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Abstract In clinical settings, serum antibody levels serve as
markers of pathology. For example, antibodies related to
autoimmune diseases are among the conventional targets in
laboratory tests. Simple clinical tests can improve the effica-
cy of laboratory practice. This study describes a single-step,
wash-free technique for optically detecting antibodies in hu-
man serum through the localized surface plasmon resonance
(LSPR) of gold nanoparticles. As a proof-of-concept experi-
ment, the amount of antibiotin dissolved in human serum was
measuredwith a LSPR-based biosensor in a wash-free manner
using a conventional 96-well microtiter plate and a plate
reader. For an efficient surface modification of biosensors,
zwitterionic copolymer was used as a scaffold on the gold
nanoparticle surface to immobilize antigen and blocking re-
agent. Single-step, wash-free measurement of antibiotin in
human serum was successfully achieved. In addition, nonspe-
cific responses from serum contents were significantly re-
duced because both the copolymer and hydrophilic antigen
reagent that we employed were composed of poly(ethylene
oxide) spacer. Comparative experiments of the antigen-
antibody reaction in serum to that in buffered solution re-
vealed that serum is a favorable environment for the bio-
logical reaction. In conclusion, our gold-nanoparticle-
based LSPR method may provide a rapid and simple

way to measure the amount of antibody in serum
quantitatively in clinical practice.
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Introduction

In the emerging nanotechnology field, metal nanoparticles
have been the focus of much research due to their unique
optical properties [1]. In particular, noble metal nanoparticles
have generated considerable interest for their biomedical ap-
plicability in clinical practice because of their stability and
compatibility with the size of biological building blocks, such
as proteins and DNA [2]. An increasing number of studies in
biological sensing [3–15], clinical diagnostics [16–19], and
medical therapy [20–22] have been reported.

The unique optical properties of metal nanoparticles orig-
inate from their conduction electrons, also known as surface
plasmons, at the metal/dielectric interface. When excited by
light, surface plasmons exhibit collective oscillations of elec-
trons that result in the absorption and scattering of incident
light. This phenomenon, called localized surface plasmon
resonance (LSPR), distinguishes the metal nanoparticles from
the bulk material [23, 24]. Gold and silver nanoparticles elicit
the intense extinction of incident light, which can be physi-
cally tuned by changing the particle shape, size, and interpar-
ticle distance [11, 25–28].

The characteristic LSPR absorption spectrum is extremely
susceptible to dielectric properties of the local environment
around metal nanoparticles [26, 29]. This property has attracted
interest for the development of biosensors based on LSPR. The
critical volume which influences the shape and position of the
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LSPR spectra ranges from several tens to several hundreds of
nanometers from the nanoparticle surface. Target molecules,
such as antibodies, antigens, DNA, and so on, can be captured
within this critical volume. Bymeasuring the extinction spectral
changes, we can estimate the corresponding amount of target
molecule bound to the nanoparticle surface.

In the past decade, many theoretical and fundamental
works have employed LSPR as a biosensing transducer.
Malinsky and coworkers [8] explored the sensing capabilities
of LSPR by changing the thickness of alkanethiol self-
assembled monolayers formed on silver nanoparticles.
Using colloidal gold immobilized on an amino-
functionalized glass substrate, Nath and Chilkoti [10]
demonstrated a simple, label-free optical biosensor ap-
plication of LSPR. Haes and coworkers [17, 18] used
lithographically fabricated nanoparticles to quantify a
biomarker for Alzheimer’s disease. Since our focus is
the application of LSPR in clinical practice, we previ-
ously studied the optimal arrangement of immobilized
colloidal gold to detect antibodies in test solution with a
standard plate reader and 96-well microtiter plates [30].
These experiments were conducted in a buffered solu-
tion to remove any possible artifacts. Recently, Wang
et al. [19] reported LSPR sensing of the streptavidin-
biotin reaction in diluted human blood.

