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This article reviews our recent advances in surface plasmon resonance (SPR) based biochips. It includes

four issues, which are the preparation and characterization of high quality gold film, the preparation and

characterization of self-assembled monolayer (SAM), dynamics of DNA adsorption on SAMs, and SPR-

based microscopies. Numerous topics related to SPR, such as, the modeling of SPR by transmission

matrix, effective medium theory, applications of SPR in biology, and SPR-based novel microscopies,

are discussed. A novel electrochemical technique, which is extremely useful for the preparation and

characterization of high quality SAMs, is also discussed.
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1 Introduction

Surface plasmon resonance (SPR) occurs at the interface
of a metal and dielectric, whose local field enhancement
effect makes it very sensitive to the properties of the in-
terface [1, 2]. The sensitivity of SPR-based sensors can
reach 10−6 RIU (refractive index unit) [3]. Molecular
change caused by as minute as 20 picograms binding over
a square millimeter can be detected by SPR instruments.
Consequently, SPR-based sensors have been successfully
used in many fields, such as, characterizing optical prop-
erties, investigating biomolecular interactions and bind-
ing, detecting biological and chemical analytes, moni-
toring environments, ensuring food safety, and helping
medical diagnostics [1, 2].

Biosensors are used to characterize the interactions

c©Higher Education Press and Springer-Verlag 2009
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among a variety of biomolecules, such as, proteins, pep-
tides, nucleotides, sugars, etc. [4]. Generally, a biosensor
works in three steps: (1) immobilizing the sensitive ele-
ment on a solid surface; (2) anchoring target biological
elements on the the sensitive element; and (3) informa-
tion extraction for the biological reaction. Development
of micro-array techniques enables high density sensors to
be arrayed in 1 biochip, which permits high throughput
simultaneous analysis of biological processes [4–7].

Besides its high-sensitivity, SPR is also a label-free
technique. Applying the SPR technique on biochips can
be expected to result in new generation high-sensitive
and label-free biochips [8–10]. In this paper, we discuss
some issues for developing SPR-based biochips. This pa-
per is organized as follows: we first give a general intro-
duction to SPR and its modeling in Section 2; then we
discuss the preparation and characterization of gold films
for improving the performance of SPR-based sensors in
Section 3; we describe the preparation and characteriza-
tion of self-assembled monolayers (SAMs), which can be
utilized to immobilize biomolecules on the metal surface
of SPR-based sensors in Section 4; we give some exam-
ples of DNA adsorption detected by SPR sensors, which
is helpful for fabricating DNA chips in Section 5, and fi-
nally we discuss SPR-based microscopies for information
extraction from biochips in Section 6.

2 Surface plasmon resonance

2.1 General introduction to SPR

Surface plasmon polariton (SPP) occurs at the interface
of a metal and a dielectric [1, 2, 11]. From the boundary
conditions and Maxwell’s equations in two semi-infinite
metal-dielectric media, one gets the wave vector of SPP
[11]

ksp =
ω

c

( εmεd

εm + εd

)1/2

(1)

where, εm and εd are the complex permittivities of the
metal and of the dielectric layer, respectively. ω is the
angular frequency, and c is the speed of light in vacuum.

Assume the complex εm = ε′m + ε′′mi and ksp = k′
sp

+k′′
spi, in the case of ε′m < 0, |ε′m| � ε′′m and |ε′m| � εd,

one obtains [11]

k′
sp =

ω

c

( ε′mεd

ε′m + εd

)1/2

(2)

SPPs can be excited by light. When SPPs are excited
by light through a medium of refractive index n1, mo-
mentum conservation should be fulfilled in the direction
of SPP propagation (x direction in Fig. 1):

kx = n1
ω

c
sin θ = k′

sp (3)

in this case, the free electrons of metal respond collec-
tively by oscillating in resonance with the light wave.
Therefore, this effect is called surface plasmon resonance
(SPR). The excitation configuration shown in Fig. 1 is
known as Kretschmann configuration.

Fig. 1 Kretschmann configuration of SPP excitation.

2.2 Modeling of SPR

Matrix presentation is a convenient method to describe
propogation of waves in stratified media. Some detailed
descriptions can be found in Refs. [12–15]. Propagation
of electromagnetic (EM) waves in an N -layer system is
illustrated in Fig. 2. SPR can be modeled by the trans-
mission and propagation matrices.

Fig. 2 Multilayer system. The refractive index and thickness of
i-th layer [i = (1, . . . , N)] are ni and di, respectively. (+) (and
respective −) note the forward (and respective backward) trans-
mitted electrical fields in i-th layer Ei and E′

i.

