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a b s t r a c t

The localized surface plasmon resonance (LSPR)-based optical biosensor was used as a potential tool for
label-free detection of immunoreaction. The glass substrate covered with the self-assembled monolayer
(SAM) of gold colloids was used widely in the sensors. Here, the glass substrate was modified by chemical
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hydroxylation first, and then gold colloids were immobilized on the substrate by electrostatic adsorption.
The LSPR spectra were obtained on UV–vis absorption spectrometer. The specificity was examined by
extensive nonspecific binding tests. The resonance condition on the local dielectric environment enables
a simple form of molecular sensing. The binding of analyte to the biosensor surface causes a change in the
absorbance which was responsive to the concentration of human IgG. So, the LSPR sensing yields similar
results to the SPR technique, yet with much simpler instrument.
uman IgG

. Introduction

Surface plasmon resonance (SPR) biosensor was first established
n the early 1980s and became increasingly popular as a label-free

ethod for the binding of analytes to functionalized surface and the
etection of immobilized biomolecules [1–3]. It was based on the
xcitation of a surface plasmon at the interface between a dielec-
ric and a thin layer of metal, typically gold [4]. The variation of
basic SPR system with nanostructured metal surfaces typically

erformed by nanoparticle-based patterning or electrochemical
tching is called localized surface plasmon resonance (LSPR). LSPR
s currently of considerable interest in the fabrication and optical
haracterization of gold and silver nanoparticles on solid supports
5,6]. The noble metal nanoparticle can exhibit a strong UV–vis
bsorption band that is not present in the spectrum of the bulk
etal [7]. The absorbance and wavelength of the LSPR band are

ighly dependent on the size, shape, and local environment of the
anoparticles [8,9]. LSPR-derived properties of metallic nanopar-
icles are known to depend on the local dielectric environment of
he nanoparticles [8,10]. The variations of the local environments
xperienced by metal nanoparticles are attributed to the changes

n the complex dielectric function in the vicinity of the interface
etween the metal and the media. Therefore, the adsorption of
iomolecules on the surface of metal nanoparticles can be detected
y the measurement of absorption spectra since the molecular
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adsorption gives rise to an increase in the dielectric constant near
the surface. With a suitable receptor immobilized at the surface
of the gold nanoparticles, the resulting LSPR biosensor can detect
the corresponding analyte even if the analyte is spectroscopically
silent in the UV–vis region. For LSPR allows label-free detection of
low concentrations of biomolecules, the use of the LSPR-based phe-
nomena for chemical and biological sensing is of special interest.
LSPR nanobiosensors are of great interest in various applications
such as environmental protection [11], biotechnology [12,13], food
safety [12–14] and so on.

Nanotechnology and nanomaterials are novel and exciting fields
of research [15]. Nanoparticles of noble metals such as gold and sil-
ver have attracted much interest for their application in biosensing
due to their distinctive optical property. Particularly, gold nanopar-
ticles are noteworthy for their biocompatibility [16]. Gold colloid
can be used as a robust tool for biosensing based on LSPR. The optical
properties of gold colloids are sensitive to the refractive index of the
surrounding solvent and the binding events to those functionalized
gold colloid. Tamiya and co-workers use gold-capped oxide nanos-
tructures to detect the interactions between aptamer and protein
[17]. The novel nanomaterial enabled them monitor the changes in
both LSPR and interferometric characteristics simultaneously since
the biomolecular interactions occur. Chilkoti and co-workers use
gold nanorod sensor to detect the model analyte in serum [18],

gold nanorods were chemisorbed onto the glass substrate which
was modified by mercaptosilane. The shift of the LSPR peak was
monitored by the wavelength in the UV–vis extinction spectrum of
the immobilized gold nanorods due to the change in local refractive
index at the gold nanorod surface induced by the analyte binding.

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
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Surface-modification technique to nanoparticle system is an
mportant goal in current materials research since the nanopar-
icles modified on the versatile surface have significant potential
pplications in biosensing. Recently, many technologies are applied
o the immobilization of nanoparticles on the surface, such
s nanosphere lithography (NSL) and self-assembled membrane
SAM). In NSL the monodisperse nanosphere template was used
s a deposition mask [19]. The conventional process of NSL begins
ith self-assembly of a nanosphere mask onto a substrate fol-

owed by line-of-sight deposition of materials through the mask
20]. The projection of the nanosphere mask interstices on the
ubstrate determined the interparticle spacing and the nanopar-
icles have an inplane shape. NSL has some limitations on the
anoparticle shape and interparticle spacing, and there is an inher-
nt size limitation due to the increasing polydispersity involved in
he synthesis of smaller diameter nanospheres necessary to grow
he two-dimension colloidal crystal. SAM is of great interest for
he creation of new functional materials. These features are impor-
ant to many areas of scientific study, such as molecular electronics
21,22], biomimetics [23], lithography [24,25], sensors [26–28], and
o on. SAMs have also been used as linker molecules in attaching
anoparticles to bulk surfaces or to other nanoparticles creating
ew types of macroscopic materials.