Our group also reported a single-step, wash-free method to
measure antibody in human serum using immobilized colloi-
dal gold on microtiter plates [31]. It enabled rapid quantifica-
tion of blood group ABO-related immunoglobulin levels after
living-donor organ transplantations, which are critically es-
sential for treatments and prognosis of transplantees especially
after clinical ABO-unmatched transplant. Because conven-
tional immunoassays are laborious and time-consuming, we
are interested in developing a rapid, simple, and reproducible
analytical method for clinical practice. We expect this LSPR-
based single-step, wash-free method can serve as such a
simplified assay for a specific analyte in human serum. Here,
we further explore the analytical validity of our LSPR sensor
for the antigen-antibody reaction in human serum comparing
to that in a buffered solution. Our previous results were
obtained by measuring naturally produced antibody in human
serum. On the other hand, in the present study, we employed
the model reaction of antibiotin to enable us to chemically
distinguish the reactions of the target substance from the
unknown serum contents. Using the controlled extrinsic anti-
body was necessary here because the primary purpose
of the present study was validated reduction in nonspe-
cific reactions of serum. In the crude systems like serum
we used here, nonspecific reactions are major factor to
deteriorate sensor sensitivity.

First, we optimized the surface chemistry to improve signal
intensity. The LSPR sensor is a label-free method. To increase
signal intensity, nonspecific responses from unknown species

in the serum must be reduced or eliminated. Second, to facil-
itate the antigen-antibody reaction, we compared the reactions
when hydrophilic or hydrophobic spacers were attached to the
immobilized antigen molecules (biotin). We also compared
the reactions in buffered solution and human serum because
we believe that some biological interactions should occur in
their natural biological fluid. Owing to the improved signal,
the final measurements would be obtained in a wash-free
manner without substituting a buffered solution for the serum.

Materials and methods

Chemicals and human samples

The following materials were obtained from their respective
manufacturers: colloidal gold (100 nm diameter)
(BBInternational); polyampholite polymer PAS-410 (Nitto
Boseki); rabbit antibiotin (Rockland Immunochemicals); N-
ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) (Sigma-Aldrich); (+)-biotin-(PEO)4-amine
(PEO4-biotin), (+)-biotinyl hexylamine (hexyl-biotin), and
triethylene glycol monoamine (TEA) (Molecular BioSci-
ences); N-hydroxysuccinimidobiotin (NHS-biotin),
succinimidyl-6-(biotinamido)-6-hexylamidohexanoate
(NHS-LC-LC-biotin), NHS-PEO4-biotin, and NHS-PEO12-
biotin (Pierce Biotechnology); fatty acid-free bovine serum
albumin (BSA) (Merck); skim milk powder and 2-(N-
morpholino)ethanesulfonic acid (MES, pH 4.7) buffered sa-
line (Wako Pure Chemical Industries); and phosphate-
buffered saline (PBS, pH 7.6) (Lab Vision). In all experi-
ments, reagent-grade water obtained from a Milli-Q system
(Millipore) was used.

Serum samples were obtained from a healthy adult volun-
teer at Kyoto University Hospital with informed consent
according to the Declaration of Helsinki. Once the serum
was separated from blood cells, it was stored in a −20 °C
freezer until use.

Immobilization of gold nanoparticles onto microtiter plates

Amine-surface 96-well microtiter plates (Corning) were used
as the substrates on which the gold nanoparticles were
immobilized (Fig. 1c). The optimal concentration of the gold
nanoparticle solution (about 1.7×109 particles/μL) was incu-
bated in the wells at room temperature for 24 h to allow
the particles to immobilize on the well surface [30].
After incubation, the plates were shaken vigorously to
remove all moisture and washed by ultrapure water,
then thoroughly dried with nitrogen gas. For each well,
the quality of immobilization was checked by measuring
the peak position of the extinction spectrum.
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Functionalization of the immobilized gold nanoparticle
surface

