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a b s t r a c t

A wavelength modulation surface plasmon resonance biosensor based on ZnO–Au nanocomposites for
the detection of human IgM was developed. Self-assembly technique has the advantages of flexibility,
simplicity and the precise control of film component and was applied to the building of the sensor. The
ZnO–Au nanocomposites are in a dumbbell-like shape and can be immobilized on the Au film through
1,6-hexanedithiol by covalent attachment. Meanwhile the activated ZnO nanocrystals can be used to
eywords:
avelength modulation

urface plasmon resonance
nO–Au nanocomposites
uman IgM

connect protein. The biosensor based on ZnO–Au nanocomposites was used to detect human IgM. Some
experimental conditions were examined and optimized. In the selected conditions, the modified biosen-
sor exhibits a satisfactory response for human IgM in the concentration range of 0.30–20.00 �g mL−1.
However, the biosensor without ZnO–Au nanocomposites shows a response for human IgM in the concen-
tration range of 1.25–20.00 �g mL−1. Compared with the biosensor based on Au film, when the biosensor
based on the ZnO–Au nanocomposites was applied, the sensitivity for determination of human IgM is

significantly enhanced.

. Introduction

Surface plasmon resonance (SPR) biosensor is a powerful tool
or its versatility and capability in real time monitoring the associ-
tion or dissociation of biomolecules on the solid/liquid interfaces
f the sensor without labeling of the biomolecules [1]. This tech-
ique utilizes the evanescent wave of a surface plasmon to detect
hemical changes occurring at the surface of a thin metal film
uch as Au or Ag [2]. Because SPR biosensor provides a rapid,
abel-free and highly sensitive assay, it is especially suitable for
he determination of interactions between biological molecules,
uch as protein–protein interaction [3], DNA–protein interaction
4], drug–serum albumin interaction [5], drug–liposome interac-
ion [6] and especially antibody–antigen interaction [7]. A number
f SPR systems based on various sensing membranes, such as col-
oidal Au [8], Ag [9], magnetical microbead [10,11] and TiO2 film

12], were applied.

One of the most critical points in the development for high
uality of biosensors is the effective and controlled immobiliza-
ion of the appropriate proteins on the surface of the biosensor.

∗ Corresponding author. Tel.: +86 431 85168399; fax: +86 431 85112355.
E-mail address: songdq@jlu.edu.cn (D. Song).

003-2670/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2009.09.001
© 2009 Elsevier B.V. All rights reserved.

Recently metal nanoparticles on the surface of semiconductor
nanostructures have become a popular research topic because of
the improved optical properties of the semiconductor [13–15]. The
couplings of metal and semiconductor were expected to change
the optical and electronic properties. It has been reported that
the SPR electron and energy transfer from the metal surface
to the surrounding semiconductor materials significantly mod-
ify the optical properties of the metal and the semiconductor
[16,17].

Au nanoparticle has been used widely in immunoassays owing
to its excellent properties, such as easy reductive preparation,
water-solubility, high chemical stability, significant biocompatibil-
ity and affinity [18]. Moreover, it has also been known that thiol
terminal groups are able to bind stably to the Au surface as the
formation of monolayer which is driven by a strong, specific inter-
action between the thiol and the Au surface. ZnO nanocrystals can
achieve higher sensitivity and efficiency due to the increase of
surface area to volume ratio, which are beneficial to light absorp-
tion/emission or electron transfer [19]. Generally, ZnO nanocrystals
are synthesized in organic media and unstable in aqueous solu-

tion, while biological conjugation usually exists in water solution. In
order to satisfy the primary requirement of biological research, the
surface of ZnO nanocrystals should be modified. ZnO–Au nanocom-
posites could be applied in immunoassays for their characters such
as high solubility in water, biocompatibility and lower toxicity than

