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A novel biosensor for bovine serum albumin
based on fluorescent self-assembled sandwich
bilayers

Xiangying Sun*, Bin Liu and Fei He

ABSTRACT: Fluorescent dyes butyl rhodamine B were assembled via a pL-cystenine intermediate onto quartz wafers whose
surface had first adsorbed gold nanoparticles. Hence self-assembled sandwich bilayers with nanocomposite structure were
constructed which can be used as a biosensor for bovine serum albumin. The biosensor-based self-assembled monolayers
(SAMs) are regenerable and have high sensitivity, five orders of magnitude higher than that of bulk solution phase sensing.
The effects of existing forms of dyes on the fluorescence spectra of bilayers in the presence of bovine serum albumin were

investigated. Copyright © 2008 John Wiley & Sons, Ltd.
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Introduction

The process of self-assembly provides a powerful tool for gener-
ating molecular films of biological molecules on a wide variety
of substrates. The simplicity and flexibility of self-assembled
monolayers (SAMs) and the possibility of controlling biomole-
cule surface orientation allow SAMs to play an important task
in the design of artificial biomolecular recognition devices (1, 2).
As the field of nanotechnology rapidly evolves, interest in the
organized assembly of nanoscale structures into functional mate-
rials has greatly intensified. Because of their large specific sur-
face area and amplification for the sensing signals, nanoparticles
are becoming frequent targets for use as components in molec-
ular machines as well as miniaturized and specialized sensors
(3-7). SAMs of thiolates on colloidal gold clusters are therefore
ideal substrates for investigating nanoparticle microfabrications
(8-11), as possibilities exist for further modification. The interest
in fluorescent chemosensors is growing as they provide sensi-
tive and selective assays to recognize and evaluate species and
concentrations of substrates of concern. It is therefore of basic
significance to examine fluorescent sensing on the basis of nan-
oparticle modifications on SAMs.

Conventional fluorescence analysis in liquid phase can only
be used once and also contaminate sample solutions. In our lab-
oratory, we developed an interfacial fluorescence analytical method
by combining SAMs technology with a fluorescence analytical
method. Our experiments showed that indirectly assembling
fluorophores onto a gold surface could efficiently eliminate fluor-
escence quenching by gold, and therefore fluorescent sensors
based on SAMs might be fabricated. This method was effective
in diminishing the sample volume with a view to on-chip analysis
and has higher analytical sensitivity than fluorescence analysis
in liquid phase, and thus has promising prospects in the fields of
fluorescence analysis and chemical sensors (12-14).

Herein a novel fluorescent biosensor for bovine serum albumin
based on gold nanoparticle SAMs has been explored. Gold nanopar-
ticles were first assembled onto a quartz surface, forming a Quartz/
AuNP nanocomposite structure. Fluorescent dyes butyl rhodamine

B (BRB) were indirectly assembled onto the surface of Quartz/AuNP
via a pL-cystenine (Cys) intermediate; fluorescent bilayers of Quartz/
AuNP/Cys/BRB were then constructed and could be used as a
biosensor for bovine serum albumin (BSA). The sensor-based
SAMs are regenerable and have high sensitivity, five orders of
magnitude higher than that of bulk solution phase sensing. The
effects of existing forms of dyes on the fluorescence spectra of
bilayers in the prescence of bovine serum albumin were investigated.

Experimental

Apparatus and reagents

Corrected fluorescence spectra were recorded on a Varian fluor-
escence spectrophotometer. The slits for excitation and emission
monochromators were both 5 nm. The angle between the quartz
wafer plane and incident excitation light was set at 50° to ensure
maximum efficiency for collecting emitting light, while avoiding
reflection light interference (Scheme 1). A 1 x 1 cm quartz cell
was employed for recording fluorescence spectra. Absorption
spectra were recorded on a Tu-1810PC spectrophotometer.

All chemicals were of analytical grade or above. Aqueous solu-
tions were prepared using water from a Millipore Milli-Q system
(18 MQ cm).

Preparation of fluorescent self-assembled sandwich
bilayers (Quartz/AuNP/Cys/BRB)

Silanization of quartz wafers. Quartz wafers, 1x 1 x0.001 cm,
were immersed in solution (HF:H,SO,:H,0 = 1:1:3 v/v/v) for 1 min,
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Scheme 1. Systematic diagram of the attachment for this experiment.

washed ultrasonically in ethanol for 10 min and dried in nitro-
gen. The quartz wafers were immersed into hot piranha solution
(H,SO,H,0, =7:3 v/v) for 1 h, then washed ultrasonically in etha-
nol for 10 min, dried in nitrogen, and heated at 120°C for 30 min
in an oven. The treated quartz wafers were finally immersed in
y-aminopropyltriethoxysilane (APES) toluene solution for 3 h, and
washed and dried.

Deposition of colloidal gold particles on silanized quartz wafers.
All glassware used for preparation of the colloids was thoroughly
washed with aqua regia (HCI:HNO,, 3:1 v/v) and rinsed exten-
sively in water. Gold colloids were prepared by the reduction of
HAuCl, with sodium citrate in water, as previously reported (15).

