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a b s t r a c t

A novel gold nanorods (GNRs) biosensor based on the localized surface plasmon resonance (LSPR) behav-
ior was designed to detect the hepatitis B surface antigen (HBsAg) which indicates active viral replication
of hepatitis B virus (HBV). The surface of GNRs was modified with monoclonal hepatitis B surface antibody
(HBsAb) through physical adsorption. Raman spectrum, dynamic light scattering (DLS) and zeta potential
eywords:
iosensor
old nanorod
SPR
etection

measurement were conducted to access the nature of the GNRs after antibody modification. The bind-
ing of analyte to the molecular probe was monitored by the longitudinal wavelength shift of LSPR peak
in the UV–Vis extinction spectrum resulting from the changes of local refractive index induced by the
immunological reaction. The biosensor could be utilized in quantitative analysis in Tris buffers, which
has dose-dependence response ranging from 0.01 IU/mL to 1 IU/mL. Further, the biosensor was suited for
qualitative analysis of HBsAg in the actual media of blood serum and plasma. The ease of operation, high

lity o
sensitivity, and its genera

. Introduction

Up to date, immunoassay plays a prominent role in the early
iagnosis of cancer, infectious disease and autoimmune disor-
ers. As the current gold standard, enzyme-linked immunosorbent
ssay (ELISA) has been one of the most extended methods for
he serological diagnosis in protein detection in the last three
ecades. It still has some shortcomings, such as long testing time
eeded, indirect format of detection and multiple washing steps.

n order to achieve rapid detection, gold colloid-based lateral-
ow immunoassays have been extensively studied and utilized
s field diagnosis and point-of-care technology. Efforts have been
ade to increase their detection limits, however, progress has been

isappointing especially in quantitative analysis. Recently, with
he development of nanotechnology, researchers are pushing the
nvelope to expand the applications of nanoparticles with unique
roperties to construct novel biosensors. For instance, quantum
ots (Jain, 2004; Demidov, 2005; Shingyoji et al., 2005), carbon

anotubes (Ghosh et al., 2003; Wang et al., 2009), nanowires
Zheng et al., 2005) and magnetic nanoparticles (Baselt et al.,
998; Graham et al., 2002; Li et al., 2003; Millen et al., 2005; Li
t al., 2006) have attracted much attention as signal transducers.

∗ Corresponding author. Tel.: +86 10 66931292; fax: +86 10 66931292.
E-mail address: lszhan91@yahoo.com (L. Zhan).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.07.121
ffer specific advantages over other GNRs-based immunoassay methods.
© 2010 Elsevier B.V. All rights reserved.

However, the application of such biosensors are often limited by
the solubility, stability, requirement for expensive instruments,
and, most importantly, uncontrollable response to the composi-
tions of complex biological samples. Generally speaking, practical
sensors must work in the milieu of interest to minimize complex-
ity of the system. Therefore, it is a big challenge for detection
of varied samples in different matrices using the newly devel-
oped detection platforms. Since circumstances would have great
influence on the behavior of biosensors, and there have been
only a few reports (Osterfeld et al., 2008; Gaster et al., 2009;
Xia et al., 2009) of novel immunoassays focusing on detecting
protein in actual media, the aim of this study was to construct
a method that would meet all these criteria and overcome the
technological barrier to transfer bench research to clinical appli-
cations.

As is well known, gold nanorod (GNR) material has a larger
light absorption and scattering cross section in the surface plas-
mon resonance wavelength regions (Hutter and Fendler, 2004;
Pérez-Juste et al., 2005; Mayer et al., 2008; Anker et al., 2008) than
gold nanoparticle (GNP) material (Chen et al., 2007). Unlike fluo-
rophores, stable plasmonic nanoparticles do not blink or bleach,

allowing researchers to observe molecular binding over arbitrary
long time intervals. Anisotropic rod-shaped material gives rising
to two absorption peaks corresponding to their plasmonic modes
(Kelly et al., 2003; Pérez-Juste et al., 2005; Murphy et al., 2005). The
longitudinal plasmon band has been demonstrated to be more sen-

