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Abstract

Wavelength modulation surface plasmon resonance biosensors (SPR) using colloidal Au nanoparticles and double-linker sensing membrane
enhancement are reported for determination of transferrin. The 2-mercaptoethylamine (MEA) was immobilized on the biosensor surface with
traditional amine coupling method. The interaction between colloidal Au nanoparticles and MEA was investigated. The anti-transferrin
was immobilized on the biosensor surface prepared with staphylococcal protein A (SPA). The interaction of the antibody and antigen was
monitored in real time. The good response was obtained in the concentration range 1–20, 0.1–20 and 0.05–20�g/mL for directly immune
a significantly
e
©

K

1

h
T
o
t
d
t
l
a
o
t
i
o

l
s
d
2

iron
Free
al-
tory
s of

trans-
ane-
s of
me,
are

edi-
thods
me-
l

-

e

0
d

ssay, double-linker assay and colloidal Au-amplified assay. The result clearly demonstrates that these methods may obtain
nhancement of sensitivity for the wavelength modulation SPR biosensor.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Transferrin, the major serum iron transport glycoprotein in
uman, is essential for normal cell growth and maintenance.
he transferrin molecule consists of a single peptide chain
f 679 amino acids and is arranged in two globular domains,

he N-terminal (AA 1–336) and the C-terminal (AA 337–679)
omain. Each domain contains a metal binding site, but only

he C-terminal domain contains two N-glycosylation sites
ocated at the positions 413 and 611[1]. So the transferrin is
ble to bind two iron atoms per molecule and therefore is half
r fully saturated at N- and C-terminal binding site. Serum

ransferrin is synthesized mainly in hepatocytes, from which
t is secreted in blood, but also in other cell types including
ligodendrocytes and its major function is to transport iron

Abbreviations: SPR, surface plasmon resonance; SPA, staphy-
ococcal protein A; PBS, phosphate-buffered saline; BSA, bovine
erum albumin; MPA, 3-mercaptopropionic acid; EDC, 1-ethyl-3-(3-
imethylaminopropyl)carbodiimide; NHS,N-hydroxysuccinimide; MEA,
-mercaptoethylamine
∗ Corresponding author. Tel.: +86 431 5168352; fax: +86 431 5112355.

from sites of absorption to tissues throughout the body[2,3].
Its iron-binding capacity is of importance, because free
is presented in the alveolar system of the neonatal lung.
iron ions are able to promote highly toxic hydroxyl radic
formation. Therefore, the transferrin may play a regula
role in iron metabolism, protect against the toxic effect
free iron[2].

Many diseases are associated with the change of the
ferrin content in serum. People with acute hepatitis,
mia, and pregnancy are associated with the symptom
the increased levels of transferrin, while nephritic syndro
rheumatism, cirrhosis, malignant tumor, acute leukemia
characterized by the decrease of this carrier[4–7]. Thus, the
determination of transferrin gains attention from both m
cal experts and clinical chemists. Some conventional me
for diagnostic determinations of the transferrin are enzy
linked immunosorbent assay (ELISA)[8], immunochemica
nephelometry[9], capillary zone electrophoresis (CZE)[10],
piezoelectric immunoassay[11], immunological turbidimet
ric assay (ITA)[12], radioimmunoassay (RIA)[13], as well as
electrochemical immunoassay[14]. However, most of thes
E-mail address: analchem@jlu.edu.cn (H. Zhang). methodologies have not sufficiently low detection limit to
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meet the need of clinical diagnosis. Despite ELISA and RIA
have high sensitivity, they usually need to label with enzyme,
radioactive isotopes or fluorescein, which may be compli-
cated and time-consuming operations. Recently, Li et al.[15]
developed a renewable fluorometric enzyme immunosens-
ing system using prochlorperazine (PCP) as the substrate for
horseradish peroxidase (HRP) and Lei et al.[16] proposed
a new electrochemical immunoassay strategy based on elec-
trostatic interaction of natural polymers for the determination
of transferrin in serum samples.