The transmission matrix T that relates the electrical
fields at two sides of an interface I(i,i+1)

(
E−

i

E′−
i

)
= T(i,i+1)

(
E+

i+1

E′+
i+1

)
(4)

T(i,i+1) is related to the Fresnel’s transmission and re-
flection coefficients (t and r respectively) of light wave
at interface I(i,i+1) by [12, 14]

T(i,i+1) =
1

t(i,i+1)

(
1 r(i,i+1)

r(i,i+1) 1

)
(5)

Similarly, the propagation of EM field in a homoge-
neous medium can be described by a propagation matrix
P through [15]

(
E+

i

E′+
i

)
= Pi

(
E−

i

E′−
i

)
(6)
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and

Pi =
(

exp(−ikz(i)di) 0
0 exp(ikz(i)di)

)
(7)

where, kz(i) is the wave vector in z direction, and di the
propagation length in i-th layer. When an optical wave
travels through the n-layer system with an incident angle
θ at the first interface, from Snell’s law we see that kx in
each layer is equal [kx(i) ≡ kx(1), i = 1, . . . , n], so the kz

in i-th layer can be expressed as:

kz(i) =
√

k2
(i) − k2

x(i) = 2π/λ0

√
n2

i − (n1 sin θ)2 (8)

where λ0 is the optical wavelength in vacuum.
Consequently, the EM fields in the 1st and N -th layer

of this stratified media can be related by [15]
(

E1

E′
1

)
= T(1,2)P2T(2,3)...PN−1T(N−1,N)

(
EN

E′
N

)
(9)

note(
M11 M12

M21 M22

)
= T(1,2)P2T(2,3)...PN−1T(N−1,N) (10)

we obtain the reflection and transmission coefficients of
this multilayer system

r =
E′

1

E1
=

M21

M11
(11)

and

t =
EN

E1
=

1
M11

(12)

The reflectance of the SPR system is finally given by

R = |r|2 =
∣∣∣∣
M21

M11

∣∣∣∣
2

(13)

3 Preparation and characterization of gold
films

Ultrathin metal films with high bulk homogeneity and
surface flatness are very important to improve the per-
formance of SPR sensors, such as the stability, re-
producibility and signal-to-noise ratio (SNR). We ap-
proached this objective by improving the metal film de-
position speed. Characterization through various tech-
niques: atomic force microscopy (AFM), SPR, and scan-
ning surface plasmon microscopy (SSPM), together with
theoretical analysis, helped us to deeply understand its
physical meaning [16–18].

3.1 The reason for choosing gold

Several reasons make us choose gold to prepare SPR-
based bio-sensors: (1) from the point of view of SPR,
gold is the most frequently used metal for exciting SPR.
Gold is a reasonably inert metal, it does not oxidize at
temperatures below its melting point; it does not react
with most chemicals. These properties make it possible

to be handled under atmospheric conditions instead of
under UHV, it is a great practical convenience for ex-
periments. (2) From the point of view of biology, gold is
compatible with cells and most bio-molecules. (3) Gold
is the most widely studied substrate in preparing self-
assembled monolayers (SAMs) on. The thiol function
has high affinity to gold, thus gold can be easily function-
alized. Preparation of SAMs on gold have been reviewed
in some articles [19, 20].

3.2 Deposition of gold films

Gold films used in this article were prepared by ther-
mal evaporation on BK7 glass microscope coverslips.
Microscope coverslips were successively cleaned by 2%
liquid soap solution, rinsed with distilled water and 18
MΩ·cm−1 pure water, and then dried by nitrogen gas
[16–18]. Gold films were deposited through a thermal
deposition evaporator (Turbo-V 250, plassys S.A.) un-
der high vacuum (8 × 10−9 bar) at different rates: 0.02
nm/s (slow deposition mode) and 0.4 nm/s (fast deposi-
tion mode). Thickness of gold films was monitored by a
calibrated quartz microbalance to 45 nm.

3.3 Characterization by AFM

Topography of thermal deposited gold films was charac-
terized by atomic force microscopy (AFM). AFM images
(1µm×1µm) of gold films prepared at slow and fast de-
position modes are reported in Fig. 3. We see that gold
surface is not flat, it bears irregular grains of different
sizes. Moreover, fast mode prepared gold films seem to
be flatter, and grains on it seem to be smaller.

Fig. 3 Topography of surface of gold films deposited at slow (a)
and fast (b) deposition modes. The vertical scale of grey coding
(from black to white) is 10 nm. Scale bar is 200 nm. Reprinted
from Refs. [17, 18].

The power spectra computed from AFM images shown
in Fig. 4(a) are quasi-linear in the interval of f = 0.01
−0.2 nm−1, and can be fitted by a power law func-
tion P (f) ∼ fβ. β is found to be −3.66 ± 0.02 be-
tween f = 9 − 40 nm for the slow deposition mode, and
−4.57 ± 0.02 between f = 6 − 25 nm for the fast depo-
sition mode [16–18]. β = −4 is predicted from a growth
model [16–18]. β obtained from our 1-D power spectra
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analysis is in accordance with this model, it is just a
bit larger and smaller than −4 for the slow and fast de-
position modes, respectively. The histograms of heights
shown in Fig. 4(b) give a clear view of gold surface rough-
ness. The width at 1/e of the maximum is found to be
4.43 and 3.2 nm respectively for the slow and fast modes
deposited gold films. Thus, we can conclude that the
surface of fast deposited gold films is flatter.

Fig. 4 Analysis of AFM images in Fig. 3. (a) 1-D power spec-
tra. (b) Histograms of heights computed. The origin for z is set
at the maximum of these histograms. Reprinted from Ref. [16] by
permission of the publisher. Copyright c© 2007 Elsevier.

