view as the bright spots with ultralow background scat-
tering from the glass substrate (Fig. 2C). White light from a 100-W
tungsten lamp was focused under large angles onto the sample
using a dark-field condenser. The scattered light of a single AuNP



Fig.2. (A) HR–TEM images of AuNPs with an average diameter of approximately 21 nm (inset: image of AuNPs at higher magnification). (B) FE–SEM image of AuNPs
immobilized on the glass slide. (C) Dark-field image of AuNPs immobilized on the glass surface at a magnification of 1500�.

Fig.3. (A) Representative Rayleigh light scattering spectra of single AuNPs with a
diameter of approximately 21 nm fitted to a Lorentzian algorithm. LSPR kmax values
are shifted to the longer wavelengths after every step of chemical binding of
adsorbates and target analytes. a.u., arbitrary units. (B) LSPR kmax values of each
single AuNP with different sizes corresponding to the binding of the PSA–ACT
complex with concentrations ranging from 10�5 to 102 ng/ml. The LSPR kmax values
of each blank signal represent plasmonic responses obtained by the adsorption of
PSA mAb (10 lg/ml) prior to binding of the PSA–ACT complex. The error bars
illustrate the relative standard deviation for four replicates.
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in focus could be collected by a 100� objective lens, spectrally
resolved in a grating spectrograph, and detected with a highly sen-
sitive CCD camera. The position of every single nanoparticle could
be located easily by adjusting the sample stage and microslit. The
background spectrum was measured in an adjacent position to the
individual AuNPs, and the noise caused by the instrumentation
itself was excluded from the presented light scattering spectrum.

For measuring the Rayleigh scattering spectra of single AuNPs,
the AuNPs were immobilized on a glass slide to observe their optical
response. It is well known that the LSPR of noble metal nanoparticles
is strongly dependent on their size, shape, and local dielectric envi-
ronment. Hence, it is necessary to investigate the plasmonic re-
sponse of AuNPs with various sizes for a comparative analysis of
their LSPR behavior at the single nanoparticle level. In the case of
the AuNPs with a diameter of approximately 21 nm, the LSPR kmax

values were obtained in a wavelength range of 558.95 to
574.5 nm. However, in the case of the AuNPs with approximate
diameters of 43 and 81 nm, the LSPR kmax values were obtained in
wavelength ranges of 566.1 to 579.81 nm and 575.1 to 585.61 nm,
respectively. These results show the size dependence of resonant
Rayleigh light scattering spectra of the single AuNPs. A spectral po-
sition experiences a polaritonic red shift with increasing particle
size owing to electromagnetic retardation [28,37]. Fig. 3A shows
the representative resonant Rayleigh light scattering spectra of the
individual AuNPs with an approximate diameter of 21 nm collected
after every adsorption of the chemical molecules. The experimental
spectra were fitted by the Lorentzian algorithm, and the kmax shifted
to the longer wavelength area for every step of adsorption. The LSPR
kmax shifts were approximately 15.07, 29.93, and 44.08 nm for for-
mation of a self-assembled monolayer (SAM) of OEG6-COOH,
adsorption of PSA–ACT mAb, and PSA–ACT complex (0.1 ng/ml),
respectively, compared with the LSPR kmax of bare AuNPs. After-
ward, the experiment was further expanded to the detection of
the PSA–ACT complex at concentrations ranging from 10�5 to
102 ng/ml. We also investigated the plasmonic response of single
AuNPs with various sizes in the same conditions. As shown in
Fig. 3B, the saturation response of the individual AuNP sensor was
dependent on size of AuNPs. In the case of the AuNPs with a diame-
ter of approximately 21 nm, the saturated concentration was 0.1 ng/
ml. On the other hand, in the case of the AuNPs with approximate
diameters of 43 and 81 nm, the saturated concentrations were 1.0
and 10 ng/ml, respectively. The saturation response of the individ-
ual AuNP sensor could be explained due to an overload of protein
stacked onto the surface of AuNPs. These results also indicated that
the maximum number of protein molecules conjugated to the sur-
face of AuNPs was dependent on particle size [15,26].
The calibration curves for the PSA–ACT complex detection using
the single AuNPs as a biosensor are shown in Fig. 4. The plots show
that the LSPR kmax shift values of single AuNPs decrease with
increasing size of AuNPs. This result indicates that changes in the
refractive index surrounding the nanoenvironment of smaller



Fig.4. Calibration curves describing detection of the PSA–ACT complex at concen-
trations ranging from 10�4 to 101 ng/ml using individual AuNPs with different sizes.