Each silanized quartz wafer was dipped in a 2 mL freshly pre-
pared gold colloidal suspension for 12 h. The wafers were then
removed from the suspension and left to dry in nitrogen for
10 min.

Preparation of fluorescent self-assembled sandwich bilayers
(Quartz/AuNP/Cys/BRB). Quartz wafers modified by colloidal
gold particles (Quartz/AuNP) were immersed in 0.01 mol/L cysteine
solution, pH 11.4, for 6 h, leading to the quartz wafers combined
with cysteine. Quartz/AuNP/Cys/BRB was fabricated by immers-
ing the cysteine-modified quartz wafers (Quartz/AuNP/Cys) in
0.0001 mol/L solution of butyl rhodamine B, pH 5.7, for 12 h. The

silaned

quartz| ———— = |quartz

assembly process is depicted in Scheme 2. Butyl rhodamine B
was electrostatically bound to cysteine and fluorescent self-
assembled quartz wafers were obtained.

Results and discussion

Characterization of butyl rhodamine B in solution

Butyl rhodamine B is a kind of basic dye. The pH of solution affects
the fluorescence spectra of butyl rhodamine B. There were poor
fluorescent characteristics in strong acidic solution (pH < 1.5)
and intense fluorescence emission at pH > 3. Therefore, we chose
dye solution of pH 5.7 for assembly. The concentration of dye
has effects on the existing forms of butyl rhodamine B. For dilute
dye solution (<0.0001 mol/L), there is strong fluorescence emis-
sion from the monomer, which presents an emission band cen-
tred at 580 nm, fluorescence intensity increased with increasing
concentration (Fig. 1a). However, for concentrated dye solution
(=0.005 mol/L), which has non- or poor emission capacity because
of dye-aggregation to dimers, the fluorescence intensity decreased
with increasing concentration and the emission band was red-
shifted to 627 nm with increasing concentration of the dye (Fig. 1b).
Figure 2 shows the absorption spectra of butyl rhodamine B,
there is an intense band at 557 nm and a shoulder at 517 nm. The
intense band at 557 nm is attributed to the 0-0 absorption band
corresponding to the s,-s, transition, which is directed parallel
to the long axis of the chromophore. The appearance of another
band at 517 nm with increasing concentration of butyl rhodam-
ine B may be attributed to the dimer or aggregates of rhodam-
ine (16-18). Indeed, it has been found that butyl rhodamine B
dyes have a tremendous propensity to aggregate, even at a very
low concentration (5 x 107° mol/L). From the above discussion, it
is clear that the spectral characterization of butyl rhodamine B is
concentration-dependent.

The interaction between butyl rhodamine B and bovine
serum albumin (BSA)

Experiments on the interaction between butyl rhodamine B and
bovine serum albumin in solution were carried out. Changes in
the fluorescence spectra of butyl rhodamine B in the presence of
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Figure 1. Fluorescence spectra of butyl rhodamine B with (a) lower concentrations and (b) higher concentrations.
2.6
24l 500 |- Quartz/AuNP/Cys
22 B Quartz/AuNP/Cys/BRB
“r 10°° mol/L
201 3 400 -
18 8
16 CRHB "?
I ¢ 300
g 14r s
c
8 2r 2%10 mollL -
o 10} o 200 |
8 5
< 08 r %
0.6 - 5 100 |
>
041 i
02 N\ ~ 2 a\\
C ol e
00|
r | ) | . | . . . | 1 1 1 L 1 " 1 n 1
0.2 560 580 600 620 640

300 400 500 600 700
Wavelength (nm)

Figure 2. Absorption spectra of butyl rhodamine B with different concentrations.

BSA were dependent on existing forms of the dyes. When the
dye molecules mainly existed as monomers, fluorescence inten-
sity decreased with the increasing concentration of BSA, while
when the dye molecules mainly existed as dimer, fluorescence
intensity increasing with increasing concentration of BSA, which
may be explained by the dye dimer being transformed to mono-
mers in the presence of BSA. As BSA affects the fluorescence inten-
sity of butyl rhodamine B, BSA can be detected based on this, but
with low sensitivity of the detection limit of 1.131 x 10™*g/L. We
therefore assembled butyl rhodamine B onto the surface of
quartz wafers to increase the sensitivity of recognition for BSA.

Spectral properties of Quartz/AuNP/Cys/BRB wafers

Figure 3 shows the surface fluorescence spectra of Quartz/AuNP/
Cys/BRB and Quartz/AuNP/Cys wafers at 400 nm excitation. It was
found that the Quartz/AuNP/Cys/BRB wafer exhibits the charac-
teristic fluorescent emission peak of rodamine B molecules and
the Quartz/AuNP/Cys wafer was non-fluorescent, further confirming
that butyl rhodamine B had been assembled onto the quartz
surface. The intermediate of cysteine in BRB-Cys—AuNP-quartz
prevented direct contact of the dye molecules with the gold sur-

Wavelength (nm)

Figure 3. Fluorescence emission spectra of Quartz/AuNP/Cys/BRB and Quartz/
AuNP/Cys.

face and hence the interactions between fluorescing molecules
and the free electrons in the metal that resulted in the rapid trans-
fer of energy and relaxation responsible for gold-surface fluores-
cence quenching (19). The fluorescence emission of Quartz/
AuNP/Cys/BRB wafer peaked at 597 nm, which was a little blue-
shifted compared to that of butyl rhodamine B dimer bulk solution.