Two different surface chemistries were employed to immobi-
lize antigen on the gold nanoparticle surface (Fig. 1). The first,
simpler method used biotinylated BSA (Fig. 1a). The BSA
was biotinylated by using a series of succinimidylated biotin
reagents, following the manufacturer’s instructions. In all
cases, a 12-fold molar excess of biotin (relative to BSA) was
prepared. Four different types of spacers (i.e., biotin, LC-LC-
biotin, PEO4-biotin, and PEO12-biotin) were used as the biotin
reagents. Those spacers were chosen according to the results
of Frederix et al. [32], who showed that hydrophilic PEO
spacers reduce nonspecific adsorption from IgG in the
antigen-antibody reaction.

Biotinylated BSA was attached to the immobilized gold
nanoparticles by incubating 10 mg/mL of biotinylated BSA in
PBS for 2 h at 30 °C. The BSA covered the surface of the gold
and plate, and also served as an antigen for antibiotin. Refer-
ence wells were prepared by applying the same procedure
with nonbiotinylated BSA. To block the nonspecific binding
of unknown serum contents onto the gold nanoparticles and
plate surface, 0.025 % skim milk solution was added and
incubated for 2 h. The functionalized plates were stored with
100 μL of the blocking solution at 4 °C for further use.

The second method used PAS-410, which is a water-
soluble zwitterionic copolymer comprised of diallylamine
hydrochloride salt and maleic acid (Fig. 1b). This polymer
worked as a scaffold layer to attach antigen molecules

chemically to the immobilized gold nanoparticles through its
carboxyl groups. The polymer amine groups served as func-
tional components to coat the nanoparticles via their strong
electrostatic interaction with gold. The optimal PAS-410 con-
centration (8.4×10−4 % (w/w)) at pH 2.0 was added to each
well and incubated for 30 min.

Aminated antigen molecules (i.e., PEO4-biotin and hexyl-
biotin) were immobilized onto the surface of the gold nano-
particles. Immobilization was accomplished through the am-
ide linkage formed between the amine groups of the antigen
molecules and the carboxyl groups of PAS-410 by using the
EDC coupling reagent. Reference wells were prepared by
applying the same procedure with complementary molecules
of TEA, which are structurally similar to the antigen mole-
cules. The dehydration reaction was initiated by adding 25mL
aliquots of 10 mM antigen solution and 200 mg/mL EDC
solution in MES simultaneously to each well while maintain-
ing the temperature at 37 °C for 1 h. Lastly, to block nonspe-
cific binding of unknown serum contents onto the gold nano-
particles and plate surface, 0.01 % BSA solution was added
and incubated for 2 h. Functionalized plates were stored with
100 μL of the blocking solution at 4 °C for further use.

LSPR measurement of the amount of target antibody
(antibiotin) on the surface of immobilized gold nanoparticles

The LSPR sensor was characterized by determining shifts in
the spectrum peak (λmax), which reflect changes in the re-
fractive index at or near the gold nanoparticle surface. The
change in the refractive index results from the specific binding
of antibiotin to biotin.

Antibiotin was diluted in PBS containing 0.1 % BSA (for
the biotinylated BSAmethod) or 0.26 % PAS-410 and 0.01 %
BSA (for the copolymer method). This mixture was combined
with crude human serum to prepare the test solution. The
serum content was one third of the test solution. A 100 μL
aliquot of test solution was incubated in each well for 30 min
at room temperature. At first, the optical extinction spectrum
in the “wash-free” condition was measured with the test
solution remaining in the well. Then, each well was washed
four times by replacing the test solution with PBS, and the
optical extinction spectrum was measured again in 100 μL of
PBS in the “wash” condition. The specific shift in λmax,
which is induced by the binding of antibiotin to immobilized
antigens, was computed by subtracting the peak shift of the
simultaneously measured reference well. A plot of the
concentration-dependent shift in λmax was created to com-
pare the responses under the two measurement conditions.