dx.doi.org/10.1016/j.bios.2010.07.121
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:lszhan91@yahoo.com
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itive than the transverse one observed for spherical particles both
xperimentally and theoretically (Pramod et al., 2007). As it has
een demonstrated that the location of longitudinal plasmon wave-

engths may reflect the changes in the dielectric properties of the
urroundings and external environment, the nanosensor described
n the present work is based upon the LSPR behavior of nanostruc-
ures that enables optical transduction of binding events into an
ptical signal. LSPR based biosensors can be conveniently modified
y carbodiimide chemistry (Yu and Irudayaraj, 2007a,b). However,
ultiple modification steps resulted in difficulties in keeping the

ispersion state from aggregation and made the monitoring of
iospecific interactions events inaccurate. So in the present case, a
easible functionalization approach through nonspecific physisorp-
ion was designed. Crudely, an enveloped model of the GNRs was
roposed and superior adaptability of such biosensors to external
edia was expected.
HBsAg is the most important marker for the laboratory diag-

osis of hepatitis B. It in serum indicates an acute and chronic
epatitis B virus infection and potential infectivity. In this study,

t has been taken as the example for the protein detection, namely,
onoclonal HBsAb has been labelled on the surface of the GNRs

hrough nonspecific adsorption to detect HBsAg. Some characteri-
ations have been conducted to access the nature of the GNRs after
iological modification. In addition, a validation experiment also
as been designed in a 96-well microplate based on ELISA to eval-
ate the influence of steric effects on the binding affinity of the
ntibody–antigen pair. To our knowledge, it is the only report, that
uch homogeneous biosensor assay could work in the actual media
o detect HBsAg in the presence of complex compositions in blood
erum or plasma.

. Materials and methods

.1. Materials

All the reagents were used as received without further purifi-
ation. Chloroauric acid and cetyltrimethylammonium bromide
CTAB) were purchased from Sigma–Aldrich Chemical Co. Sodium
orohydride (NaBH4), l-ascorbic acid and silver nitrate were pur-
hased from Sinopharm Chemical Reagent Co. Ltd. Millli-Q purified
ater (18.2 M�) was used for all experiments. Bovine serum albu-
in (BSA) was purchased from Roche and monoclonal HBsAb was

rom Beijing Polaris Biotechnology Co, Ltd. The “Diagnostic Kit for
epatitis B Surface Antigen” was provided by InTec Products, Inc.

Xiamen). HBsAg positive and negative serum samples used to
valuate the biosensor were obtained from the kit. The standard
eference material for HBsAg was provided by the National Center
f Clinical Laboratory (NCCL) of China.

.2. Equipments for characterization

A Hitachi H-7650 transmission electron microscopy (TEM) oper-
ting at 80 kV was conducted to observe the morphology of the
NRs. Absorption spectra of GNRs and GNRs-based complexes at
very stage were recorded with a SpectraMax M5 microtiter plate
eader with Softmax® Pro Software (Molecular Devices Corpora-
ion, USA), with the wavelength ranging from 400 nm to 1000 nm.
t least 120 �L of the sample was added to each well to obtain its
bsorption spectra. The charge and surface size of the nanoparticles
nd the complexes were measured by Zetasizer Nano ZS90 system

Malvern Instruments). Raman measurements were performed
n a JY-HR800 Raman spectrometer. A He–Ne laser operating at
= 632.8 nm was used as the excitation source. For each sample,
0 �L of the solution was dropped onto the glass slide and the
pectrum was recorded after air drying. The isoelectric point (pI) of
ectronics 26 (2010) 404–410 405

the proteins was determined by isoelectric focusing electrophoresis
(PROTRAN IEF Cell, Bio-rad Corp. USA).