3.4 Optical system for SPR

The properties of gold films were also characterized by
SPR method. The optical system for SPR is sketched in
Fig. 5 [16–18]. The kernel of this SPR setup was made up
of a hemicylinder and a thin gold film coated microscope
coverslip. A thin gold film (45 nm thick) was deposited
on one side of the coverslip by thermal evaporation, and
the other side was assembled with the hemicylinder using
an immersion oil of the same refractive index. The gold
coated microscope coverslip and the hemicylinder were
mounted on a computer controlled rotating stage (RT).
Light from a Xenon lamp passed through a monochro-
mator. The linear polarization with maximum intensity
is selected by a polarizer. An extra achromatic λ/2 wave
plate (WP) was introduced into the optical path to rotate
the linear polarization. Finally, the p or s linearly polar-

Fig. 5 Sketch of optical system for SPR. Details are described
in Section 3.4. Reprinted from Ref. [16] by permission of the
publisher. Copyright c© 2007 Elsevier.

ized monochromatic optical wave was focused onto the
hemicylinder by a cylindric lens (L4). After impinging
on the glass/gold interface with diverse incident angles,
light was reflected and emerges from the hemicylinder.
The reflected light intensity was captured by a linear
CCD camera with high resolution and high dynamics.
The reflectivities (Rp and Rs) were measured for each
polarization, and the normalized Rp/Rs is plotted as a
function of the incident angle to remove inhomogeneity
of intensity distribution.

3.5 Characterization by SPR

The slow and fast mode deposited gold films are pre-
sented in Fig. 6. The angle corresponding to minimum
reflectivity is called SPR angle. From Fig. 6, we see
that SPR angles of each wavelength are different for gold
films prepared by slow and fast deposition modes. SPR
can be modeled by the method introduced in section
2.2. The simplest method is to adopt a 3-layer model
(glass/gold/air). We choose refractive index of gold from
the literature and try to fit all the SPR curves with the
same thickness of gold. However, this method is impos-
sible to fit all the SPR curves, and it fails to explain the
difference of SPR curves for gold films deposited with
different speed [16–18].

Fig. 6 SPR reflectivity curves (Rp/Rs versus incident angle θ)
from the gold films prepared in slow (a) and fast (b) deposi-
tion modes for 6 different wavelengths (600, 633, 647, 676, 700,
750 nm). The bars of each curve show the difference among dif-
ferent curves, which are recorded on different positions of the mi-
croslide, or on different microslides. Reprinted from Ref. [16] by
permission of the publisher. Copyright c© 2007 Elsevier.

Inspired from AFM measurements of gold film sur-
face, we can use a second model with 4 layers (glass/pure
gold/composite gold/air). One effective gold layer is in-
troduced into the pure gold and air layers to take the
rough gold surface into account. The fact that gold sur-
faces are not rigourously flat can be modeled by consid-
ering it as a composite medium of gold and air. The ef-
fective dielectric constants (ε) of this composite medium
are described by the Bruggeman relation, and the dielec-
tric constants of pure gold are also taken from literature.
The Bruggeman relation reads [21, 22]:
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η1
ε1 − ε

ε1 + 2ε
+ (1 − η1)

ε2 − ε

ε2 + 2ε
= 0 (14)

where, ε1 and ε2 are dielectric constants of gold and air,
respectively. η1 is the volume fraction of gold in the ef-
fective medium. The Bruggeman model is a symmetric
model, considering gold embeded in air or reversely gives
the same result. According to the Bruggman relation,
the effective dielectric constant of composite medium ver-
sus the gold volume fraction is presented in Fig. 7. The
theoretically calculated SPR curves fit better the exper-
imental ones through this approach; however small dis-
agreements between them still exist [16–18].

Fig. 7 Evolution of the real (a) and imaginary (b) parts of the
dielectric constants of effective gold/air medium versus the vol-
ume fraction of gold, as predicted by Eq. (14). The index of gold
chosen for this computation can be found in Ref. [23] for 633 nm.
Reprinted from Ref. [16] by permission of the publisher. Copyright
c© 2007 Elsevier.

Rather than taking the dielectric constants of gold
films from literature, we can also retrieve them by fitting
the experimental SPR curves. We adopt a 3-layer model
(glass/gold/air) and release the constraints on dielectric
constants of gold. The theoretical SPR curves agree per-
fectly with experimental ones [16–18]. A comparison of
the dielectric constants of gold retrieved through this
method and from literature is reported in Fig. 8.

We observe first that the two sets of gold dielectric
constants estimated from our experimental data fall in-
side the range of data published earlier. The ε′ esti-
mated from our experimental data, both follow a quasi-
linear behavior in the wavelength range of 600 nm to
750 nm, much similar to that given by other published
data sets. Our ε′ values are systematically above Theye
values, whereas our ε′′ values are systematically below
Theye values. We also remark that the slope of the fast
deposited gold is smaller than the slow deposited gold,
and closer to the report of Theye. From Fig. 7 we know
that ε′ decreases and ε′′ increases versus η1 when gold
fraction in the composite medium increases. Thus, the
Theye data in Fig. 8 represent the gold film with most
fraction of gold in it. We can therefore interpret the po-
sition of our two sets of data points as a diminution of
the fraction of gold with respect to Theye data, the slow
deposition mode corresponding to the smallest fraction

of gold. These fractions of gold can be computed with
the Bruggeman model, assuming that Theye ε values cor-
respond to plain gold. From the ε′, we get η1 = 0.9292
± 0.0093 for slow deposition mode, and η1 = 0.9714 ±
0.0086 for fast deposition mode, which confirms that the
gold prepared by thermal evaporation is not only rough
superficially, but also heterogeneous in bulk. More com-
pact film with flatter surface may be obtained at a higher
deposition speed.