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:songdq@jlu.edu.cn
dx.doi.org/10.1016/j.aca.2009.09.001
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ther semiconductor nanocrystals. Recently, several methods for
reparing dumbbell-like structure ZnO–Au hybrid nanocompos-

tes were studied. Wang et al. used ZnO nanocrystals as seeding
aterial for nucleation and then growth of reduced gold by cit-

ate to form the water-soluble ZnO–Au nanocomposites [16]. Lee et
l. successfully synthesized Au–ZnO nanocomposites through the
ucleation and decomposition of zinc hydroxide at the surface of
u nanoparticle which is used as seeding material and reduced
y NaBH4 [19]. Compared with the toxic Cd element semicon-
uctor nanocrystals, ZnO–Au hybrid nanocomposites have evident
dvantages, such as biologically nontoxic, good biocompatibility
nd higher chemical stability, so they have potential applications
n biological technology studies [20]. A novel method for identifying
NA microarrays based on ZnO–Au nanocomposites functionalized
ith thiol-oligonucleotide as probes was described recently [21].

The monolayer and multilayer molecular assemblies at solid
urfaces provide the routine approaches for the fabrication of inter-
aces with well-defined structure, composition and thickness [22].

ultilayer assemblies have been widely applied in areas of chem-
cal and biological sensors.

In this paper, ZnO nanocrystals were prepared as seeding
aterial and then water soluble ZnO–Au nanocomposites with

umbbell-like shape were successfully synthesized [16,23]. The
nO–Au nanocomposites could provide organic functionality for
ioconjugation and then application in SPR biosensor. In order to
uild a biosensor based on ZnO–Au nanocomposites, it is critical to
tudy the attachment mechanism of the protein onto the ZnO–Au
urface, and the interaction between the surface and the bioma-
erials. The thiol–gold interaction was relatively easy, which was
pplied to the self-assembly of monolayer (SAM) on Au surface. As
,6-hexanedithiol (HDT) is a disulfide compound, it could be used
o connect Au film and the ZnO–Au nanocomposites. The reactive
nO surface offers the opportunity for effective bio-ZnO interfaces.
irst, the ZnO surface could be hydroxylized readily in water, fol-
owed by silanization with 3-aminopropyltrimethoxysilane (APTS).
hen the gluteraldehyde was used as the bridge to bind the pro-
ein and silanized ZnO. As a result, the immobilization of protein
n the surface of the ZnO–Au sensor is achieved. The binding of
rotein–protein leads to changes in the refractive index at the sen-
or surface, which results in the shifts of resonant wavelength that
an be easily measured by SPR biosensor.

IgM is large (950 kDa) pentamer formed by five IgG-like
onomers connected through a polypeptide chain rich in disulfide

onds and characterized by the presence of a disulfide-rich J chain
24]. IgM normally constitutes about 10% of serum immunoglob-
lins and IgM antibody is prominent in early immune responses
o most antigens and largely confined to plasma due to its large
ize.

. Experimental

.1. Reagents

Human IgM and goat anti-human IgM were purchased
rom Beijing Boisynthesis Biotechnology Company. Bovine serum
lbumin (BSA) was purchased from Ding Guo Biotechnology
ompany (Beijing, China). 3-Aminopropyltrimethoxysilane (APTS),
-mercaptopropionic acid (MPA) and 1,6-hexanedithiol (HDT)
ere purchased from Jkchemical. Hydrogen tetrachloroauratehy-

rate, trisodium citrate, gluteraldehyde, zinc acetate dehydrate,

ithium hydroxide monohydrate, ethanol and all other chemicals
ere of analytical reagent grade. All solutions were prepared with
ltra pure water. Human IgM and goat anti-human IgM were stored
t −20 ◦C. Sodium phosphate buffered saline (PBS, 0.01 mol L−1, pH
.4) was used as running buffer.
Acta 653 (2009) 109–115