2.3. Preparation of GNRs

Gold nanorods were prepared using a seed-mediated
surfactant-directed approach in a two-step procedure (Sau
and Murphy, 2004). First, 250 �L 0.01 M HAuCl4 aqueous solution
was added to a solution of 7.5 mL 0.1 M CTAB, then the gold seed
was generated by adding 600 �L 0.01 M freshly prepared ice-cold
NaBH4 solution to the CTAB solution in a test tube at once. The
mixture was inversion mixed immediately for 2 min, followed
by being kept in a water bath at 25 ◦C for at least 2 h. And the
next was to prepare the nanorod growth solution, which was
prepared by adding the several reagents to 95 mL 100 mM CTAB
with gently shaking in the following order: 4 mL 10 mM hydrogen
tetrachloroaurate (III), 600 �L 10 mM silver nitrate and 640 �L
100 mM ascorbic acid. Then, 100 �L of this seed solution was added
to the growth solution prepared before, mixed for 10 s by shaking
and left undisturbed for 3 h before washing. Excess CTAB was
removed from the GNRs suspension by centrifugation at 8000 rpm
for 10 min. The GNRs were redispersed in deionized water, which
was concentrated to c.a. 0.5 nM by sonication and centrifugation
before use.

2.4. Biological modification of as-prepared GNRs

In this work, the as-prepared GNRs were directly modified by
monoclonal HBsAb through physical adsorption. Briefly, 200 �L of
concentrated GNRs was added to 1.0 ml 0.1 mg/mL HBsAb aque-
ous solution at room temperature with gentle shaking, followed by
being kept still for 30 min. Then, the antibody-labelled GNRs were
washed by 1 wt.% BSA solution (10,000 rpm, 10 min for purification)
and centrifuged three times.

2.5. Validation experiment based on ELISA

In validation experiment, all the reagents and steps were the
same as which being employed in the sandwich ELISA, except that
monoclonal HBsAb-labelled GNRs were used instead of monoclonal
HBsAb attaching to the surface of a 96-well microplate. Simulta-
neously, a routine ELISA procedure was performed on the same
microplate for comparison. The amount of HBsAb in GNRs-HBsAb
was determined by a BCATM Protein Assay Kit (Pierce).

2.6. In vitro diagnosis with the fabricated biosensor

In the detection stage, the working reagent was prepared by
adding the functionalized GNRs to 10 mM Tris buffer before the
unknown samples added. Study of optimization conditions pro-
vided the proper working concentration for GNRs, which could be
controlled by rescaling the maximum absorbance of the longitudi-
nal plasmon peak in the detection system. An hour of incubation
was performed to allow the probe-target binding to reach equi-
librium. Products of the immunological reaction were collected
by centrifugation and resuspension, and then absorption spectra
were measured between 400 nm and 1000 nm and peak shifts were
recorded. Each peak shift value was averaged from three parallel
experiments and expressed as mean ± standard deviation.

3. Results and discussion
3.1. Characterization of GNRs and the fabricated biosensor

Fig. 1 is the schematic representation of the synthesis of mon-
oclonal HBsAb conjugated GNRs and the detection mechanism for
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ig. 1. Schematic representation of the synthesis of antibody-functionalized GNR
ifferent matrixes.

uch biosensor in capturing targets. In the current work, antibody
unctionalization is simply done by incubating antibody with con-
entrated GNRs through nonspecific physisorption. Actually, the
ajority of the modifications of GNRs were through EDC/NHS

eagents, in which at least two steps were needed to implement
he process. This is because chemical modification was desirable
o obtain a more sensitive biosensor based on the terminal mod-
fication model (Yu and Irudayaraj, 2007a). However, other direct
vidence for this model was absent except for some studies con-
erning the oriented assembly phenomenon (Caswell et al., 2003;
hang et al., 2005; Huang et al., 2010). On the other hand, the
omogeneous immunoassay for cancer biomarker detection with
NRs and GNPs modified through physical adsorption coupled with
ynamic light scattering (DLS) has been established with a dose-
ependent result (Liu et al., 2008). In view of the above facts, we
dopted the physical adsorption modification to simplify the fab-
icating process.