Fig. 8 Comparison of the gold dielectric constants estimated by
our fitting to the experimental SPR curves with three sets of data
published in the literature: Theye [23, 24], the Johnson & Christie
[25] and AIP Handbook [26]. (a) and (b) are real and imagi-
nary parts of the dielectric constant of gold, respectively. (c) and
(d) are the zooms of (a) and (b). Reprinted from Ref. [16] by
permission of the publisher. Copyright c© 2007 Elsevier.

3.6 Characterization by SSPM

In order to verify the internal properties of the fast and
slow deposited gold films, we have imaged these sam-
ples by a scanning surface plasmon microscope (SSPM),
the principle of which will be introduced in Section 6
[27]. Figure 9 shows the reflected intensity from the fast
and slow deposited gold films when they are located at
the focus of objective lens. In this case, the SSPM re-
sponse is integrated over the whole gold film, thus they
can show us the internal properties of the samples. It
can be seen that for slow deposition mode, black grains
with 100 nm to 500 nm lateral size emerge from the
background, whereas no such structure is observed for
fast deposited mode. We can interpret these black dots
as domains where light is less reflected, in other words
domains for which the amount of gold is lower. These
measurements confirm our conclusion drawn in Section
3.5 that more compact and homogeneous gold film can
be obtained at a higher deposition speed.
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Fig. 9 SSPM images from the slow (a) and fast (b) deposited
gold films. Same grey coding. Sizes are 16.8 µm×16.8 µm.
Reprinted from Ref. [16] by permission of the publisher. Copy-
right c© 2007 Elsevier.

4 Self-assembled monolayers

The next step to approach SPR-based biochips, after im-
proving the performance of gold films, is to immobilize
probe molecules on gold surface. The method that we use
is self-assembled monolayer (SAM). SAM is an advanced
technique to control the immobilization of molecules on
a solid surface, which is based on the self-assembling of
amphiphilic molecules. SAM has now become a pop-
ular method to make nanometer-sized structures on a
substrate due to its simplicity, stability and high repro-
ducibility. Many review articles and books have been
published on this topic [19, 20, 28–32]. In short, SAM
refers to an ordered molecular assembly which is spon-
taneously formed on a substrate. The molecule used to
prepare SAMs can generally be divided into three parts:
head group, backbone and end group. The head group
is a specific linker to each type of substrate. Some usu-
ally used head groups are: S or N atoms for clean met-
als, Si or P for hydroxilated and oxidized surfaces [32].
The backbone is usually a hydrocarbon chain of vari-
ous lengths. The end groups are the most important
part, which are some active groups for specific appli-
cations. Various end groups have distinctive physical
and chemical properties, such as, CH3 and CF3 groups
make the SAM surface hydrophobic, metallophobic and
highly anti-adherent; while COOH, NH2 and OH groups
yield hydrophilic surfaces with good metal ion and pro-
tein binding properties [20]. While the end groups are
some bio-sensitive molecules, SAMs can be used in bio-
sensors to probe some target bio-molecules. For example,
while oligonucleotides or complementary-DNA (cDNA)
are used as the end groups, some specific DNAs can
anchor on them according to complementarity; this hy-
bridization is at the bases of gene chips. In this paper,
we focus on the SAMs prepared on gold surface, which
can be expected to realize controllable immobilization of
molecules on the surface of SPR sensors.

The properties of SAMs, such as the stability and ho-

mogeneity, are very important for application. We de-
veloped a method which allows to finely inspect these
properties of SAMs through electrochemical impedance
spectroscopy (EIS) [33].

4.1 Preparation of SAMs

Two molecules, 11-Mercaptoundecanol (MUO) and 11-
Amino-1-undecanethiol (AUT), respectively, were used
for the preparation of SAMs on gold in absolute ethanol
or in phosphate buffer. Phosphate buffer is often used
in biological applications to stabilize solution pH [34].
10−2 mol·L−1 MUO or AUT were first dissolved in ab-
solute ethanol to prepare mother solutions, absolute
ethanol was degased with argon (< 10−5 impurities) for
at least 1 hour prior to the dissolution. The mother solu-
tions were then diluted 100 times to reach a final concen-
tration of 10−4 mol·L−1 alkyl-thiol in absolute ethanol
or phosphate buffer, which were also degased with ar-
gon for at least 1 hour prior to the dilution. Samples of
ultrathin gold films were first cleaned by UV/O3, then
were soaked in the MUO or AUT ethanol/buffer solution
under argon gas environment for at least 16 hours. Fi-
nally, the SAM coated gold samples were well rinsed first
with deionized water and absolute ethanol in sequence,
and then dried with nitrogen gas. If not used immedi-
ately, the SAM/gold samples were stored for a few days
in absolute ethanol in individual closed vessels [33].