Surface plasmon resonance (SPR) is a well-known reli-
able tool for investigating interaction between biomolecular,
especially antibody–antigen complexes owing to its features
of simplicity, low cost, no label, high selectivity, and real-
time monitoring[17,18]. In the last two decades, there is
remarkable progress in the development of the SPR biosen-
sor. Various SPR biosensors have been developed and applied
to detection and identification of specific ananlytes in the
areas of environmental protection, biotechnology, medical
diagnostis, drug screening, food safety, and security[19]. As
a quantitative tool, SPR biosensors can be used to determine
reaction kinetic and affinity constants for molecular inter-
actions, as well as the active concentration of biomolecules
in solution. As a qualitative tool, its application range from
orphan ligand and small-molecule screening to epitope map-
ping and complex assembly studies. In general, direct detec-
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by antigen (antibody) conjugating to enhance sensitivity of
SPR biosensor. However, in this paper, the colloidal Au is
not as labels but as active components for the amplified SPR
analysis of bimolecular interaction. Thus, colloidal Au is not
easy to be removed owing to immobilization of colloidal Au
on the biosensor surface. On the other hand, it is not nec-
essary to consider if protein activity is influenced because
colloidal Au-protein conjugation is elided. The interaction
between colloidal Au nanoparticles and SPR-active Au films
was studied. The study shows that covalent attachment of
submonolayers of colloidal Au nanoparticles (10 nm) leads
to very large shift in the resonance wavelength. Such large
changes can be coupled to biomolecular recognition events
so as to further enhance the SPR sensor sensitivity. These
assay methods demonstrate superior detection limits and sig-
nal strengths over the direct assay.

2. Materials and methods

2.1. Equipment

The details of the self-assembled wavelength modula-
tion SPR apparatus have been described previously[25,26].
Briefly, the SPR instrument consists of a halogen tung-
sten lamp, collimating device, optical system, and Fullwave
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ion is preferred in application where direct binding of ana
f interest produces a sufficient response. If necessar

owest detection limits of the direct SPR biosensors ca
mproved by using sandwich strategy. The antibodies or
ens may also be coupled to large particles such as lipos

20] and Au nanoparticles[21] as labels to further enhan
he SPR biosensor signal. Recently, there is a growing
ern about the use of Au nanoparticles for enhancing
iosensor sensitivity. The possibility that synthesizing m
anoparticles of controlled size and surface capping a

he generation of low molecular weight- or biomaterial-
anopartical conjugates. Specifically, the electronic coup
etween the localized surface plasmon of the Au nanop
als and the plasmon wave associated with the surface
o enhanced shifts of the resonance angles[22].

The objective of this study is to develop an enhan
mmumosensor for the detection of the transferrin ba
n double-linker assay and colloidal Au-amplified as
sing a self-assembled wavelength modulation SPR a
atus in our laboratory[23,24]. An efficient immobilization
f transferrin antibody using double-linker sensing m
rane is developed. By use of a double-linker system

mmobilize transferrin antibody on the biosensor surf
ransferrin binding gave increased SPR signal. The real
onitoring of transferrin binding to its antibody, and
nhancement effect provided by the Au nanoparticles are
idated. Previously, we developed an enhanced wavel
odulation SPR immunosensor based on the sandwich
nd colloidal-Au-enhanced assay for determining the hu
omplement factor 4[23]. Colloidal Au was used as lab
pectrophotometer. Halogen tungsten lamp and collim
evice were purchased from Changchun Fifth Optics P
ion Instrument (PR China). The lenses, prisms and va
ptical adjusting frames were purchased from the Prec
ptical Instrument Factory of Changchun (PR China). F
ave Spectrophotometer was obtained from Ocean O

nc., USA. The resolution of the CCD used here is 0.3
ll bioassays were performed entirely in solution to facilit

eal-time monitoring of surface reactions.

.2. Au film preparation

Thin Au films (50–60 nm) were prepared by vacuu
eposited. To deposit the gold film, the prism was mou

n an electron-beam evaporator system in an arrangem
hat the flux of evaporated metal was perpendicular to the
om of the right prism. The deposition process was monit
sing a quartz crystal detector.

.3. Reagents

Commercially obtained reagents were used without
her purification. Bovine serum albumin (BSA), stap
ococcal protein A (SPA), anti-transferrin, and transfe
ere obtained from Shanghai Biology Product Rese

nstitute. Colloidal Au (10 nm), 3-mercaptopropio
cid (MPA) and 2-mercaptoethylamine (MEA) we
urchased from Sigma (St. Louis, USA). 1-Eth
-(3-dimethylaminopropyl)carbodiimide (EDC) andN-
ydroxysuccinimide (NHS) were obtained from Shang
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Fig. 1. The scheme of the presented immunoassays. (a) Directly immune
reaction; (b) double-linker assay; (c) colloidal Au-amplified assay. () Anti-
gen, ( ) antibody, ( ) Au colloid, ( ) SPA.