After incubating with HBsAb and washing by BSA, the active
ites remaining after antibody adsorption were considered com-
letely blocked. The obtained complex is the so-called biosensor,
hich can distinguish target proteins. When the homogenous sys-

em reaches equilibrium, the biosensor’s response to target binding
an be monitored by the red shift of transverse and longitudi-
al electronic oscillation, in which the latter is more sensitive, as
as been demonstrated by this work and in agreement with many
roups (Yu et al., 2007; Pramod et al., 2007; Wang and Irudayaraj,
008; Huang et al., 2009). The pronounced red shift of the nanopar-
icle and antibody–antigen complex results from the changes of the
ffective thickness of the adsorbate layer, the refractive index of
he adsorbate and medium surrounding and electromagnetic field
ecay length, while the chosen nanomaterial determines the sensi-
ivity factor (Chen et al., 2007; Anker et al., 2008). The longitudinal
lasmon band of the GNRs which had been chosen to use in this
ork is located at c.a. 700 nm, because in this wavelength range

he background absorption, scattering, polarization and spectral
haracteristics of endogenous chromophores from biological mix-
ures (for instance, hemoglobin in serum and blood) was minimal
Weissleder, 2001).

Fig. 2 shows a typical TEM micrograph (A) of the as-prepared
NRs, characteristic plasmon absorption spectrum (B) and Raman
pectra (C) for the GNR material before and after HBsAb functional-
zation. Fig. 2(A) shows fairly uniform rod-shaped nanoparticles (a
ength of 68 ± 8 nm and a width of 30 ± 5 nm) with a high yield has
een synthesized. The inset micrograph exhibits a good dispersion

f the GNRs at a certain concentration. As shown in Fig. 2(B), after
BsAb modification, the red shift related to the longitudinal plas-
on band of c.a. 10 nm occurs. It should be assigned to the changes

f the thickness of the adsorbate layers and their refractive indexes.
omparison of the LSPR spectra of GNRs and GNRs-HBsAb indicates
the detection mechanism for the biosensor immunoassay in capturing targets in

that the ratio of the transverse LSPR peak to the longitude LSPR peak
keeps constant. However, increase of this ratio has been observed
after GNRs functionalized in other researches (Marinakos et al.,
2007; Yu et al., 2007), which was related to the formation of an end-
on configuration. Here, the constant ratio suggests the primary dis-
persion state of the GNRs was maintained after antibody modifica-
tion. Further, after incubation with HBsAg, a pronounced red shift of
the longitudinal band can be observed as a plasmon response of the
fabricated biosensor to the target, which could be due to the binding
events that resulted from the immunological reaction. It should be
noticed that the capturing of HBsAg has led to a larger magnitude of
shift for the LSPR peak in comparison with that in binding of HBsAb.
In addition little difference of the shape and half-width of the spec-
trum presents after capturing the target, suggesting a controllable
dispersion state of the nanoparticles from aggregation.

Raman spectrum reading of pure CTAB, GNRs before and
after antibody functionalized have been recorded and presented
in Fig. 2(C). The spectra for GNRs and GNRs-HBsAb have more
intense spectral signals than pure chemicals, probably due to
the surface-enhanced Raman scattering effect in the presence of
GNRs. Therefore, for comparison purpose, all spectra have been
normalized. The spectra for pure chemical CTAB matches well
with those spectra given in other studies (http://riodb01.ibase.aist.
go.jp/sdbs/cgi-bin/direct frame top.cgi, Foucault et al., 2003).
As shown, before modification, the CTAB-capped GNRs, display
characteristic CTAB Raman bands at 763 cm−1 and 1460 cm−1

(http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct frame top.cgi;
Kalyanasundaram and Thomas, 1976; Foucault et al., 2003; Yu et
al., 2007), which accords with the spectrum of CTAB below. In the
case of GNRs-HBsAb, the poor signal-to-noise ratio brings about
difficulties in differentiating peaks from the background noise.
However, it is worth noting that the peaks associated with CTAB
have disappeared, with some new peaks arising. Among them,
the 851 cm−1 peak can possibly be assigned to the tyrosine ring
breathing vibration (Huang et al., 2007), and the 1003 cm−1 to
ring C–C stretch vibrations in the phenylalanine residues (Huang
et al., 2007), demonstrating that the antibody molecules were
adsorbed on the surface of the GNRs. This suggests that at least the
majority of the CTAB molecules had been replaced by adsorbed
protein molecules in modification. While in the detection step,
HBsAg molecules bond to the GNRs probe through immunological
reaction. In other words, such replacement did not occur to reduce
the changes of the effective thickness of the adsorbate layer. This
is maybe the reason why the LSPR shift in detection was much

larger than that in the modification step.