4.2 Description of EIS measurements

Impedance of SAMs coated gold films was measured
with a conventional three-electrode electrochemical cell
(the working electrode being the gold coated coverslip,
1 cm2 of its surface being in contact with the small
tank containing the reference and counter electrodes),
using a SP-150 potentiostat, BioLogic (Meylan, France)
[33]. The reference electrode was a Ag/AgCl microelec-
trode of 250 µm diameter, which was prepared from a
silver wire in a pH = 7, I = 0.1 mol·L−1 ionic strength
phosphate buffer, supplemented with 10 mmol·L−1 NaCl
(PBCl buffer). The preparation method consisted of two
chronoamperometric steps: a first step at +2 V for 10 s
followed by a 10 s delay and second step at −0.5 V for
10 s [35]. Finally, the potential of this micro refer-
ence electrode was measured for several hours at 130 ±
5 mV versus a commercial Ag/AgCl reference electrode
(KCl·Ag 3M KCl sol. reference potential −26 mV vs.
sat. calomel electrode at 25◦) in the PBCl buffer in
order to check its stability . The thinness of this mi-
cro reference electrode allowed its positioning to be very
close (a few mm) to the gold film working electrode.
The counter electrode was a pure gold wire of 1 mm
diameter. Impedance spectra were captured in phos-
phate buffers supplemented with NaCl of different ionic
strengths (PBCl buffer), for different potentials vs our
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homemade micro Ag/AgCl reference microelectrode. A
superimposed sinusoidal modulation of ±35 mV (rms)
over a frequency domain spanning six decades from
0.1 Hz to 100 kHz were used for the measurement. Six
points were acquired per decade increment of frequency
f . Impedance spectra were measured under different po-
tentials. The potential was scanned back and forth [as
illustrated in Fig. 11(a)] to study the fine properties of
SAMs. All potential values in this paper are given versus
saturated calomel electrode [33].

4.3 Analysis of EIS measurements

Figure 10(a) illustrates the SAMs in an electrolyte. A
complete model to describe this system is shown in
Fig. 10(b), which includes the capacitance CS and resis-
tance rS of SAMs, a resistance rD a capacitance CD of
diffuse layer, and an electrolyte resistance Rb to model
the ohmic drop between the working electrode and the
reference electrode. As long as the SAM capacitance
stays in the range of a few µF/cm2, the influence of the
diffuse layer capacitance is hidden by the SAM capac-
itance, thus we arrive to a simplified model shown in
Fig. 10(c). In this case, CD is neglected, the resistance
R represents the sum of the diffuse layer and bulk re-
sistances [33]. The impedance of solid electrodes in the
absence of faradaic reactions may deviate from a pure
capacitive behavior if their surface is rough or inhomo-
geneous. Under such circumstances, a capacitive dis-
persion phenomenon takes place. This is related to an
inhomogeneity of the current density along the surface.
As a consequence, the resistive and capacitive terms
of the impedance cannot be separated. In such cases,
the impedance spectrum Z(ω) can be modeled by an
equivalent circuit containing a constant phase element
(CPE) [36. 37] with a power law frequency dependence:
Z(ω) = (1/σS)(iω)−α, with σS the CPE coefficient and
α the CPE exponent. The smoother and the cleaner the
surface, the closer to an ideal capacitive behavior as α

approaches unity. To include the inhomogeneity of the
gold surface, we therefore replaced the pure capacitive
element CS , by a constant phase element (σS , α). The
total impedance of the system reads:

Z(ω) = R +
1

1
rS

+ σS(iω)α
(15)

To provide a dynamical survey of the SAM’s response
versus the gold potential modulation, we adopted a
3-D reconstruction of the phase curves φ(f , t), which
is called 3-D-φ plots for simplicity. Figure 11 (b) and
(c) present the 3-D-φ plots of MUO SAMs prepared
in absolute ethanol and stored, respectively, in absolute
ethanol (b) and for 2 weeks in PBCl buffer (c). The same
treatments were also done for the other SAMs [33]. The
shape of the phase −φ gives directly the information of
the SAM system, any variation of the properties of SAMs

will be immediately reflected in the shape of φ(f) curves
[36]. Figure 11 (b) shows initially a decrease of its surface
resistance (rS ∼ 106 Ω·cm2) reflected by a descent of −φ

curve at low frequencies, which means that the SAM has
some intrinsic defects. An interesting information given
by this 3-D-φ plot representation is that the surface
resistance is minimum at most negative and positive po-
tentials. From the low frequency part of the φ curves in
Fig. 11(b), we can see −φ(f) continues to increase. The
phase reaches a very flat plateau when the potential is
swept to positive values during these four cyclic potential
sweeps. This plateau shows a very small disruption of
the phase at the lower frequency limit (0.1 Hz) when the
potential is swept back to negative values, which reveals
that the compactness of the SAM decreases. Increas-
ing the potential of the gold leads to a decrease of the
positive charges on the surface and creates also a higher
electric field along the normal of the surface, which ori-
ents the dipoles in a more parallel manner than when
this field is null. The increase of this field seems to be
an organizing factor on the SAM compactness, whereas
the decrease of this field (obtained in the sweeping to
negative potentials) seems to bring a more disordered
SAM structure (φ decreases at low frequency) which
explains the increase of the surface resistance rS . This
point is also addressed in Fig. 12. This result is quite
original and may be used to optimize and accelerate