In this work, LSPR was developed by measuring the LSPR spec-
rum using UV–vis absorption spectrometer. The LSPR biosensor
as fabricated based on the gold colloids immobilized on the

lass substrate by electrostatic adsorption. The proposed biosen-
or was applied to the detection of human IgG. LSPR-based optical
iosensors can detect an immediate increase in the biomolec-
lar monolayer on the sensing surface which is caused by the

mmunoreactions between the antigen and the receptor layer
mmobilized on the surface. For such LSPR biosensors, the immo-
ilized gold nanoparticles act as the chromophores, while their

nteractions with the analytes will result in colorimetric changes.

. Experimental

.1. Materials

HAuCl4·3H2O, trisodium citrate dihydrate, poly (dial-
yldimethylammonium chloride) (PDDA), poly (styrenesulfonate)
PSS), poly(allylamine hydrochloride) (PAH), and 3-

ercaptopropionic acid (MPA) were purchased from
igma, USA. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
imethylaminopropyl) carbodiimide (EDC) were purchased
rom Sigma, USA. Ethanolamine, mouse IgG, human IgG, goat
nti-human IgG, Hsp 70 and bovine serum albumin (BSA) were
urchased from Beijing Ding Guo Biotech. Co. Ltd., China.

All of the chemicals used here were of analytical-reagent grade.
ll the biological reagents were kept at 4 ◦C and all solutions were
repared with ultrapure water. Mouse IgG, human IgG, goat anti-
uman IgG, Hsp 70 and BSA were stored at −20 ◦C, and all other
iological reagents were stored at 4 ◦C. Phosphate-buffered saline
PBS) buffer (pH 7.4) was used as running buffer. Ethanol and ace-
one were used for cleaning the glass substrates. Aqua regia solution
3/1 (v/v) HCl/HNO3) was used for cleaning the glassware. Piranha
olution (3/7 (v/v) 30% H2O2/H2SO4) was used in chemical hydrox-
lation on the glass substrates. Piranha solution is highly hazardous
nd reactive that may explode on coming into contact with organic
olvents. Extreme precaution should be taken at all times.
.2. Equipments

Absorption spectra were recorded with an Australian GBC Cintra
0e UV–vis spectrometer within the wavelength range from 400
art A 75 (2010) 1163–1167

to 800 nm. SEM micrographs were taken with a JEOL JSM 6700F
field emission scanning electron microscope with primary electron
energy of 3 kV. A KQ118 ultrasonic clean up device was purchased
from Kunshan Ultrasonic Cleaning Instruments Co.

2.3. Gold colloid preparation

All glassware used in these preparations was thoroughly cleaned
by immersion in aqua regia solution for 24 h, and rinsed with
ultrapure water, then oven-dried prior to use. The standard stock
solutions were prepared with ultrapure water that had been filtered
through a 0.2 �m membrane. The gold colloid was prepared fol-
lowing the method reported by Wang [29]. The typical gold colloid
preparation was described below.

After 100 mL of 0.01% HAuCl4 solution was heated to the boil
under continuous stir, 1.5 mL of 1% sodium citrate was added
into the solution rapidly. The solution turned blue within 25 s
and 70 s later changed to red-violet. Then the solution was kept
in boiling and continuously stirred for 10 min. After the heat-
ing source was removed, the solution was continuously stirred
for additional 15 min and cooled to room temperature. At last,
the gold colloid solution prepared was filtered through a 0.2 �m
filter membrane and stored at 4 ◦C in dark bottles for further
experiments.

2.4. Preparation of gold colloid-modified glass substrate

Glass substrates were sonicated successively in ultrapure water,
ethanol, acetone, ethanol and ultrapure water. Then, the glass sub-
strates were cleaned and chemically hydroxylated by immersing in
a piranha solution at 80 ◦C for 1 h. After cooling to room temper-
ature, the substrates were rinsed repeatedly with ultrapure water
and stored in water until used. The substrates should be used as
soon as possible or stored in water no longer than one week.