Additionally, zeta potential analysis and DLS measurement were
used to further confirm the surface modification by antibody. Zeta
potential analysis gave +27 mV and −32 mV for GNRs before and
after antibody modification, respectively. The isoelectric point of

http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
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ig. 2. Typical TEM micrographs (A) of the as-prepared GNRs, characteristic plasm
BsAb protein functionalization. The inset micrograph in (A) exhibits a good disper

he monoclonal HBsAb has been determined by isoelectric focusing
lectrophoresis to be 6.2. The pH value of the modification sys-
em was measured to be 5.6, higher than the pI value of HBsAb.
ince the HBsAb molecules in this system also had positive charges,
t can be concluded that nonspecific physisorption has occurred
etween GNRs and HBsAb molecules during the modification step.

n the case of BSA, because the pI value for it was 4.7, it was nega-
ive charged in this system. Thus, the remaining sites where CTAB
till being should have been blocked by BSA through electrostatic
nteraction. As a result, after modification, the net charge for the
unctionalized GNRs was negative, consistent with the zeta poten-
ial analysis. DLS was utilized to monitor the size changes of the
anoparticles. Before modification, the Z-average diameter of the
NRs was measured as 62.1 nm, while after antibody functional-

zed, it was increased to 89.7 nm. It can be noted that the size of
anorods according to DLS is much larger than the data described
bove from TEM micrographs, which may be attributed to two
oints as follows. One is the CTAB surfactant layer adsorbed on
he surface of the GNRs, and the hydrodynamic radius is obtained
y DLS, which is the effective size of the particle as detected by

ts diffusion, a layer formed by its counterions involved. The other,
hich is more important, is that the size by DLS is weighting of light

cattering intensity, not number weighting as it is in TEM. The dif-
erence in the calculation principle makes the results of DLS larger.
ince the CTAB layer is a bi-layer with a thickness of 4–5 nm and
he antibody molecules have a size of 6–10 nm, the size increase is
eadily interpreted.

.2. Validation experiment

In this work, we utilize gold nanorods as an optical transducer
nd the wavelength shift of the longitudinal electronic oscillation
s recorded as the optical signature of biosensor-analyte captur-
ng events. However, would being labelled by nanoparticles affect
he binding affinity between antibody and antigen or not? This is
he key factor which might have great influence on the limit of
etection and specificity of the fabricated biosensor. To resolve
his problem, a validation experiment was designed in a 96-well

icroplate based on ELISA, as illuminated in Fig. 3.
Moreover, as is well known, standard materials are often sta-

le in their own properties. To make all the results obtained in
his work comparable with other studies and minimize the effect
f binding affinity resulting from different antigen/antibody pairs,
BsAg standard material was applied to play the role of analyte in

his work.

No matter in the case of Fig. 3(A) or (B), the concentration of

onoclonal HBsAb, polyclonal HBsAb and enzyme labelled anti-
ody remain equal in each well. Furthermore, for comparison
urpose, the effective amount of HBsAb in GNRs-HBsAb of group B

s equal to that of group A in alkaline diluted solution. As have been
sorption spectra (B) and Raman spectra (C) for the GNR material before and after
f the GNRs at a certain concentration.

depicted in Fig. 1, after functionalized, the nanorod was surrounded
by the monoclonal HBsAb molecules. In the coating step of ELISA, no
matter through which side the GNRs contacts with the microplate,
half of the monoclonal HBsAb molecules can be considered as effec-
tive ones. The concentration of effective HBsAb can be determined
by the optimized conditions according to the conventional ELISA
using the same antigen/antibody pair. A blank experiment was car-
ried out to evaluate the color interference brought about by GNRs,
which demonstrated it contributed negligibly to the final results.

The t-test was adopted to compare the actual difference
between the data of the two groups. And it is interesting to observe
that there was no statistical significance between groups A and B,
as shown in Fig. 3 (C) and (D), which corresponding to the coating
model of groups A and B, respectively. Besides, the limits of detec-
tion (LOD) of them remain equal to each other to be 0.4 IU/mL.
Similar results have been obtained by Hafner’s group (Mayer et
al., 2008). In their study, after the gold nanorods were fixed to a
glass surface and conjugated to antibody by carbodiimide cross-
linking, the binding rates and equilibrium constant could still keep
in good agreement with literature values for an antibody–antigen
system. Combined with our results, it can be concluded that the
steric effect is not dominant after antibody conjugates with gold
nanorods, which gives us a large development space to increase
the sensitivity of such biosensors.