Fig. 10 A sketch of the gold/SAM/electrolyte interface. (a)
drawing of the different layers and interfaces. (b) Model including
both the SAM (CS and rS) and the diffuse layer (CD and rD).
(c) Simplified model where the capacitance of the diffuse layer is
neglected. Reprinted from Ref. [33] by permission of the publisher.
Copyright c© 2009 Elsevier.
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Fig. 11 Dynamical response of a MUO SAM with the modu-
lation of the gold potential. The phase φ = arctan(Zima/Zreal)
is plotted versus the logarithm of frequency, and the succession
of phase curves is plotted in a 3-D-φ(f , t) representation, for the
different gold voltage values, from −200 mV to 400 mV. EIS mea-
surements were done in PBCl buffer. (a) Signal of potential modu-
lation. (b) 3-D φ plots obtained from a MUO SAM prepared in an
absolute ethanol buffer with a MUO concentration of 10−4mol·L−1

and stored in absolute ethanol. (c) 3-D φ plots obtained from
the same MUO SAM as in (a) after storage in the PBCl buffer.
Reprinted from Ref. [33] by permission of the publisher. Copyright
c© 2009 Elsevier.

the formation of the SAM. It should be noted that the
modulation potential should be carefully chosen because
it may also destabilize the SAMs if too negative poten-
tials are visited [38, 39].

All the parameters (R, rS , σS , α) were obtained by
fitting the experimental Z(ω) curve with Eq. (15). We
present the potential response of these impedance char-
acteristic parameters in Fig. 12. Solid lines correspond
to the analysis of the MUO SAM prepared in the mixed
ethanol-PBCl solvent (their 3-D-φ plots are not shown
in this paper). Dashed lines correspond to the anal-
yses of the MUO SAM prepared in absolute ethanol.
These quantitive analyses can give more information on
the properties of SAMs. We see that the preparation
in a mixed ethanol-PBCl buffer leads to a more com-
pact MUO SAM (σS is smaller and does not change with
the gold potential, rS is larger, α is slightly greater and
does not change much with the gold potential). This
study demonstrates that the application medium (buffer)
should be similar to the buffer used for SAM. For exam-
ple, for SAMs to be used in aqueous solvent, an optimum
stability is obtained if the medium of preparation is also
made with an aqueous buffer. Especially for charged
SAMs, the effect of the preparation medium may be a
source of irreproducibility [33].

The potential scanning method that we developed in
Ref. [33] is suitable to improve the compactness and
stability of SAMs, to study the fine properties of SAMs,

and to quickly investigate the longtime stability of SAMs.
It will be very useful for preparing hybrid SAMs (such
as, mixture of charged and uncharged SAMs), or mixed
layers of alkyl-thoils with longer chains such as oligonu-
cleotides, to be used in preparing biochips.

Fig. 12 Potential response of the impedance characteristic pa-
rameters of a MUO SAM in PBCl buffer. Solid lines corre-
spond to a MUO SAM prepared in the mixed ethanol-PBCl buffer
and stored in a PBCl buffer, dashed lines correspond to a MUO
SAM prepared in the absolute ethanol alkyl thiol solution and
stored in the PBCl buffer. EIS measurements have been done
in PBCl buffer. R (a), σS (b), rS (c) and α (d), are defined
in the text and are obtained by least squares fitting. Reprinted
from Ref. [33] by permission of the publisher. Copyright c© 2009
Elsevier.

5 Characterization of DNA absorption by
SPR

For preparing gene chips, we can use oligonucleotides
ended alkyl-thiols molecules to prepare SAMs, then func-
tionalized DNAs can anchor on them according to com-
plementarity. The dynamics of this process can be char-
acterized by SPR thanks to its high sensitivity. In order
to demonstrate the capability of characterizing the ad-
sorption of DNA by SPR, we used an alternative method:
the SAM was not prepared by oligonucleotides ended
alkyl-thiols molecules with but mixed AUT/MUO SAMs
as described in Section 4.1. The end group of AUT may
be positively charged depending on the pH of buffers,
negatively charged DNA thus can adsorb on AUT SAMs
by electrostatic interaction. After DNAs were adsorbed
on the surface of SPR sensor, these DNAs can serve as
sensing other biological molecules, such as protein factors
for instance.

Figure 13 shows the adsorption of DNA of three dif-
ferent concentrations on mixed 50% MUO/ 50% AUT
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SAM. The three curves correspond to DNA concentra-
tion of 25, 10, 2 ng/µL, respectively. We see that, for the
curve of 25 ng/µL, the SPR angle increases rapidly dur-
ing the injection of DNAs, it reaches a maximum soon
after the injection and then begins to vary slowly (first
decrease and then increase again until the injection of
rinsing phosphate buffer), showing that the surface ad-
sorption is immediately saturated by DNA during the
injection. This saturation is mainly caused by the high
throughput of DNA, but the DNAs do not arrange in
the best configurations. Soon after, the saturated DNA
surface begins to reorganize, which explains the slow
variation of SPR angle. Variation from t=0 to the ad-
sorption saturation Δθsat ≈ 0.135◦. Reducing the DNA
concentration by 60% (10 ng/µL), we obtained another
SPR adsorption curve which is only a little lower than
the one of 25 ng/µL. This small variation of final SPR
angle displacement between the two curves of 25 and
10 ng/µL indicates that the surface are highly saturated,
namely speaking “fully” covered by DNAs, which is con-
firmed by AFM measurements [17, 18]. Reducing fur-
ther the DNA concentration to 2 ng/µL, the adsorption
of such low concentration DNA is still discriminable by
SPR. It has a similar appearance to the one of 10 ng/µl,
except the SPR angle displacement (Δθsat) reduces from
0.12◦ to 0.04◦. It is clear that the SPR angle displace-
ments (Δθsat)do not vary linearly with DNA concentra-
tions. When the 3 DNA-adsorbed surfaces are rinsed
by buffers, the sharp but small SPR angle decrease in-
dicates that only a small portion of the adsorbed DNAs
are flushed away and most of them are still on the sur-
face. The remaining DNAs can serve as sensing their
complementary DNAs.