2.2. Equipment

The wavelength modulation SPR biosensor installed in our lab-
oratory was used. It is working with Kretschmann configuration to
achieve the resonant condition by attenuated total reflection (ATR)
in a prism. A K9 glass slide was used whose diameter and thickness
were 12 and 0.7 mm, respectively. A 2 nm adhesive layer of Cr fol-
lowed by a 50 nm layer of Au was deposited on the glass slide, then
the glass slide with Au film was put on base of a prism (K9 glass)
using a suitable index matching oil (cedar oil). A halogen tungsten
lamp is used as the excitation light source in conjunction with a con-
stant voltage transformer. The light from this source passes through
a polarizer and two lenses and becomes TM-polarized parallel light.
The parallel polychromatic light beam passes through the optical
prism and excites surface plasmon at the interface between the Au
film and the analyte. The output light is guided into the optical fiber
and then enters the full wave length spectrophotometer (Ocean
Optics, Inc., USA). A 2048 element linear array charge-coupled
device (CCD) was used as the detector. A 100 �L volume flow cell
was used. The interaction between the analyte in the solution and
the biomolecular element immobilized on the SPR biosensor pro-
duces a change in refractive index (RI) profile that is observed as
a shift in the SPR resonant wavelength. The surface plasmon res-
onance manifests itself on a characteristic dip in the wavelength
dependence on the intensity of reflected light and the intensity of
reflected light is minimum at the resonant wavelength.

2.3. Procedures

2.3.1. Preparation of water-soluble ZnO–Au nanocomposites
Water-soluble ZnO–Au nanocomposites were prepared as fol-

lowed [16,23]. Briefly, 50 mL of ethanol containing 1.10 g zinc
acetate dihydrate was refluxed while stirring at about 80 ◦C for
100 min and the precursor solution was obtained. Then the precur-
sor was hydrolyzed by adding 50 mL of ethanol containing 0.29 g
lithium hydroxide monohydrate in an ultrasonic bath at 0 ◦C for
30 min.

The resulting in 6 mL of ZnO nanocrystals solution was precipi-
tated by adding 25 mL of 0.15 mmol L−1 trisodium citrate solution.
The obtained precipitated ZnO nanocrystals by centrifugation were
redispersed in 30 mL of 3.0 mmol L−1 trisodium citrate solution
with the aid of ultrasonic, and then 20 mL of 0.5 mmol L−1 HAuCl4
solution was added while vigorously stirring at room tempera-
ture. During vigorous stirring for at least 48 h, these hydrophobic
ZnO nanocrystals were transformed into water-soluble ZnO–Au
nanocomposites gradually [16]. The color of the solution changed
from pale yellow to purple. These ZnO–Au nanocomposites homo-
geneously dispersed in aqueous solution.

2.3.2. The modification of Au film
The glass slide with Au film was immersed into ethanol/water

solution (v/v, 2:1) containing the HDT at the concentration of
10 mmol L−1 for 24 h. Then, Au film was rinsed several times with
ethanol and ultra pure water, and dried with gaseous nitrogen.
After the immobilization of HDT, the glass slide was immersed
into water-soluble ZnO–Au nanocomposites solution for 12 h. Then,
it was rinsed with ultra pure water, and dried with gaseous
nitrogen.

The silanization process of the ZnO–Au film was completed with
3-aminopropyltrimethoxysilane (APTS) in ethanol solution (v/v,
4/100) at room temperature for 4 h. The alkylamininosilanederiva-

tized surface was rinsed in ethanol for 1–2 min, washed in ultra
pure water. The silanized ZnO–Au film was treated with 2 mL of 2%
gluteraldehyde solution in PBS for 4 h. The modified ZnO–Au film
was rinsed thoroughly with ultra pure water to remove the excess
gluteraldehyde, and then dried with gaseous nitrogen.
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Fig. 1. A schematic diagram of the immobilization of antibody on the surface of th

.3.3. Protein immobilization procedure
The glass slide with modified Au film was fixed under the flow

ell. Deionized water was first injected into the flow cell. Then
BS was injected into the flow cell as the baseline solution and
oat anti-human IgM was injected into the flow cell to covalently
ttach to the aldehyde-activated surfaces. After 12 h, PBS buffer
as injected into the flow cell to wash off noncovalently bound

ntibody and to stabilize the baseline. Prior to the analysis,
mol L−1 ethanolamine hydrochloride (pH 8.0) was used to block

he non-specific binding sites on the biosensor surface for 10 min.
schematic diagram of the immobilization of antibody on the

urface of the Au film is shown in Fig. 1.
As a contrast, the glass slide with Au film was also fixed under the

ow cell. After PBS was injected into the flow cell as the baseline
olution, 10 mmol L-1 MPA was injected into the flow cell. Then
COOH group was activated with NHS under the catalysis of EDC

or 20 min, goat anti-human IgM was injected into the flow cell. The
ext procedures were the same as that mentioned above.