First, the hydroxylated glass substrate was submerged into
0.5% PDDA solution for 40 min. Subsequently, the glass substrate
was alternately immersed in PSS (1 mg mL−1) solution and PAH
(1 mg mL−1) solution for 20 min. In every step, the glass substrate
was rinsed with ultrapure water to remove unbound polyelec-
trolyte from the surface, and followed with drying under a stream
of pure nitrogen (N2). Then, the substrate was immersed in gold
colloid solution for 8–24 h to form the self-assembled gold colloid
membrane on the surface. At last, the gold colloid-modified sub-
strate was rinsed with ultrapure water and dried under a stream of
pure N2.

2.5. Immobilization of antibody onto the modified glass substrate

When self-assembling of the gold colloid was performed, the
gold colloid-modified glass substrate was immersed in 40 mmol L−1

MPA solution for 1 h and MPA monolayer film was first structured
on the gold colloid for the strongly binding of S–Au. The MPA
binding on the colloid-modified glass substrate is well-ordered
to form SAM structure [30]. The MPA modified biosensor was
immersed in PBS buffer solution for 20 min to remove the unbound
MPA. Then the biosensor was activated by immersion in a solu-
tion containing NHS (100 mg mL−1) and EDC (100 mg mL−1) for
20 min. –COOH group reacted with NHS under the catalysis of EDC.
The activated biosensor was immersed in goat anti-human IgG
solution (30 �g mL−1) for 12 h to assemble the antibody on the acti-

vated surface and make the biosensor membrane stable. Then the
biosensor was immersed in PBS buffer for 20 min to wash off the
unbound antibody. The nonspecific binding sites on the biosen-
sor surface was blocked with 1 mol L−1 ethanolamine (pH 8.0) for
30 min.
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ig. 1. UV–vis absorption spectra of gold colloid in the solution (a) and a monolayer
f gold colloid immobilized on the glass substrate (b).

.6. Ultraviolet–visible absorption measurement

At room temperature, before every sample was analyzed, the
iosensor was rinsed with PBS buffer solution and then immersed

n sample solution containing human IgG for 30 min. Then UV–vis
pectrometer was used to measure the absorbance. The glass sub-
trates without gold colloids in PBS buffer solution were used as the
eference. After measurement, the biosensor was immersed in PBS
uffer solution to dissociate the antigen from antibody for 20 min.
ue to a large amount of ions in the PBS buffer solution the anti-
en could be washed from the sensing film by immersion in PBS
uffer [31]. When the antigen dissociated from the antibody sur-
ace, the absorbance returned to the baseline and the biosensor can
e applied to analyze another sample.

. Results and discussion

.1. Modification of gold colloid to the glass substrate

Gold colloids show different colors as a result of the various
article diameters and the absorption peaks of UV–vis absorption
pectra range from 500 to 560 nm. The gold colloids with a uni-
orm size of 25 nm were synthesized by a simple method. Fig. 1(a)
hows the UV–vis absorption spectrum of gold colloids in the solu-
ion. The absorption spectrum of gold colloids has an absorption
eak at 521.60 nm, indicating that gold colloid is not congregated

n the solution. The narrow peak indicates that the gold colloids
ynthesized have the same diameter.

The gold colloids used in the study were prepared on the sur-
ace of glass substrates using polyelectrolyte PDDA, PSS and PAH.
ydroxyl/oxide groups on the glass substrate surface provide active

ites for the attachment of PDDA. Meanwhile, PDDA has strong
dsorbability to glass substrates. The PSS can connect with PAH due
o electrostatic adsorption. PAH containing functional group –NH2
as a high affinity for gold colloid. The color of the gold colloid-
odified glass substrate is red-violet that is similar to gold colloids

n solution. From the results mentioned above, it is seen that the
old colloid is immobilized on the glass substrate by self-assembly
nd not congregated. The UV–vis absorption spectrum is shown in
ig. 1(b). The shape of absorption spectrum of gold colloid-modified

lass substrate is very similar to that of gold colloid in the solution
Fig. 1(a)). Glass substrate modified with gold colloid absorbes light
trongly due to LSPR effect and has an absorption peak at 528.32 nm.
ompared to the absorption peak of gold colloid in the solution, the
bsorption peak shows a red shift of 6.72 nm.
Fig. 2. Scanning electron micrograph of 25 nm diameter gold colloid immobilized
on the glass substrate.

3.2. The characteristics and the stability of the substrate

The gold colloids are unstable and will cause the aggrega-
tion in solution. When the MPA was injected in the solution
containing gold colloid, the color of the solution changed from
red-violet to blue and the aggregation happened. So, it is diffi-
cult to use the gold colloid directly in the immunoassay and store
the gold colloid solution. However, when the gold colloid was
immobilized on the glass substrate, the stability was improved
significantly. Fig. 2 shows a scanning electron micrograph (SEM)
of such gold colloids that have been immobilized onto the glass
substrate due to the electrostatic adsorption by the polyelec-
trolyte. The image shows that the adsorbed gold colloid separated
from each other in random arrangement. The mean interparti-
cle distance is a few times larger than the particle diameter,
which indicates that the interaction between particles could be
neglected. After the gold colloid-modified glass substrate was soni-
cated in ultrapure water for 10 min, the absorbance did not change
obviously. The same phenomenon happened in ethanol and PBS
solution.