The SPR angle variation Δθ can be related to the
thickness of DNA, assuming that its refractive index is
known [40]

Δkx(d3) = d3

(
2π

λ

)2 (|ε2r|ε4)3/2

(|ε2r| − ε4)2
ε3 − ε4

ε3
=

√
ε1 cos θΔθ (16)

where ε1, ε2 = ε2r + iε2i, ε3 and ε4 are the dielectric
constants of glass prism, gold, DNA layer, and solution,
respectively. |ε2r| is the absolute value of the real part of
ε2. ε2i is the imaginary part of ε2. From Eqs. (2) and (3)
we know that the SPR angle does not depend on ε2i, thus
ε2i does not appear in Eq. (16). λ is the excitation wave-
length of SPR, d3 the effective thickness of DNA layer,
and θ the SPR angle. In order to retrieve the thickness
of DNA layer d3, we need to know its dielectric constant
ε3, which is quite impossible. However, trusting litera-
ture references, we set this value to 2.1 and determine
the effective thickness d3, the effective thickness of DNA
per unit surface area. Eq. (16) can be approximated as
a linear function d3 ∼ f(Δθ) when the angle deviation

is not too large. By using the values that θ = 68.2◦,
ε1=2.2810, ε2r=29.18, ε3=2.1, ε4=1.734, f is found to
be 15.4 nm/(◦). For the curve of 10 ng/µL, the thick-
nesses of DNA layer is calculated to be 1.9 nm, close
to the diameter of DNA double helix 2 nm, this means
that only a mono DNA layer is formed on the gold sur-
face. Similarly, the surface coverage of DNA can also be
estimated for the curve of 2 ng/µL.

Fig. 13 Variation of the minima of SPR curves versus the time
for the adsorption of 3000 bp plasmid DNA on mixed SAMs of 50%
MUO/ 50% AUT. Adsorptions are performed in phosphate buffers
of pH=7 and ionic strength I = 0.1 mol·L−1. The three curves
from high to low correspond to DNA concentration of 25 ng/µL,
10 ng/µL, 2 ng/µL, respectively. DNA solutions are injected at
the beginning during 30 s, and phosphate buffers are injected after
7500 s for rinsing the gold surface.

Figure 13 shows the dependence of SPR signal on DNA
concentration. The dependence of DNA adsorption on
other parameters, such as solution ionic strength, surface
charge, DNA strain length, were also studied by SPR and
AFM [17, 18]. These systematic studies of DNA anchor-
ing of gold surface give a solid experimental support for
the preparation of SPR-based DNA chips.

6 Surface plasmon microscopy

An important issue for biochips is the method of infor-
mation extraction, which has a crucial influence on the
performance of sensors, such as the sensibility, repro-
ducibility, and SNR, etc.

To date, the information extraction from most SPR-
based sensors (or micro-arrays) is based on the response
of resonance angle or reflected intensity to the tar-
get molecules [41–46], that is to say, the anchoring of
biomolecules gives a small variation of the SPR angle, or
the reflected intensity at a fixed angle adjacent to SPR
angle. As illustrated in Fig. 14, SPR devices are gen-
erally based on Kretschmann configuration; light beam
impinges the bio-sensitive molecule patterned metal layer
from the side of the prism and reflected light is directed
to a charge coupled device (CCD) array. The advantage
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Fig. 14 (a) Schematic diagram of SPR imaging. (b) Calculated SPR reflectance curve for a pure gold surface (solid line), a
reactant dot (dashed line) and adsorbed analyte molecules on a reactant dot (dotted line). (c) The contrast of the SPR image is
based on difference of reflectances rA > rR > rAu. Reprinted from Ref. [41] by permission of the publisher. Copyright c© 2004
Springer-Verlag.

of this configuration is that the dynamics of each spot
can be captured simultaneously by CCD. However, the
propagation length of surface plasmon is in the order
of several to hundreds of micrometers depending on the
materials and wavelength, which limits the spatial reso-
lution of SPR-based biochips.