.3.4. Immunoassay
At room temperature, different concentrations of human IgM

iluted with PBS buffer were separately injected into the flow cell
ver the immobilized antibody surface prepared and shifts of the
esonant wavelength (��) were measured as time prolonged. PBS
uffer was injected over the surface to monitor the dissociation of
ntigen from antibody for 30 min. Due to a large amount of ions in
he PBS buffer, the antigen could be washed by impulse injection
f PBS buffer [25]. When the antigen was dissociated from the anti-
ody on biosensor surface, the SPR resonant wavelength returned
o the baseline and another sample was injected into the flow cell.

. Results and discussion

.1. Morphology of ZnO–Au nanocomposites

The morphology of ZnO–Au nanocomposites was characterized
y transmission electron microscopy (TEM) and the experimental
esult is shown in Fig. 2. The molar ratio of ZnO to HAuCl4 is 30:1

nd an excess of ZnO nanocrystals are required. It can be seen from
ig. 2 that ZnO–Au nanocomposites have dumbbell-like structure
nd appear very dark. The average size of the ZnO–Au nanocompos-
tes was about 10 nm. The bare ZnO nanocrystals were unstable in
queous solution and they will be precipitated when adding water
lm. (�) Au nanoparticles, ( ) ZnO nanocrystal, ( ) ZnO–Au nanocomposites.

due to the weak interaction of surface ligand and water [21]. While,
after the linking with Au nanoparticle, ZnO–Au nanocomposites
were stable in aqueous phase which further confirmed that ZnO–Au
nanocomposites were synthesized successfully.

3.2. Optical properties of ZnO–Au nanocomposites

The optical properties of ZnO–Au nanocomposites were charac-
terized by UV–visible absorption and photoluminescence (PL) spec-
trometry, respectively. Fig. 3 shows the UV–vis absorption spectra
of pure ZnO nanocrystals (a) and the ZnO–Au nanocomposites (b).
The absorption peak, around 330 nm, exhibits well-defined exciton
band of ZnO nanocrystals. This is the most distinctive absorption
peak of semiconductor, which is the mainly characteristic differ-
ence from metal. Fig. 3(c) shows the absorption spectrum for Au
nanoparticles and the inset of Fig. 3(d) shows the absorption spec-
trum for ZnO–Au nanocomposites. The absorption of Au nanoparti-
cles and ZnO–Au nanocomposites in water are centered at 520 nm
and 546 nm, respectively. The distinctly broadened and red-shift of
the surface plasmon spectra of the ZnO–Au nanocomposites could
be observed clearly. The reason is that the strong interfacial cou-
pling between Au and ZnO results in electrons transfer from Au to
ZnO during the formation of ZnO–Au nanocomposites [16].

Fig. 4 shows the PL spectra of ZnO nanocrystals and the ZnO–Au
nanocomposites. The PL spectra are composed of two emission
bands in the UV–visible range. The UV emission band centered at
365 nm is ascribed to the radiative recombination, which occurs
due to recombination between the electrons in a conduction band
and the holes in a valence band. The visible range emission band
centered at 520 nm is ascribed to the nonradiative recombination,
which occurs due to the recombination between the electrons in a
deep defect level or a shallow surface defect level and the holes in a
valence band [26,27]. ZnO–Au nanocomposites exhibit UV emission
at 365 nm and weaker visible emission at about 520 nm than that
of pure ZnO nanocrystals. When Au nanoparticles combined with
ZnO, the electrons accumulate at the interface between Au and ZnO,
which leads to the electron transfer from the Au nanoparticles to
the ZnO side.
3.3. Preparation of SPR biosensor based on ZnO–Au
nanocomposites

Traditionally, the SPR sensor chip surface is usually coated with
monolayer as a thin hydrogel matrix or sulfhydryl compound. The
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Fig. 2. Transmission electron microsco

eceptor molecules were covalently immobilized on the monolayer
or specific analyte capture. Complex formation with ligands leads
o a change in the refractive index, which can be monitored in real
ime. Here a new SPR biosensor is constructed based on ZnO–Au
anocomposites.