Apparatus

A plate reader (Varioskan, Thermo Fisher Scientific) was used
to measure the optical extinction spectra of immobilized gold

Fig. 1 Experimental setups illustrating two different methods of surface
chemistry to functionalize the gold nanoparticle surface. The nanoparticle
surface was coated with (a) biotinylated BSA or (b) a zwitterionic
copolymer. (c) A 96-well microtiter plate with immobilized gold nano-
particles. The amount of antibiotin that attached to biotin on the surface
was measured by the peak shift of LSPR spectra

Single-step measurement of antibody in human serum using LSPR



nanoparticles on the plates. The plate was kept at room tem-
perature throughout the measurement procedure. Extinction
spectra were collected from 540 to 610 nm with 1-nm steps.
Spectral data were analyzed by fitting them to a Gaussian
curve to identify λmax. This analysis was conducted with
IGOR Pro software (WaveMetrics).

Results and discussion

Biotinylated BSA method for presenting antigens

Biotinylation of BSA was completed with the help of efficient
succinimydylated biotin reagents. Since excess succinimidylated
biotin reagents were used, it was assumed that the BSA biotinyl-
ation was saturated and constant across all spacer types. Even if
excess nonreacted and hydrolyzed reagents possibly remained in
the BSA solution, they were easily washed out after biotinylated
BSAwas attached to the gold nanoparticles.

The binding of antibiotin to biotin was measured with a
plate reader. Representative spectra are given in Fig. 2. As
shown in Fig. 3a, consistent results were obtained for the four
different spacer types for the reaction in PBS. In contrast, a
slightly higher response was observed in the case of more
hydrophilic poly(ethylene oxide) (PEO) spacers for the reac-
tion in serum (Fig. 3b). Because we could not completely
eliminate the effect of nonspecific binding in the lower con-
centration range of antibiotin, even after subtracting the re-
sponse in the reference well (Fig. 3b), we concluded that the
biotinylated BSAmethod could not be used satisfactorily with
serum samples.

The sigmoidally fitted curves in Fig. 2 indicate that the
dissociation constants (Kd) of this assay with PEO12 were
1.0×10−6 and 2.7×10−7 M in PBS and serum, respectively.
Thus, the reaction seems more efficient in serum than in PBS.

Copolymer method for presenting antigens

To improve the sensing performance with serum samples, we
evaluated the second method employing a zwitterionic copol-
ymer rather than biotinylated BSA as a scaffold on the gold
nanoparticles. Copolymer was adsorbed onto the gold nano-
particles through the electrostatic interaction between its ami-
no groups and gold. Then, two kinds of biotin antigens, PEO4-
biotin and hexyl-biotin, were covalently immobilized on the
surface of the gold nanoparticles, with the help of the EDC
coupling reagent. The binding of antibiotin to biotin was
monitored through measuring the extinction spectra.

According to the results shown in Fig. 4, PEO4-biotin
performed much better than hexyl-biotin in both PBS and
serum. This observation was consistent with that of biotinyl-
ated BSA. Hydrophilic spacers are more favorable for the
reaction than hydrophobic ones, even assuming that the ex-
tended spacer length of both compounds is sufficient to reduce
steric interferences. In the copolymer method, the serum mea-
surements in the lower concentration range were almost zero,
as expected (Fig. 4b). Therefore, its blocking capability seems
to be higher than that of the biotinylated BSA method. In
addition, we observed greater reaction responses in serum
than in PBS. For instance, in the case of PEO4-biotin, the
maximum peak shifts observed at 5 mg/mL of antibiotin were
3.9 and 5.3 nm in PBS and serum, respectively. However, the
standard error was only slightly increased, from 0.11 to
0.13 nm. As hypothesized, for the antigen-antibody reaction,
a biological fluid such as serum appears to be a more appro-
priate environment for measurements than a buffered solution.