Thanks to the development of SPR techniques, some
novel SPR-based microscopies have been proposed, such
as, SPR enhanced fluorescence microscopy [47, 48],
surface enhanced Raman microscopy [49], SPR en-
hanced second harmonic generation microscopy [17,
18], surface plasmon enhanced two-photon florescence
[50], SPR multi-photon microscopy [51], wide-field SPR
microscopy [52], SPR scanning near-field optical mi-
croscopy [53, 54], far-field optical microscope based on
in-plane surface plasmon imaging [55, 56], and scanning
surface plasmon microscopy SSPM [27, 57, 58]. Some of
these new generation microscopies not only inherit the
high sensitivity and sometimes SPR to interface, but also
have a higher resolution beyond the diffraction limit of
excitation light. For example, Smolyaninov et al. have
invented a far field microscopy, the resolution of which
can be down to tens of nm with the help of SPR [55,
56]. Besides the method of Smolyaninov, SSPM can also
afford a similar resolution [27, 57, 58]. The high resolu-
tion of these microscopies enables high-density sensitive
spots to be arrayed on SPR sensors, thus permitting high
throughput analysis. We have realized high-resolution
SSPM imaging in aqueous media [27], which can be ex-

pected to have numerous applications in biology. We will
give a brief introduction of SSPM here.

6.1 Principle of SSPM

Kano proposed to excite SPs through a high numeric
aperture (NA) microscopic objective lens [59], which has
now been widely used in surface plasmon microscopy
(SPM). The surface waves propagating in opposite direc-
tion interfere and form standing waves, so its lateral reso-
lution can be highly improved. Figure 15 shows the prin-
ciple of SSPM [27, 57, 28]. The excitation of SPs is anal-
ogous to the Kretschmann configuration: the coupling
medium of refractive index n0 is made from an objective
lens (OL), immersion oil, and a coverslip. The coverslip
is coated with 45-nm-thick gold film of refractive index
n1. The final dielectric is air or aqueous medium with
refractive index n3. In order to excite SPs through OL,
its NA should satisfy neff = ksp/k0 = n0 sin θp < NA,
where k0 is the wave vector in vacuum of the exciting
light. SP excitation condition gives neff=1.05 in air and
neff=1.42 in water. Therefore, we use a 1.45 NA 60×
Olympus objective in air and a 1.65 NA 100× Olympus
objective in water. The objects with refractive index
n2 which are localized at the metal/final media interface
lead to local variations of the coupling angle θp and the
SP wave vector kSP .

The detection principle of the SSPM is rather different
from the traditional SPMs. As illustrated in Fig. 15(a),
ray (A) falling on the surface within a specific angle θp
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is coupled to SPs that propagate at the gold/dielectric
interface and reradiate in symmetrical ray (B). The ray
(C) that is not coupled to SPs is reflected back (D) with-
out SPR phase delay. The phase difference between (B)
and (D) depends on the delay of the surface wave dur-
ing its propagation at the gold/dielectric interface. It is
measured by a heterodyne interferometer as sketched in
Fig. 15(b). A linearly polarized and collimated He-Ne
(λ=632.8 nm) laser beam is first expanded, and then fo-
cused on the sample by the OL . The SSPM image is
formed by scanning the sample with a XY piezoelectric
stage at a fixed defocus z [27]. A 512×512 pixel image
is recorded in a few seconds.

Fig. 15 Zoom of the coupling medium with the gold/ dielec-
tric layer. (a) A Gaussian shape laser passes through a large-
numerical-aperture lens and launches the SPs (depicted by ripples)
for incident ray angles close to θp. The phase delay between rays
(B) and (D) changes with lens focus coordinate z and/or the SPs
coupling conditions. (b) Schematic diagram of the SSPM. The
phase shift is detected by heterodyne interference between the in-
tegrated reflected beam and a reference beam. Reprinted from Ref.
[27] by permission of the publisher. Copyright c© 2007 Optical So-
ciety of America.

6.2 Measurements of SSPM

We performed SSPM imaging in aqueous medium. Gold
nanoparticles of 200 nm diameter were adsorbed on gold
surface. A typical SSPM image of nanoparticles in wa-
ter is given in Fig. 16(a), where five nanoparticles are
indicated by arrows. The gold nanoparticles show a two-
lobe pattern in the direction of the laser polarization.
The horizontal section of the nanoparticle [Fig. 16(b)]
shows clearly the two-lobe distribution. These two lobes
are separated by 350 nm and have a full width at half
maximum (FWHM) of 260 nm. The two-lobe distribu-
tion is caused by the linear polarization of the excitation
laser, and we have recently overcome this problem by us-

ing a radially polarized beam. A full characterization of
smaller nanoparticles has been done and has confirmed
that the resolution of the SSPM can reach 150 nm [60],
which is 16 times smaller than the 2.5 µm SP propagation
length in gold/water interface.

Fig. 16 (a) SSPM image of 200 nm gold beads on gold surface
in water, and (b) the horizontal section of the gold bead framed
by the square in (a). Reprinted from Ref. [27] by permission of
the publisher. Copyright c© 2007 Optical Society of America.

7 Conclusion

We reviewed several issues of our recent advances to
prepare SPR-based high throughput biochips. Highly
compact, homogeneous, and flatter gold films can be
obtained by using high thermal deposition speed. The
improvement of gold layer preparation enables to pre-
pare high performance SPR sensors. A novel impedance
monitoring method is proposed to improve the compact-
ness and stability of SAMs, to study the fine properties
of SAMs, and to quickly investigate the longterm sta-
bility of SAMs. An original SSPM system has been
implemented in replacement to standard SPR-based mi-
croscopies for improving resolution and sensibility of
biochips. Based on these advances, new generation SPR-
based biochips with high performance (such as, stability,
resolution, and throughput) are in prospect.
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