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a b s t r a c t
The impact of spherical gold nanoparticles (Au NPs) with diameters of 40–80 nm for the enhancement of
surface plasmon resonance (SPR) sensing signals is presented. Numerical analysis is given to simulate the
perturbation of evanescent ﬁeld in the presence of Au NPs. The results indicate that Au NPs with 40 nm
possess the highest coupling effect when the separation of Au NP and SPR sensing ﬁlm is ﬁxed at 5 nm.
For experimental demonstrations, colloidal Au NPs with different sizes but uniﬁed extinction coefﬁcient
(optical density) are immobilized onto SPR sensing ﬁlms respectively through a spacer, dithiothreitol
(DTT). Phase changes of the reﬂected SPR signals, which are associated with the plasmonic coupling
between the NPs and sensing ﬁlm, are monitored using a differential phase SPR sensor. Results obtained
from the experiments show good agreement with the theoretical studies. This work can considerably
serve as a solid guidance for future development of Au NPs-enhanced SPR sensors.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Surface plasmon resonance (SPR) sensors have attracted great
attention over the past decade for their powerful capability and
ﬂexibility of studying various chemical and biological interactions
[1–3]. The sensing mechanism is based on the fact that very small
refractive index change at the metal/dielectric interface can affect
the surface plasmons excited by incident light, thereby optical
characteristics (intensity, phase and polarization) of the reﬂected
light are varied accordingly and can be monitored in real-time.
In conventional SPR sensors, usually based on angle-dependent
reﬂectance measurement, are limited for detecting low molecular weight molecules such as TNT, DNA, cytokine and hormones. So
far, there are two main strategies for overcoming this drawback:
(i) developing phase-sensitive SPR sensors, (ii) using nanoparticlebased detection regimes [4–8]. It is reported that by modifying
the sensing ﬁlm with colloidal spherical gold nanoparticles (Au
NPs), gold nanocages (Au NCs) and gold nanorods (Au NRs), the
sensitivity can be signiﬁcantly enhanced [9–11]. Among these
nanoparticles, spherical Au NPs are more favorable to the enhanced
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SPR sensors because of their isotropic structures which allow the
coupling to occur at every direction rather than only in the longitudinal direction for Au NRs [12]. Strong absorption of incident
light followed by ﬁeld enhancement on the metallic surface (Au
NP and Au thin ﬁlm) is a typical property of SPR excitation [2].
The principle of Au NPs-enhanced SPR is due to the strong ﬁeld
coupling between localized SPR (LSPR) of Au NPs and SPR of the
sensing ﬁlm, thus it is important to unify the LSPR of Au NPs during the size dependence study of Au-enhanced SPR. LSPR of Au
NPs is represented by their extinction coefﬁcient (or called optical density) which is determined by the absorption and scattering
efﬁciency [13]. For Au NPs with different sizes, the absorption and
scattering efﬁciency contribute differently to the LSPR, and therefore will lead to different ﬁeld coupling effects to Au NPs-enhanced
SPR sensors. Furthermore, the sensitivity of Au-enhanced SPR sensors is demonstrated to be directly related to the excited electric
ﬁeld strength and the perturbation (dip angle shift or phase change)
of SPR curves [6,14]. However, not much effort has been given to
address the size issue of Au-enhanced SPR sensors, especially for
Au NPs > 40 nm. In this paper, ﬁrst, we numerically investigate the
correlation between evanescent ﬁeld perturbations and different
sizes of Au NPs (40 nm, 60 nm, 70 nm and 80 nm) with 5 nm apart
from the sensor surface. Then we experimentally demonstrate the
size dependence of Au NPs-enhanced SPR using differential-phase
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detection method. Using DTT as the spacer, colloidal Au NPs with
diameters of 40 nm, 60 nm, 70 nm and 80 nm have been immobilized on the sensor surface for investigating their coupling effect to
the enhanced SPR sensing signals.

The size variance is less than 4%. All chemicals were used as received
without further puriﬁcation. Ultrapure deionized (DI) water was
obtained by Spectra-Teknik water puriﬁcation system. Glass slides
coated with 50 nm of gold ﬁlm were purchased from Platypus.