Lizhu Dongfeng Biotechnology Co. All other chemicals were
of analytical-reagent grade. PBS buffer solution (pH 7.4,
0.01 mol/L phosphate-buffered saline solution, 0.2 g KCl,
8.0 g NaCl, 0.24 g KH2PO4 and 1.44 g Na2HPO4 dissolved
in 1000 mL water) was used as running buffer in wavelength
modulation SPR biosensor.

2.4. Immunoassay procedure

The schematic representation of three immunoassays is
showed inFig. 1.

2.4.1. Directly immune reaction
Anti-transferrin at 1:10 (v/v) was flowed over the biosen-

sor surface prepared with SPA, and the assembling of the

antibody was carried out for 12 h to organize the process-
ing anti-transferrin on the SPA surface and thus the anti-
transferrin membrane was stable. The biosensor surface was
blocked with BSA for at least 20 min after the biosensor
surface was rinsed for washing off non-covalently bound
anti-transferrin to stabilize the surface baseline. Then, the
transferrin was diluted with PBS buffer and flowed over the
biosensor surface, and the response due to antibody–antigen
reaction was recorded as time prolonged.

2.4.2. Double-linker assay
The biosensor surface was rinsed with ultrapure water, and

then was exposed to PBS buffer until resonance wavelength
kept constant. The solution containing 10 mmol/L MEA was
injected into flow cell for 1 h to give an SPR response of
11.58 nm. The 0.1 mg/mL SPA solution was then injected into
flow cell. The immobilization of antibody on the SPA surface
was performed by injection anti-tranerrin solution (v/v 1:10).
After self-assembling of anti-transferrin was carried out for
12 h and unreacted sites on the biosensor surface was blocked
with BSA solution, antigen binding test was performed by
injecting transferrin for 30 min.

2.4.3. Colloidal Au-amplified assay
The biosensor surface was rinsed with ultrapure water, and

then was exposed to PBS buffer until resonance wavelength
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ver biosensor surface for 1 h. The surface was then
ated by injection of a mixture of NHS (40 mg/mL) and E
40 mg/mL) for 7 min. After biosensor surface was rin
ith PBS buffer, the solution containing 0.4 mg/mL ME
as injected into flow cell. Immobilization of colloidal A

10 nm) onto modified (MEA-coated) surface was perfor
or 1 h from aqueous at room temperature. The flow cell
insed with PBS buffer and was incubated with 0.1 mg
PA solution for 1 h. The solution containing (v/v 1:10) a

ransferrin was injected into flow cell and allowed to reac
2 h. Before the determination of the transferrin, the sur
as blocked with BSA for 20 min.

. Results and discussion

.1. Directly immune reaction

The use of SPA as a membrane to connect antibody
u is the best strategy because SPA binds specifically t
c region of immunoglobulin molecule without interacting

he antigen binding sites. SPA is a polypeptide of the sta
ococcus and has four binding sites with antibody. In
irectly immune reaction, the biosensor surface was m
ed with SPA. The solution containing 0.1 mg/mL SPA w
owed over biosensor surface, and the self-assemblin
PA on the Au film was monitored in real time. The bios
or surface of exposure to the SPA solution leads to a 8.1
hift in the resonance wavelength within 35 min, and the r
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Fig. 2. The kinetic adsorption curve of anti-transferrin on the SPA monolayer
in the directly immune assays.

nance wavelength remains almost constant as time prolongs.
This suggests that the self-assembling monolayer has been
completed.

To wipe off non-specific adsorption on the gold surface,
the biosensor surface was rinsed with PBS buffer until reso-
nance wavelength kept constant. Then anti-transferrin solu-
tion was injected into the flow cell to monitor its assembling
on the SPA surface.Fig. 2shows the kinetic adsorption curve
of anti-transferrin on the SPA monolayer in 1 h. It can be
seen fromFig. 2that association between antibody and SPA
is very fast. The process was carried out for 12 h in order to
form densely packed layers on the SPA surface. Prior to deter-
mine of transferrin, biosensor surface was blocked with BSA.
The transferrin-binding test was performed in PBS buffer for
30 min at the room temperature. The relationship between
transferrin concentration and the shift of the resonance wave-
length was obtained. The transferrin is determined in the
concentration range from 1 to 20�g/mL.