Interfacial sensing of Quartz/AuNP/Cys/BRB for bovine
serum albumin

As butyl rhodamine B can interact with BSA in solution, we studied
the changes of fluorescence spectra of Quartz/AuNP/Cys/BRB
wafers in the presence of BSA, and found that the fluorescence
intensity increased and the emission bands had a little blue-shifted
with increasing BSA (Fig. 4). There was a non-linear relationship
between fluorescent intensity and concentration of BSA; the
detection limit (3 SD/k) was 3.2 x 107"°g/L, five orders of magni-
tude lower than that of the bulk solution-phase detection limit
of 1.131 x 10*g/L. It is thus shown that the sensitivity of inter-
facial analysis based on SAMs was greatly enhanced compared
to that of the corresponding solution-phase analysis.
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Figure 4. Fluorescence spectra for Quartz/AuNP/Cys/BRB in the presence of BSA.
Inset shows line plots for the relative fluorescence intensity of Quartz/AuNP/Cys/
BRB vs. BSA concentration. /, and /, fluorescence intensity in the absence and pres-
ence, respectively, of BSA.
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Figure 5. Fluorescence spectra for Quartz/AuNP/Cys/BRB prepared with 0.00001 mol/L
butyl rhodamine B.

The fluorescence intensity changes of Quartz/AuNP/Cys/BRB
wafers in the presence of BSA were similar to those of butyl
rhodamine B dimer in solution. We assumed that the dye mole-
cules existed as dimers in a multilayer, which was confirmed by
the following experiments. We immersed Quartz/AuNP/Cys wafers
in very dilute butyl rhodamine B solution of 10°mol/L, and the
intense fluorescence emission of prepared multilayers peaked at
575 nm and very weak emission peaked at ca. 595 nm (Fig. 5).
This may be ascribed to the dye molecules existing mainly as
monomers in the film. Fluorescence intensity at 575 nm decreased
with increasing BSA, which was similar to that of the dye mono-
mer in solution acted with BSA. From the above-mentioned,
we concluded that the existing forms of butyl rhodamine B in
bilayers would be concentration-dependent; the dye molecules
assembled onto the quartz wafers modified by colloidal gold
particles are more likely to encourage dimer formation at lower
concentrations, which affects the photophysical properties
of films and interaction between Quartz/AuNP/Cys/BRB wafers
and BSA.

Fluorescence reversibility

Reversibility is an important parameter of a sensor. It is desirable
that, after the analysis, the sensor-analyte interaction could be
readily reversed. In this process, the analyte (BSA herein) was
released from the sensor membrane, so that the sensor was
restored to its original form and ready for the next measurement.
We examined the reversibility of the Quartz/AuNP/Cys/BRB wafer
by following its fluorescence variations. Quartz/AuNP/Cys/BRB
wafers were put into BSA solution and the fluorescence intensity
increased with immersion time. When the wafer was again put
into 1 mol/L sodium citrate solution for 20 min and then into ultra-
pure water, the fluorescence was efficiently regenerated, near to
its original intensity. Therefore, a reversibility was observed with
the fluorescence of this Quartz/AuNP/Cys/BRB.

Interference experiments

Our preliminary experiments showed that the presence of <10
equivalents of Cu?*, five equivalents of Fe**,did not lead to inter-
ference of the fluorimetric detection by 10% change in the emis-
sion intensity. Monosaccharides and common ions such as K*,
Na* and Zn** had no influence on the assays.

We also studied the interactions between Quartz/AuNP/Cys/BRB
and DNA, and found that the fluorescence intensity increased
with increasing DNA concentration. The bilayers can be also used
as a sensor for DNA at the interface. Further experiments on the
interactions between the fluorescent bilayers and DNA are in
progress.

Conclusion

Novel fluorescent self-assembled sandwich bilayers, Quartz/
AuNP/Cys/BRB, were constructed based on SAMs nanocompos-
ite structure via a bL-cystenine intermediate. The film was found
to be highly fluorescent and can be used as a biosensor for bovine
serum albumin at the interface. The biosensor-based SAMs are
regenerable and have good stability, with a high sensitivity five
orders of magnitude higher than that of the bulk solution phase
sensing. The existing forms of butyl rhodamine B in bilayers would
be concentration-dependent, and the dye molecules assembled
onto the quartz wafers modified by colloidal gold particles are
more likely to encourage the dimer formation at a lower concen-
tration, which affects the photophysical properties of films and
the interaction between Quartz/AuNP/Cys/BRB wafers and BSA.
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