The water-soluble ZnO–Au nanocomposites with dumbbell-like
hape provide dual functionality. As HDT is a disulfide compound,
u nanoparticles can be successfully immobilized on Au film

hrough the thiol groups stably. ZnO nanocrystals can be used to
onnect protein by the virtue of its characteristic functional prop-
rties. Before the immobilization of protein on ZnO, a hydroxylation
tep was required. The ZnO surface has a high density of unsatu-

ated bonds, which could be hydroxylized readily upon the contact
ith ultra pure water [28,29]. In the next step, APTS acts as a bridge
hich is bound to gluteraldehyde. After the silanization process,

he modified Au film changes from hydrophobicity to hydrophilic-
ty which indicated that the terminal amino group in APTS is bound

ig. 3. Optical absorption spectra of ZnO nanocrystals (a), ZnO–Au nanocomposites
b) and Au nanoparticles (c). Inset: the surface plasmon absorption band correspond-
ng to Au nanoparticles in ZnO–Au nanocomposites (d).
M) image of ZnO–Au nanocomposites.

stably on the biosensor surface. Then covalent multilayer can be
assembled on Au film and terminal aldehyde groups on the surface
could bind to goat anti-human IgM.

After the ZnO–Au nanocomposites were immobilized and acti-
vated on the Au film, the glass slide modified was fixed under the
flow cell. When PBS was injected into the flow cell as the base-
line solution, a red-shift of the resonant wavelength for the sensor
based on ZnO–Au nanocomposites can be observed. The shift of res-
onant wavelength for the sensor based on ZnO–Au nanocomposites
was about 30 nm compared with that for the sensor based on Au
film, which was modified by MPA. The couplings of Au nanoparticle
and ZnO nanocrystals result in the energy transfer from the metal
surface to the surrounding semiconductor materials and induce
the change of the optical and electronic properties. Meanwhile,
the change of the thickness of the SPR biosensor film due to lay-
ered assemblies was responsible for the red-shift of the resonant

wavelength. And the shift of resonant wavelength towards long
wavelength could increase the sensitivity of the sensor in wave-
length modulation SPR biosensor [1].

Fig. 4. Photoluminescence spectrometry of ZnO nanocrystals (a) and ZnO–Au
nanocomposites (b).
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.4. Immobilization of goat anti-human IgM

After the Au film with ZnO–Au nanocomposites was activated,
oat anti-human IgM at different concentrations was separately
njected into the flow cell to perform its binding on the acti-
ated surface. The terminal aldehyde group of gluteraldehyde can
e bound with the amine group of the antibody to form Schiff
ases easily. The ZnO–Au nanocomposites have a dual function. Au
anoparticles can be successfully immobilized on Au film through
he thiol groups and act as a binding agent for the ZnO nanocrystals.
he activated ZnO nanocrystals effectively connect with antibody
hrough covalent attachment. The kinetic adsorption curves of anti-
ody at different concentrations on the sensor surface based on
nO–Au nanocomposites are shown in Fig. 5. It can be seen from
ig. 5 that the terminal aldehyde group of gluteraldehyde has a
trong response to antibody and the antibody could be immobi-
ized steadily on the biosensor surface. In theory, the protein can
e adsorbed directly on the Au nanoparticles, while the adsorption

s hardly to achieve in this paper. Before the protein injected into the
ow cell, multilayer films have been constructed on the layer of Au
anoparticles, so that the protein is hard to attach Au nanoparticles
irectly. In addition, the attachment between Au nanoparticles and
rotein is weaker compared with covalent attachment between
ldehyde group and protein. When PBS buffer was injected into the
ow cell, almost no change in resonant wavelength was observed.
he result indicated that there is no non-specific attachment in
he process of antibody immobilization and Au nanoparticle does
ot participate in the protein adsorption. Here the Au nanoparti-
le simply acts as a binding agent for the ZnO nanocrystals. Then,
mol L−1 ethanolamine hydrochloride (pH 8.0) was used to block