3.2. Double-linker assay

The MEA-SPA double sensing membrane was developed
because the sensitivity of the double sensing membrane is
higher than that obtained with the monolayer sensing mem-
brane. The first linker (MEA) can be attached strongly to the
g ter-
m The
s y at
n ean-
w of
M

until
t s, the
b rface
w r 1 h.
T d in
r ngth.

Fig. 3. (a) The kinetic adsorption curve of SPA on the MEA surface. The
error bars represent the S.D. of the values determined from three the same
assays. (b) The adsorption curve of the anti-transferrin on the double-linker
sensing membrane.

About 30 min later, the reaction of the MEA and gold film was
completed. The maximum shift of resonance wavelength is
11.58 nm. Following, after the biosensor surface was rinsed
with PBS buffer, the SPA solution (the second linker) was
flowed over MEA surface. The sensorgram of the interaction
of the SPA and MEA is showed inFig. 3a. As seen from
Fig. 3a, the association of the SPA and MEA is very fast, and
the shift of the resonance wavelength reaches about 90% of
total shift in 15 min. After 30 min later, the reaction between
the SPA and MEA almost completed. Then anti-transferrin
was self-assembled on the double-linker (MEA-SPA) sens-
ing membrane. The adsorption curve of the anti-transferrin
on the double-linker sensing membrane is showed inFig. 3b.
If the binding sites of SPA are in a plane, the binding rate is
fast. However, if the same binding sites of SPA are not in a
plane, the binding rate will be lowered because of the steric
exclusion effect. In this experiment, the binding of SPA for
the monolayer sensing membrane is easier to be in a plane
than that for the double-linker sensing membrane. Therefore,
it is seen fromFig. 3b andFig. 2, the binding rate of the
old film surface by its sulfide bonds, and the amines
inal group is an active group that can bind to protein.

econd linker (SPA) can bind the Fc region of the antibod
ear neutral pH, leaving the antigen-binding free sites. M
hile, the COOH of SPA can react with amines group
EA.
The biosensor surface was rinsed with PBS buffer

he resonance wavelength remained constant. That i
aseline had been stabilized. Then, the biosensor su
as exposed to the MEA solution and was incubated fo
he association of the MEA and gold film was monitore
eal time according to the shift of the resonance wavele
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anti-transferrin to SPA on double-linker sensing membrane is
slower than that on monolayer sensing membrane in a 10 min.
The different concentrations of the transferrin were sepa-
rately flowed over the anti-transferrin surface after biosensor
surface was blocked with BSA. The transferrin is determined
in the concentration range from 0.1 to 20�g/mL. Theoretical
analysis shows that the sensitivity of the spectral prism-based
SPR sensor is higher at long wavelength than that at short
wavelength, and the sensitivity of the spectra prism-based
SPR sensor increases rapidly with increasing wavelength
towards long wavelength[27]. As mentioned aboved, the shift
of the resonance wavelength towards long wavelength caused
by double-linker sensing membrane immobilized on the sen-
sor surface is larger than that caused by monolayer sensing
membrane immobilized on the sensor surface. As expected,
for the double-linker assay, the lowest determination concen-
tration is 10-fold lower than that obtained by directly immune
reaction. At 0.1�g/mL of the concentration, binding reaction
of transerrin can not be detected directly by SPR, but double-
linker sensing membrane method still leads to 0.47 nm shift
of the resonance wavelength. The primary response due to
specific binding of 20�g/mL transferrin to anti-transferrin
immobilized is about 2.30 nm shift of the resonance wave-
length, however, the specific binding of 20�g/mL transferrin
to anti-transferrin immobilized is about 3.79 nm shift of the
resonance wavelength in the double-linker assay.
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Fig. 4. Biosensor response of three assays in dependence on the applied
transferrin concentration.