3.3. Preparation of the LSPR biosensor surface

After the activated sensing surface was prepared, the acti-
vated substrate was immersed in the solution containing goat
anti-human IgG in order to prepare the sensing film. The concentra-
tion of the antibody was crucial. If the concentration was too low,
there would be many unoccupied sites on the gold colloid-modified
film and the change in the absorbance obtained was too little.
In this assay, 30 �g mL−1 of goat anti-human IgG was sufficient
to produce a monolayer of adsorbed antibodies on the activated
sensing film. The antibody has no absorption in the wavelength
range of 400–800 nm. The immobilization of goat anti-human IgG
on the surface of the gold colloid can cause a change of absorp-
tion peak in that range. For the immobilization of antibody, the
change of the absorbance for the LSPR sensor is significant and after
12 h, the change of absorbance is 0.008. The results indicated that
the antibody was bound steadily on the biosensor surface. After
the antibody was immobilized, the biosensor was immersed in

ethanolamine solution to block unbound sites on the gold colloid-
modified biosensor and no notable change in the spectrum was
observed, which indicated that the binding sites of biosensor sur-
face were almost completely occupied by the antibody.
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ig. 3. UV–vis absorption spectra of human IgG solution (a) and the gold
olloid-modified substrate in human IgG solution (b). Concentration of IgG: (1)
�g mL−1, (2) 1.0 �g mL−1, (3) 2.0 �g mL−1, (4) 5.0 �g mL−1, (5) 10.0 �g mL−1 and

6) 20.0 �g mL−1.

.4. Detection of human IgG

The change of the absorbance induced by binding human IgG
o the antibody was measured by UV–vis absorption spectrometry.
fter the immersion of biosensor in the sample solutions for 30 min,

he UV–vis absorption spectra were measured. It is can be seen from
ig. 3, human IgG have no absorption in the wavelength range from
00 to 800 nm. The red shift of LSPR wavelength can be observed
rom absorption spectra of gold colloids, especially from the spec-
ra shown in inset. However, the change in LSPR wavelength is not
bvious. Compared to the wavelength, the change in absorbance is
ore obvious. Therefore, the absorbance modulation, which is sim-

lar to the intensity modulation applied in SPR detection [32], was
pplied in the work. The change in the absorbance is relative to the
oncentration of antigen. It is can be seen from Fig. 4 that the lowest
oncentration of human IgG that can be determined is 1 �g mL−1
orresponding to the change of absorbance of 0.001. The maximal
hange of the absorbance is 0.012 when the concentration of human
gG is 20 �g mL−1. The error bars denote the standard deviation of
he absorbance values in the three same assays. When the concen-
ration of human IgG is higher than 20 �g mL−1, the change of the

Fig. 4. Dependence of the absorbance on the concentration of human IgG.
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absorbance is very little because the binding sites used for binding
antigen may be saturated.

3.5. Examination of nonspecific binding

After goat anti-human IgG was immobilized on the biosen-
sor surface, the biosensor was immersed in the mixed solution
containing mouse IgG (10 �g mL−1), Hsp 70 (10 �g mL−1), BSA
(10 �g mL−1) for 30 min the mixed solution has no absorption in
the wavelength range between 400 and 800 nm, and the obtained
absorption spectra of the mixed solution and PBS buffer solution
are the same, which indicates that there is no nonspecific binding.
This result confirmed the high specificity of the LSPR biosensor.

4. Conclusions

Gold colloid-modified LSPR biosensor was fabricated by SAM for
the study of biomolecular interactions. The fabrication method of
the biosensor based on electrostatic adsorption is very convenient.
The LSPR spectra were measured by UV–vis absorption spectrom-
eter which was very easy to be obtained. This study presents a
new approach in LSPR biosensor to analyze binding of antibody
to the functional surfaces and finally to detect human IgG rapidly.
The human IgG has good response in the concentration range of
1–20 �g mL−1, and it is specific binding to the goat anti-human IgG.
So, this self-assembly based biosensor is specific and can be used
as a good biosensor. The proposed method provides a convenient,
low-cost, and label-free detection of biomolecular interactions. The
LSPR-based optical biosensor has the potential to be applied as a
simplified test kit for biomonitoring.
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