3.3. Quantitative analysis of HBsAg in aqueous solution

Fig. 4 is a plot of the longitudinal LSPR shift over the target HBsAg
concentrations ranging from 0.01 IU/mL to 1 IU/mL. It is obvious
that a sigmoidal correlation exists over this range according to
standard material. Our experiment indicates that gold nanorod-
based LSPR biosensor is capable of measuring HBsAg concentration
even at 0.01 IU/mL level, which is about 40 times lower than the
LOD of the ELISA method under the optimized conditions. By using
the GNRs-based biosensor assay, similar sigmoidal dose–response
curve also has been plotted in the literatures (Marinakos et al.,
2007; Nusz et al., 2009). It is worth noting that the red shift of
the assay would not increase linearly with the protein concentra-
tion increased, because the theoretical maximal combining amount
of the target protein is easily calculated by the above experimen-
tal data according to the previous literature (Yu et al., 2007) and
is estimated to be between 20 IU/mL and 200 IU/mL. However, the
actual value will be much less than the theoretical value because
the standard 1:1 binding model was applied in estimation.
3.4. Qualitative analysis of HBsAg in blood serum and plasma

Great efforts have been made to develop a general sensing plat-
form that can be ubiquitously applied to detect the constellations of
biomolecules with high sensitivity and specificity in diverse clinical
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From the experimental data listed in Table 1, it can be noted
that 12 positive samples all have red shifts, ranging from 4.3 nm to
30 nm relative to blank experiment. Meanwhile, less than ±3 nm
shift occurred for the negative samples compared to the blank,
ig. 3. Schematic illustration of the validation experiment designed in a 96-well m
fter the antibody conjugated with the gold nanorods.

amples, such as blood serum, plasma, urine, cell lysate and so on.
o the best of our knowledge, little work (Marinakos et al., 2007) has
een done in applying GNRs-based SPR or LSPR biosensors to cap-
ure a target in more complex media than water or buffer. The major
imitation is the signal distortion that is caused by nonspecific
dsorption of other proteins in the medium besides targets. Gener-
lly speaking, chemical modification is always preferred employing
n fabricating such biosensors. The most likely reason for the non-
pecificity might be that some active sites still remain on the GNRs
fter chemical modification, for the surface CTAB molecules could
ardly be completely displaced by chemical reactions under mild
onditions (Wang and Irudayaraj, 2009). However, our GNR-based
iosensor was fabricated by physical adsorption with correspond-

ng antibody, especially sufficient BSA blocking followed by it. This
reatment made the biosensor a flexible shell composed of pro-
ein molecules, which would permit such sensors to work in other

edia of interest without unnecessary changes of solution to min-
mize complexity.

Therefore, HBsAg positive and negative serum samples were
rst applied to evaluate our biosensor. To obtain more informa-
ion about the assay, blank and control (BSA added) samples were
lso tested in the same run. The results after normalization were
isplayed in Fig. 5. As shown, no obvious difference between the
pectra of blank and control was observed. By contrast, compar-
ng with the negative serum sample, the positive serum showed
n 8 nm red shift. In practice, 6–20 nm red shifts were obtained
ccording to different batches of the diagnostic kits.

For bedside diagnosis, blood plasma serves as an analyte that
an rapidly be prepared by spinning a tube of fresh blood in a cen-

rifuge until the blood cells are suspended. It is mostly water (90% by
olume) and contains dissolved proteins, glucose, clotting factors,
ineral ions, hormones and carbon dioxide. In the current study,
e next aimed to demonstrate the usefulness of our assay system

or detecting HBsAg in blood plasma. Twenty-three clinical plasma
ate based on ELISA. It has been demonstrated that the steric effect is not dominant