possible mechanism is that the large bulk of the colloidal Au
nanoparticle leads to large change of the refractive index.
After the colloidal Au nanoparticles was immobilized on
the MEA-coated surface, the surface was rinsed with PBS
buffer until resonance wavelength kept constant. Alike, col-
loidal Au surface was modified using 0.1 mg/mL SPA. Then
anti-transferrin was flowed over SPA surface and was incu-
bated for 12 h. Following, BSA was injected into flow cell
in order to block unreacted sites on the colloidal Au sur-
face.Fig. 4depicts the relationship between concentration of
analyte and resonance wavelength shift for three immnoas-
says. The SPR biosensor has good response to transferrin
in the concentration range 0.05–20�g/mL. The effect of the
Au nanoparticles on the SPR signal enhancement depends
on the particle diameter and concentration[28]. On the one
hand, with the addition of the Au nanoparticles, the resonance
wavelength will shift towards long wavelength. As mentioned
above, the sensitivity of the sensor increases with the shift of
the resonance wavelength towards long wavelength. On the
other hand, SPR dip will be broaden with the shift of the
resonance wavelength towards long wavelength and this will
deteriorate the detection limit. So, use of the Au nanoparti-
cles is limited at concentration of the Au nanoparticles. This
aspect has been studied[28]. Therefore, for the colloidal Au-
amplified assay, the lowest determination concentration is
two-fold lower than that obtained by the double-linker assays,
a une
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a

.3. Colloidal Au-amplified assay

The SPR response signal is enhanced using the
oidal Au method. The antigen-colloidal Au conjugate res
n enhancement of the SPR sensitivity to protein–pro
nteraction, and this aspect has been extensive investi
21,23,28]. In the presented study, colloidal Au is adso
nto the self-assembled monolayer (SAM) formed on
PR substrate. The adsorbed colloidal Au could collect
r selectively alter the three signature SPR features o
ubstrate/SAM system, thereby enhancing the detection
itivity of the SPR device[29]. The interaction betwee
olloidal Au nanopartical and SPR-active Au film was st
ed in detail by Lyon et al. In addition, they further illustra
ow small Au nanoparticles could be selectively enla
PR signal[30].
The MEA was immobilized on the MPA surface with t

itional amine coupling method in this study. Because
ulfide bond of MPA can stick firmly to the gold film and
COOH group of MPA can react with NHS by using EDC
atalyzer to formN-hydroxysuccinimide esters, these es
an then react spontaneously with amine group of the M
hus, the sulfide of the MEA may free bind to colloidal
urface introduced into solution. The covalent attachme
olloidal Au nanoparticles leads to large shift of the re
ance wavelength. The maximum shift of the wavele
esonance is 36.36 nm. The first possible mechanism
oupling of the localized surface plasmon of the collo
u with the propagating plasmon in the Au film. The sec
nd 20-fold lower than that obtained by the directly imm
eaction. At 0.05�g/mL of the concentration, binding
ranserrin can not be determined directly by SPR, but
nance wavelength still occurred change by using collo
u nanoparticles. When the colloidal Au-amplified assa
pplied, exposure to a solution of 20�g/mL transferrin lead

o a 5.35 nm shift of the resonance wavelength. Howeve
pecific binding of 20�g/mL transferrin to anti-transferr
mmobilized is about 2.30 and 3.79 nm shift of the reson
avelength in the direcly immune assay and double-li
ssay.
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4. Conclusion

The use of colloidal Au nanoparticles has been shown
to enhance the sensitivity of a wavelength modulation SPR
biosensor. In previous studies the colloidal Au nanoparticles
were linked to surface on analyte as labels for amplifying SPR
biosensor signals. In this paper, the colloidal Au nanoparti-
cles were used as active components to detect transferrin. The
immobilization of colloidal Au nanoparticles on the MEA-
coated surface was described. The binding of the colloidal
Au nanoparticles leads to large changes in the resonance
wavelength and transferrin can be determined in the con-
centration range of 0.05–20�g/mL. A double-linker assay
measurement for transferrin was demonstrated. This double
sensing membrane method may also amplify the SPR signals
and transferrin can be determined in the concentration range
of 0.1–20�g/mL. However, transferrin can only be deter-
mined in the concentration range of 1–20�g/mL by directly
immune reaction. The results of the experiments indicate that
colloidal Au amplified and double-linker assay have extraor-
dinary potential in wavelength modulation SPR application.
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