The observed absolute values of peak shift were smaller than
those for biotinylated BSA method (Fig. 3), probably due to the
difference in the density of immobilized biotin antigens between
the two methods. However, the Kd obtained in serum with
PEO4-biotin was 6.7×10−8 M, which is smaller than the value
observed with the biotinylated BSA method. This result reflects
the improved sensitivity of the copolymer method as a biosensor.
The reduction in the nonspecific responses from serum samples
improved the sensitivity in the case of PEO4-biotin. Using a
silver nanoparticle technique, Hall et al. [33] reported a Kd value
of approximately 3×10−7 M, which is similar to ours.

Single-step, wash-free measurement of serum samples

We applied our assay to a single-step measurement using the
copolymer method to functionalize the gold nanoparticles.
The single-step measurement is “wash-free” because we do
not discard the serum in each well before measuring the
spectrum. The major purpose of “washing” is to reduce the
signal from unknown species in the serum and to improve
measurement accuracy and sensitivity. Therefore, a very low
nonspecific response or large SNR must be achieved for the
“wash-free” measurement to be useful.

Fig. 2 Representative spectra of LSPR in PBS, obtained by using the
copolymer method with a PEO4-type spacer. Solid line “wash” measure-
ment, dotted line baseline before assay
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The “wash-free” measurements in PBS and serum (Fig. 5)
resembled the results in the “wash” condition (Fig. 4). The
antigen-antibody reaction was equally enhanced with PEO4-
biotin and serum compared to hexyl-biotin and PBS, respec-
tively. One-to-one comparisons between the “wash” (Fig. 4)
and “wash-free” (Fig. 5) results showed similar concentration-
dependent responses of the LSPR peak shifts for each spacer
type of biotin. A slightly larger variability was found in the
“wash-free” measurement, due to the unpredictable and un-
controlled adsorption of serum contents (standard errors, 0.08
and 0.17 nm for PBS and serum with PEO4-biotin, respec-
tively at 0.16 mg/mL of antibiotin). However, our results
indicate that it is quite feasible to apply this single-step,
wash-free measurement to both PBS and serum samples.

Combined with our previous results, the findings presented
here support the validity of our single-step, wash-free LSPR
assay for antibody quantification in human serum using a
standard plate reader and 96-well microtiter plates. In this
method, the nonspecific binding was significantly reduced
and similar responses were obtained in the “wash” and
“wash-free” assays, even in human serum. Thus, the method
may provide a rapid and simple way to measure the amount of
antibody in serum quantitatively in clinical practice.

There is an analytically important issue that arises with the
use of serum. The absorption of serum distorted the shape of
the LSPR spectrum, with a negligible change in λmax. This
distortion leads to a deviation from the Gaussian curve, due to
the slightly yellowish color of serum. Therefore, one must be

Fig. 3 Antibiotin concentration-
dependent shift in λmax obtained
with different spacers in antigen
molecules (i.e., filled circle
PEO12, filled triangle PEO4, and
open triangle LCLC) or no spacer
(open circle). The biotinylated
BSA method was used to
immobilize antigen on the gold
nanoparticle surface.
Measurements were done (a) in
PBS and (b) in serum.Dotted line
delineates the responses of
PEO12. Error bars represent
standard errors from four samples

Fig. 4 Antibiotin concentration-dependent shift in λmax obtained with
different spacers (i.e., filled circle PEO4-type spacer and open square
hexyl-type spacer) in antigen molecules. The copolymer method was
used to immobilize antigen on the gold nanoparticle surface. “Wash”
measurements were done (a) in PBS and (b) in serum. Error bars

represent standard errors. Limits of detection are 0.016 and 0.005 mg/
mL for PBS and serum, respectively. Limits of quantification are 0.016
and 0.05 mg/mL for PBS and serum, respectively, derived from our
coarse measurement scales

Single-step measurement of antibody in human serum using LSPR



cautious and take the spectroscopic effects of the serum into
account when “wash-free” measurements are used.