samples that had been previously identified by ELISA as positive or
negative were analyzed with the fabricated biosensor. To increase
the level of confidence, a control experiment was carried out. In
the control experiment, 50 ng/mL of the BSA solution was added to
the homogeneous detection system in parallel with clinical plasma
samples. The maximal average shift of the control experiment was
1.7 nm (blue or red) compared with the blank experiment. In prac-
tice, the peak locations of control and blank experiment always
match well with each other. For the majority, less than 1 nm shift
was observed, indicating the complete blocking could decrease the
nonspecific signal of our LSPR-based biosensor.
Fig. 4. A plot of the longitudinal LSPR shifts over the target HBsAg concentrations
ranging from 0.01 IU/mL to 1 IU/mL. A sigmoidal fitting curve exists in the range.
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Table 1
The longitudinal LSPR shifts of the fabricated biosensor in capturing HBsAg in clinical plasma samples, the results of which accord well with a routine ELISA.

Sample number Positive samples (nm) Negative samples (nm) Sample number Positive samples (nm) Negative samples (nm)

1 7.3 ± 3.0 2.7 ± 1.6 7 11.3 ± 1.9 1.4 ± 2.9
2 18.8 ± 2.5 0 ± 1.3 8 17 ± 0.8 1.1 ± 1.7
3 16.3 ± 3.7 −0.6 ± 0.8
4 11.7 ± 2.6 −0.3 ± 0.4
5 4.4 ± 0.4 1 ± 0.9
6 16.3 ± 3.1 1.4 ± 2.2

F
s
o

w
b
G
z
e
w
t
b
e
a

f
t
s
r
s
t
o
t
a
o
i
t
c
w

4

h
T
t
a
n
s
e

ig. 5. The biosensor’s behavior in qualitative analysis of positive and negative
erum. From the magnified graph indicated by the arrow, a difference can be easily
bserved between the positive and negative serum.

hich could be attributed to the noise of the assay. Most of the anti-
odies are negatively charged under the physiological pH, while
NRs-based biosensors are also negative charged according to the
eta potential results, which minimizes physical adsorption due to
lectrostatic repulsion to yield better blank and control. Combined
ith the results of the control experiments, it can be concluded

hat the fabricated biosensor has a good specificity which could not
e disturbed by other proteins or components in plasma. Thus, as
xpected, coincident results were achieved by this biosensor assay
nd ELISA.

One final point to be mentioned is the absence of dynamic range
or a specific application of the biosensor assay in this paper. In
he previous literature reported by Yu and Irudayaraj (2007b), a
eries of GNRs molecular probes was fabricated and the dynamic
esponse in the range between 10−9 M and 10−6 M was demon-
trated. In our opinion, for the homogeneous assays, it is reasonable
o deduce that the dynamic and linear range must probably depend
n the concentration, synthesis conditions and the properties of
he probe molecules. Once these conditions have been optimized,

suitable dynamic range and an enlarged linear range will be
btained. So, further research has been carried out to give a theoret-
cal model for calculating the linear range of such assays. However,
he methodology developed here exhibits a good linear rule in low
oncentrations and will offer a valuable tool to test the samples
ith low virus loads which could not be confirmed by routine ELISA.

. Conclusion

In this work, a homogeneous, label-free plasmonic biosensor
as been successfully fabricated using anisotropic gold nanorods.
aking the detection of HBsAg as an example, investigation of
he HBsAb-modified GNRs indicates that the physical adsorption

nd successively blocking lead to a flexible shell enveloping the
anorod, which minimizes the nonspecific adsorption and allows
uch assays to work in buffer, serum and plasma. A validation
xperiment was designed based on ELISA and demonstrated that
9 7.3 ± 2.6 0.7 ± 1.3
10 12.3 ± 5.7 0.4 ± 1.4
11 30 ± 5.3 −1 ± 0.5
12 26.3 ± 5.2 /

the steric effect would not affect much of the binding affinity of
the antigen/antibody pair. The sensor response to HBsAg standard
material binding to the probe in Tris buffer was concentration-
dependent, with the range from 0.01 IU/mL to 1 IU/mL, with
a detection limit of 0.01 IU/mL. Additionally, the homogeneous
detection mode offers the possibility of monitoring biological inter-
actions simultaneously and provides a useful means to estimate the
kinetics parameters.
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