Fig.5. Nonspecific binding of various proteins on the anti-PSA functionalized AuNP
surface (diameter = 21 nm). The LSPR peak shifts increased negligibly when 0.1-ng/
ml concentrations of BSA, IgG, and fibrinogen were injected over the anti-PSA
functionalized AuNP surface in the flow cell.
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AuNPs are relatively larger when analytes of similar amounts are
conjugated to the surface of AuNPs. Thus, as shown in Fig. 3B, in
the case of AuNPs with diameters approximately 43 and 81 nm,
the concentrations of analytes below 1.0 and 10 pg/ml, respec-
tively, could not be determined. The lowest concentration that an
individual AuNP sensor with a diameter of approximately 21 nm
could experimentally detect was 0.1 pg/ml, corresponding to an
LSPR kmax shift of approximately 2.95 nm. Fig. 4 shows the linear
scale of the plasmonic responses of single AuNPs with different
sizes. The linear regression equations of each plasmonic response
of a given size for PSA–ACT complex detection by a PSA–ACT com-
plex/PSA–ACT mAb interaction were as follows: y = 3.690x + 17.71
(R2 = 0.994, n = 4, diameter = 21 nm AuNPs), y = 2.993x + 12.89
(R2 = 0.993, n = 4, diameter = 43 nm AuNPs), and y = 2.170x + 8.05
(R2 = 0.994, n = 4, diameter = 81 nm AuNPs), where y and x are
the LSPR kmax shifts of the single AuNP and analyte (PSA–ACT com-
plex) concentration (ng/ml), respectively. The error bars in Fig. 4
illustrate the relative standard deviation for four replicates
(n = 4). Based on these equations, the expected shift for different
PSA concentrations can be estimated. As shown in Fig. 4, the linear
dynamic range of individual AuNPs with a diameter of approxi-
mately 21 nm was from 10�4 to 10�1 ng/ml, and in the case of
the plasmonic responses of individual AuNPs with approximate
diameters of 43 and 81 nm, the linear dynamic ranges were from
10�3 to 100 ng/ml and from 10�2 to 101 ng/ml, respectively. Thus,
the total linear dynamic range was obtained at a concentration
range from 10�4 to 101 ng/ml. From these results, it can be
concluded that the size of the nanoparticles strongly affects the
LSPR sensitivity, the linear dynamic range, and the LSPR behavior
of the individual spherical Au nanosensor. The smaller nanoparti-
cles show higher LSPR sensitivity because their smaller surface
area reduces nonspecific binding and enables more targeted bind-
ing on the AuNP surface. Moreover, the smaller nanoparticles pro-
duce more confined electromagnetic fields; thus, they are more
sensitive to single molecules, which occupy a greater portion of
the sensing volume. However, the nanoparticles less than 20 nm
in diameter are very hard to visualize by a dark-field microscope
[38]. Hence, nanoparticle size should be carefully chosen to ensure
sufficient signal intensity for LSPR assays. Furthermore, the smaller
nanoparticles show smaller values for the saturation response ow-
ing to the smaller surface area for surface coverage of the nanopar-
ticle. As a result, the maximum number of protein molecules
conjugated to the surface of AuNPs is reduced. Thus, it can be con-
cluded that the dynamic range of detection was dependent on the
nanoparticle size.

To detect specific protein biomarkers more accurately, as well
as to verify the limit of detection, it is essential to examine the
interaction between nontarget proteins and sensing materials be-
cause unexpected binding events can generate noise leading to
aberrance of quantitative analysis of biomolecular recognition.
Therefore, nonspecific binding tests were performed with several
common proteins in human serum such as BSA, fibrinogen, and
IgG. As shown in Fig. 5, after the nontarget proteins (0.1 ng/ml)
were injected over the anti-PSA functionalized AuNP surface in
the flow cell, the plasmonic responses of these proteins increased
only slightly below 1.0 nm. The low nonspecific binding of these
proteins could be explained due to all of the unreacted sites on
the surface of the functionalized AuNPs being effectively deacti-
vated by the ethanolamine injected over the particle surface. Com-
pared with the LSPR kmax shifts from the specific interaction
between conjugated PSA mAb and PSA–ACT, the nonspecific bind-
ing events of the undesired proteins were negligible even at very
high concentrations. Thus, the target protein, the PSA–ACT com-
plex, can be specifically detected using single AuNP sensors. From
these results, it can be concluded that the detection limit of the
individual spherical Au nanosensor with a diameter of approxi-
mately 21 nm was approximately 0.1 pg/ml, corresponding to the
LSPR kmax shift of approximately 2.95 nm. This detection limit
can be compared with the values obtained from the well-known
assays based on barcode DNA [39]. Compared with all detection
limits of commercial tests for PSA detection (0.05–0.005 ng/ml)
and other formats such as surface plasmon resonance
(0.15–18.1 ng/ml), surface plasmon fluorescence spectroscopy
(3 pg/ml), and immuno-PCR (0.1 pg/ml) [40], the detection
platform based on individual spherical Au nanosensors is ultrasen-
sitive. These results indicate that this approach suggests possibili-
ties for the future about using single AuNPs with various sizes as a
label-free biosensor to quantitatively detect a lot of disease-related
proteins in a wide concentration range.
Conclusions

We have demonstrated that the plasmonic responses of single
AuNPs with various sizes can be used for analysis of biorecogni-
tion. The plasmonic responses of single AuNPs were measured as
the shift value of LSPR maximum wavelength of each single AuNP
using a dark-field microspectroscopy system. The relationship
between particle size and plasmonic response induced by the bind-
ing of the adsorbates and target analytes was described by the
comparative analysis of the resonant Rayleigh light scattering
spectra of each single AuNP. In addition, the linear dynamic range
of each plasmonic response corresponding to the binding of the
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PSA–ACT complex with a wide concentration range was deter-
mined by the calibration curves using single AuNPs with various
sizes as a biosensor. Consequently, the total linear dynamic range
was obtained in the concentration range of 10�4 to 10 ng/ml, with
the smallest detectable concentration at 0.1 pg/ml being deter-
mined with an LSPR kmax shift of approximately 2.95 nm. This
result shows that this approach can provide a highly sensitive
and wide-ranging analytical method for detecting not only protein
biomarkers but also other biological interactions. Moreover, the
unique plasmonic property of each single nanoparticle can contrib-
ute to the development of the biosensing platform, allowing fast,
simultaneous, economical, and label-free detection of multiple
analytes.
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