Limitations of our study

The sensitivity of our method is not confirmed high
enough to measurer antibody related to infectious dis-
eases such as anti-HBs or antitetanus toxoid antibody.
Therefore, further studies are necessary to expand ap-
plicability of our methods. For instance, hepatitis B
test is to be proposed using the combination of recom-
binant hepatitis B surface antigen and anti-HBs. More-
over, another limitation of our methods would be that
test solution was diluted serum with PBS containing
controlled antibody and blocking reagent. It should
also be investigated to accept test solution with higher
serum contents.

Conclusions

Superior surface chemistry using a zwitterionic copoly-
mer and hydrophilic spacer arms improved the simple
operability of a label-free LSPR biosensor, which even-
tually led to a single-step procedure based on a micro-
titer plate system by significantly reducing nonspecific
responses of crude serum. We showed the method
which quantitatively measures the amount of antibody
in human serum with this single-step procedure as in
PBS. Moreover, the antigen-antibody reaction in human
serum was more efficient than the reaction in a buffered
solution. Consequent “wash” and “wash-free” measure-
ments gave equivalent results in terms of the
concentration-dependent shift in λmax, due to the

reduction in nonspecific responses by our sensor prepa-
ration. These results were achieved by using a novel
copolymer scaffold to immobilize both the antigen and
the blocking agent. The spacer arm of the antigen was
optimized by comparing hydrophilic PEO spacers with
hydrophobic alkyl spacers. Use of a hydrophilic spacer
was superior for the reaction with the antibody, i.e.,
antibiotin.

On the other hand, conventional techniques, such as
enzyme-linked immunosorbent assay (ELISA), require a label
(such as peroxidase) to transduce analytical information into
an observable signal (such as a color change). These tech-
niques involve several steps and hours to complete. Addition-
ally, procedures such as replacing test solution and washing
wells are intrinsically subject to human error-based variability
in the measurements.

This paper reports proof-of-concept results of single-step,
wash-free measurements of antibody in human serum based
on the LSPR biosensor using a microtiter plate system. Com-
bination of surface chemistry and spacer arm selection gave us
the feasible condition in preparation of the LSPR bio-
sensor by reducing nonspecific responses. We success-
fully measured the amount of antibiotin in serum as in a
buffered solution. We confirmed analytical validity of
our method. The results also show the importance of
measuring biomolecular interactions in an appropriate
biological fluid, i.e., serum for the antigen-antibody
reaction. Therefore, “wash-free” could be a critical char-
acteristic for such analytical method to reflect the real biomo-
lecular interactions. In principle, our analytical method is
broadly applicable to various antigens other than biotin. Last-
ly, potential usefulness of the LSPR method in clinical prac-
tice as a laboratory test was clearly suggested here owing to its
rapidness and simplicity of the procedure.

Fig. 5 Antibiotin concentration-
dependent shift in λmax obtained
with different spacers (i.e., filled
circle PEO4-type spacer and open
square hexyl-type spacer) in
antigen molecules. The copolymer
method was used to immobilize
antigen on the gold nanoparticle
surface. “Wash-free”measurements
were done (a) in PBS and (b) in
serum. Error bars represent
standard errors. Limits of detection
are 0.016 and 0.005 mg/mL for
PBS and serum, respectively.
Limits of quantification are
0.016 mg/mL for both PBS and
serum, respectively, derived from
our coarse measurement scales

J. Yamamichi et al.



Acknowledgments This work was supported in part by grants from the
Senshin Medical Research Foundation to TM.