he non-specific binding sites on the biosensor surface.
The effects of the different concentrations of goat anti-human

gM on the shifts of the resonant wavelength are also shown in
ig. 5. It can be seen that the resonant wavelength shows evident
hift at first and then changes slowly with the time increase. A sens-
ng layer composed of immobilized antibody formed well on the
ensing film. Due to the increase of the conjugates concentration,
ore antibodies were immobilized on the sensor surface. While
ith the increase of the concentration of goat anti-human IgM, the
ntibody immobilized on surface reaches saturation, which results
n no change of the resonant wavelength. As a result, 25 �g mL−1

as chosen as the optimum concentration of goat anti-human IgM
or the detection of human IgM.

ig. 5. Kinetic adsorption curves of goat anti-human IgM on ZnO–Au nanocompos-
tes. The concentration of goat anti-human IgM: (a) 10 �g mL−1, (b) 25 �g mL−1 and
c) 50 �g mL−1.
Fig. 6. Kinetic adsorption curves of goat anti-human IgM at concentration of
25 �g mL−1 on the sensor based on ZnO–Au nanocomposites (a) and the sensor based
on Au film (b).

As shown in Fig. 6(a), when the concentration of goat anti-
human IgM is 25 �g mL−1, a sensing layer composed of immobilized
antibody formed well on the sensor surface. The covalent attach-
ment between the amine group and the aldehyde group is a good
stratagem for the immobilization of antibody on the Au film [7]. It
can be seen from Fig. 6(a) that the shift of the resonant wavelength
is fast at first and then slow and reached about 75% of its total
shift within 1 h. The maximum resonant wavelength shift for the
immobilization of goat anti-human IgM is 14.22 nm for the sensor
based on ZnO–Au nanocomposites within 150 min which is favor
for forming the sensing film firmly. As a contrast, 25 �g mL−1 goat
anti-human IgM was also immobilized on the Au film to detect
human IgM. It can be seen from Fig. 6(b) that a sensing layer com-
posed of immobilized antibody formed well on the sensor surface
and the maximum resonant wavelength shift for immobilization of
goat anti-human IgM is 7.63 nm within 150 min for sensor based
on Au film. Due to the ZnO/Au nanocomposites on the biosensor
surface, the binding sites would be increased. It can be seen from
the results that the maximum resonant wavelength shift based
on ZnO/Au nanocomposites was about two times than that based
on Au film. The biosensor extended the application of ZnO/Au
nanocomposites in immunoassay. When the biosensor based on
ZnO/Au nanocomposites were used, the sensitivity has a modest
increase over a conventional biosensor based on Au film.

3.5. Determination of human IgM

At room temperature, after the goat anti-human IgM was immo-
bilized on the surface of the biosensor, human IgM at different
concentrations was separately injected into the flow cell. The shifts
of resonant wavelength due to antibody–antigen immunoreac-
tion were measured. The SPR response of the adsorption and the
dissociation of human IgM can be monitored in real time. Fig. 7
shows the relationship between the shifts in the resonant wave-
length and the concentrations of human IgM. It can be seen that
the SPR biosensor based on ZnO–Au nanocomposites shows a sat-
isfactory response to human IgM in the concentration range of
0.30–20.00 �g mL−1. The minimum shift of resonant wavelength is
0.51 nm at 0.30 �g mL−1 and the maximum shift of resonant wave-

−1
length is 7.53 nm at 20.00 �g mL . The SPR biosensor based on Au
film shows a response to human IgM in the concentration range of
1.25–20.00 �g mL−1. The minimum shift of resonant wavelength is
0.51 nm at 1.25 �g mL−1 and the maximum shift of resonant wave-
length is 4.10 nm at 20.00 �g mL−1. The results indicate that the SPR
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ig. 7. The relationship between the concentration of human IgM and the shifts in
he resonant wavelength. (a) The sensor based on Au film and (b) the sensor based
n ZnO–Au nanocomposites.

iosensor based on ZnO–Au nanocomposites is suitable for detect-
ng of human IgM. With the increase of concentration of human IgM,
he binding sites of the antibody immobilized on the surface will be
aturated. When the concentration of the human IgM increased, no
bvious shift of the resonant wavelength was observed and then
his concentration is the upper detection limits. The detected min-
mum resonant wavelength shift of the SPR biosensor installed in
ur laboratory is 0.51 nm, and the lower detection limits of the anti-
en are determined by the minimum shift of resonant wavelength.