References

1. Hutter E, Fendler JH (2004) Exploitation of localized surface plas-
mon resonance. Adv Mater 16:1685–1706

2. Cobley CM, Chen J, Cho EC, Wang LV, Xia Y (2011) Gold nano-
structures: a class of multifunctional materials for biomedical appli-
cations. Chem Soc Rev 40:44–56

3. Elghanian R, Storhoff JJ, Mucic RC, Letsinger RL, Mirkin CA
(1997) Selective colorimetric detection of polynucleotides based on
the distance-dependent optical properties of gold nanoparticles.
Science 277:1078–1080

4. Himmelhaus M, Takei H (2000) Cap-shaped gold nanoparticles for
an optical biosensor. Sensors Actuators B Chem 63:24–30

5. Okamoto T, Yamaguchi I, Kobayashi T (2000) Local plasmon sensor
with gold colloid monolayers deposited upon glass substrates. Opt
Lett 25:372–374

6. Eck D, Helm CA, Wagner NJ, Vaynberg KA (2001) Plasmon reso-
nance measurements of the adsorption and adsorption kinetics of a
biopolymer onto gold nanocolloids. Langmuir 17:957–960

7. Englebienne P, Van Hoonacker A, Verhas M (2001) High-throughput
screening using the surface plasmon resonance effect of colloidal
gold nanoparticles. Analyst 126:1645–1651

8. Malinsky MD, Kelly KL, Schatz GC, Van Duyne RP (2001) Chain
length dependence and sensing capabilities of the localized surface
plasmon resonance of silver nanoparticles chemically modified
with alkanethiol self-assembled monolayers. J Am Chem Soc
123:1471–1482

9. Haes AJ, Van Duyne RP (2002) A nanoscale optical biosensor:
sensitivity and selectivity of an approach based on the localized
surface plasmon resonance spectroscopy of triangular silver nano-
particles. J Am Chem Soc 124:10596–10604

10. Nath N, Chilkoti A (2002) A colorimetric gold nanoparticle sensor to
interrogate biomolecular interactions in real time on a surface. Anal
Chem 74:504–509

11. Nath N, Chilkoti A (2004) Label-free biosensing by surface plasmon
resonance of nanoparticles on glass: optimization of nanoparticle
size. Anal Chem 76:5370–5378

12. Hanarp P, Käll M, Sutherland DS (2003) Optical properties of short
range ordered arrays of nanometer gold disks prepared by colloidal
lithography. J Phys Chem B 107:5768–5772

13. Endo T, Kerman K, Nagatani N, Takamura Y, Tamiya E (2005)
Label-free detection of peptide nucleic acid–DNA hybridization
using localized surface plasmon resonance based optical biosensor.
Anal Chem 77:6976–6984

14. Mayer KM, Lee S, Liao H, Rostro BC, Fuentes A, Scully PT, Nehl CL,
Hafner JH (2008) A label-free immunoassay based upon localized
surface plasmon resonance of gold nanorods. ACS Nano 2:687–692

15. Live LS, Dhawan A, Gibson KF, Poirier-Richard HP, Graham D,
Canva M, Vo-Dinh T, Masson JF (2012) Angle-dependent resonance
of localized and propagating surface plasmons in microhole arrays
for enhanced biosensing. Anal Bioanal Chem 404:2859–286816

16. Englebienne P (1998) Use of colloidal gold surface plasmon reso-
nance peak shift to infer affinity constants from the interactions
between protein antigens and antibodies specific for single or multi-
ple epitopes. Analyst 123:1599–1603

17. Haes AJ, Hall WP, Chang L, Klein WL, Van Duyne RP (2004) A
localized surface plasmon resonance biosensor: first steps toward an
assay for Alzheimer's disease. Nano Lett 4:1029–1034

18. Haes AJ, Chang L, Klein WL, Van Duyne RP (2005) Detection of a
biomarker for Alzheimer’s disease from synthetic and clinical
samples using a nanoscale optical biosensor. J Am Chem Soc
127:2264–2271

19. Wang Y, Qian W, Tan Y, Ding S (2008) A label-free biosensor based
on gold nanoshell monolayers for monitoring biomolecular interac-
tions in diluted whole blood. Biosens Bioelectron 23:1166–1170

20. Loo C, Lowery A, Halas N, West J, Drezek R (2005)
Immunotargeted nanoshells for integrated cancer imaging and ther-
apy. Nano Lett 5:709–711