When Au nanoparticles are combined with ZnO nanocrystals,
he electron transfer between Au and ZnO occurred and the optical
nd electronic properties changed. In the ZnO–Au nanocompos-
tes, the localized electromagnetic effect of the Au surface plasmon
s mostly responsible for the shift of resonant wavelength. The sur-
ace plasmon of the Au nanoparticles might be resonantly excited
hrough energy transfer in the near field and create a stronger local
lectromagnetic field [14,30]. The incident light field coupling to
he local surface plasmon field might induce stronger localized
lectromagnetic field in the ZnO–Au nanocomposites, which fur-
her enhances the shift of resonant wavelength. On the other hand,
hen the ZnO–Au nanocomposites were used, the thickness of the

ensing membrane increases and the resonant wavelength moves
o longer wavelength, which results in the sensitivity enhancement
f the wavelength-modulation SPR biosensor.

The evaluation of the non-specific binding interaction was per-
ormed by detecting rabbit IgG and BSA. After the goat anti-human
gM was immobilized on the surface of the biosensor, rabbit IgG and
SA at the concentrations of 10 �g mL−1 were separately injected

nto the flow cell for 30 min. There were no observable shifts of
he resonant wavelength, which indicated the selective binding of
uman IgM.

.6. Calculation of binding constant KA

For a 1:1 reaction of antigen (Ag) and antibody (Ab),
g + Ab = AgAb, the binding constant is KA:

A = [AgAb]
[Ag][Ab]

(1)
he association phase of the interaction kinetics measured as SPR
ignal can be expressed [31–33]:

d��

dt
= ka[Ag](��max − ��) − kd�� (2)

[

[

[

Acta 653 (2009) 109–115

where d��/dt is the rate of the change of SPR response, [AgAb] is
corresponding to the SPR biosensor signal at equilibrium, [Ag] is
the concentration of antigen in the solution, [Ab] is corresponding
to (��max − ��eq), ka and kd are association and dissociation rate
constants, respectively. ��max is the SPR response corresponding
the maximum capacity of binding antigen on the sensor surface. ��
is the bound antigen measured as the biosensor response at time t.
At equilibrium, �� should be expressed as ��eq, and d��eq/dt = 0.
According to KA = ka/kd, Eq. (2) becomes:

��eq

[Ag]
= KA��max − KA��eq (3)

��eq is the bound antigen measured as the biosensor response
at equilibrium. [Ag] is the concentration of antigen in the solution.
The relationship between the ��eq and [Ag] has been shown in
Fig. 7. To a particular type of biosensor ��max is a fixed value. A
plot of ��eq/[Ag] against ��eq can be used to obtained KA from
the slope of the plot. The binding constant KA for human IgM is
1.68 × 108 L mol−1.

4. Conclusion

The detection of human IgM with the wavelength modulation
SPR biosensor based on ZnO–Au nanocomposites was presented.
The shape and the average size of the ZnO–Au nanocomposites
were measured by TEM. The activated ZnO surface offers the oppor-
tunity for effective connect with antibody. A series of immunoassay
with different concentrations of goat anti-human IgM were con-
ducted and the results indicate that 25 �g mL−1 is the optimum
concentration for the detection of human IgM. When the concen-
tration of goat anti-human IgM is 25 �g mL−1, the biosensor based
on ZnO–Au nanocomposites exhibits a response in the concentra-
tion range of 0.30–20.00 �g mL−1. And the lowest concentration
that could be detected is lower than that based on the Au film.
Therefore, the biosensor based on ZnO–Au nanocomposites shows
high sensitive and is suitable for the detection of human IgM.
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