21. Dickerson EB, Dreaden EC, Huang X, El-Sayed IH, Chu H,
Pushpanketh S, McDonald JF, El-Sayed MA (2008) Gold nanorod
assisted near-infrared plasmonic photothermal therapy (PPTT) of
HSC-3 tumors in mice. Cancer Lett 269:57–66

22. Huang YF, Sefah K, Bamrungsap S, Chang HT, Tan W (2008)
Selective photothermal therapy for mixed cancer cells using
aptamer-conjugated nanorods. Langmuir 24:11860–11865

23. Daniel MC, Astruc D (2004) Gold nanoparticles: assembly, supra-
molecular chemistry, quantum-size-related properties, and applica-
tions toward biology, catalysis, and nanotechnology. Chem Rev 104:
293–346

24. Eustis S, El-Sayed MA (2006) Why gold nanoparticles are more
precious than pretty gold: Noble metal surface plasmon resonance
and its enhancement of the radiative and nonradiative properties of
nanocrystals of different shapes. Chem Soc Rev 35:209–217

25. Haynes CL, Van Duyne RP (2001) Nanosphere lithography: a ver-
satile nanofabrication tool for studies of size-dependent nanoparticle
optics. J Phys Chem B 105:5599–5611

26. Kelly KL, Coronado EL, Zhao L, Schatz GC (2003) The optical
properties of metal nanoparticles: the influence of size, shape, and
dielectric environment. J Phys Chem B 107:668–677

27. Miller MM, Lazarides AA (2006) Sensitivity of metal nanoparticle
plasmon resonance band position to the dielectric environment as
observed in scattering. J Opt A 8:S239–S249

28. Haynes CL, McFarland AD, Zhao L, Van Duyne RP, Schatz GC,
Gunnarsson L, Prikulis J, Kasemo B, Käll M (2003) Nanoparticle
optics: the importance of radiative dipole coupling in two-
dimensional nanoparticle arrays. Phys Chem B 107:7337–7342

29. Miller MM, Lazarides AA (2005) Sensitivity of metal nanoparticle
surface plasmon resonance to the dielectric environment. J Phys
Chem B 109:21556–21565

30. Yamamichi J, Iida M, Ojima T, Handa Y, Yamada T, Kuroda R,
Imamura T, Yano T (2009) The mesoscopic effect on label-free
biosensors based on localized surface plasmon resonance of
immobilized colloidal gold. Sensors Actuators B 143:349–356

31. Yamamichi J, Ojima T, Yurugi K, Iida M, Imamura T, Ashihara E,
Kimura S,Maekawa T (2011) Single-step, label-free quantification of
antibody in human serum for clinical applications based on
local surface palsmon resonance. Nanomed Nanotech Biol
Med 7:889–895

32. Frederix F, Bonroy K, Reekmans G, Laureyn W, Campitelli A,
Abramov MA, Dehaen W, Maes G (2004) Reduced nonspecific
adsorption on covalently immobilized protein surfaces using poly(-
ethylene oxide) containing blocking agents. J Biochem Biophys
Methods 58:67–74

33. Hall WP, Ngatia SN, Van Duyne RP (2011) LSPR biosensor signal
enhancement using nanoparticle–antibody conjugates. J Phys Chem
C 115:1410–1414

Single-step measurement of antibody in human serum using LSPR


	Surface...
	Abstract
	Introduction
	Materials and methods
	Chemicals and human samples
	Immobilization of gold nanoparticles onto microtiter plates
	Functionalization of the immobilized gold nanoparticle surface
	LSPR measurement of the amount of target antibody (antibiotin) on the surface of immobilized gold nanoparticles
	Apparatus

	Results and discussion
	Biotinylated BSA method for presenting antigens
	Copolymer method for presenting antigens
	Single-step, wash-free measurement of serum samples
	Limitations of our study

	Conclusions
	References