2. Theoretical modeling

3.2. SPR sensor

According to the conditions for surface plasmon excitation in
the Kretchmann conﬁguration [2], the wave vector of incident light
projected in the x direction kx , which is parallel to the sensing ﬁlm,
should be matched with the wave vector of the surface plasmon
oscillations ksp :

In order to demonstrate the aforementioned size dependence
experimentally, a home-built differential phase-sensitive SPR sensor based on a modiﬁed interferometric conﬁguration as shown
in Fig. 2(a) is used. An 80-mW 785 nm laser diode is used as the
excitation light source and is 45◦ linearly polarized for both p- and
s-polarizations. In the signal beam, the light goes through a sensor head consisting of an equilateral prism made from SF11 glass
(Edmund optics) and a ﬂow chamber that allows the sample solutions to interact with the 50 nm thick sensing ﬁlm (Platypus). The
sensing ﬁlm is attached to the prism with the aid of optical matching oil (Cargille labs). The incident angle is approximately 52.0◦ .
In order to improve system stability, the reference arm is modiﬁed with a Michelson like conﬁguration to avoid any temporal
shift in the reﬂected beam due to movement of the piezoelectric
transducer (PZT). The PZT is driven by a sawtooth wave oscillating
at 86 Hz to generate an optical path difference and obtain complete sine waves for both p- and s-polarizations (see Fig. 2(b)). At
the last beam splitter, the signal beam and reference beam interferes and is ﬁnally separated by the Wollaston prism into p- and
s-polarized light. A software program (Labview 8.2) is written to
collect the real-time data from the two-channel photo detector
through a DAQ card (NI PCI-6115). The phase difference extraction process involves a point-wise arcsine algorithm after low-pass
ﬁltering [16].

kx = ksp

where kx = k0 nprism sin inc

(1)

Here k0 is the wave vector of the incident light in free space,
nprism = 1.76552 is the refractive index of the prism at wavelength
of 785 nm,  inc = 52.0◦ is the incident angle. Thus, the calculated
wavelength of surface plasmon sp from Eq. (1) is 564 nm. When
the absorption peak of LSPR for colloidal Au NPs is close to the
wavelength of surface plasmons excited in the gold thin ﬁlm sp ,
strong plasmonic coupling will occur and lead to enhanced changes
in the SPR signal. The absorption peaks of colloidal Au NPs used
in our experiments are 525 nm, 535 nm, 541 nm and 571 nm for
diameters of 40 nm, 60 nm, 70 nm and 80 nm, respectively. It is
worth noting that as the Au NPs are placed close to the gold metallic ﬁlm, there will be a signiﬁcant red-shift (up to 100 nm) for the
extinction spectrum of Au NPs, which varies with spacing distance
between the particle and the sensing ﬁlm [15]. Furthermore, from
Mie scattering theory, in the case of Au NPs with diameter smaller
than 40 nm, the extinction coefﬁcient (absorption peak in UV–vis
measurement) is dominated by the absorption of the nanoparticles. When the diameter exceeds 40 nm, the scattering component
becomes more pronounced with increasing particle size [13]. As
a result, Au NPs with diameter >40 nm on the sensing ﬁlm would
absorb less light energy and thus relatively weaker ﬁeld enhancements will be excited.
To further understand how the ratio of absorption and scattering affects the plasmon coupling, we simulated the perturbation
of evanescent ﬁeld between the Au NPs and the sensing ﬁlm using
ﬁnite element analysis (COMSOL Multiphysics 3.5). Fig. 1a shows
the solution space and the media in the modeling from left to
right is: prism, sensing ﬁlm (gold with 50 nm thickness) and water,
respectively. In Fig. 1d, one can see that when there is no Au NP
within close range to the sensing ﬁlm, a clear evanescent ﬁeld is
observed when SPR occurs. Under these conditions, the electric
ﬁeld decays exponentially from the metallic substrate. The ﬁeld
intensity proﬁles along the direction normal to the sensing ﬁlm for
various Au NP-sensing ﬁlm distances are presented in Fig. 1c. If we
ﬁx the size of the Au NPs, the largest enhancement of the local ﬁeld
is achieved when the gap is 5 nm wide. As shown in Fig. 1b, Au
NPs with diameter of 40 nm has the greatest overall ﬁeld enhancement in the gap (ﬁxed at 5 nm) between the Au NPs and the sensing
ﬁlm, suggesting that the absorption component dominates the ﬁeld
enhancement. It should also be noted that the electric ﬁeld amplitude obtained in the presence of Au NP has more than 2 orders of
magnitude higher than that without Au NPs.
3. Experimental
3.1. Materials
dl-Dithiothreitol (BioUltra, ∼1 M in H2 O), glycerin (≥99%), formamide (BioReagent, ≥99.5%) were purchased from Sigma Aldrich.
Spherical gold nanoparticles (OD = 1.0) with diameters 40 nm,
60 nm, 70 nm and 80 nm were purchased from Nanopartz Accurate.

4. Results and discussion
4.1. Performance of the SPR sensing system
Fig. 3 shows the calibration results of our home-built SPR
sensing system, different weight ratios (1%, 2.5% and 5%) of glycerin
and formamide solutions were introduced into the sensor head,
respectively. The corresponding refractive index from pure water to
5% glycerin is 1.333–1.339 [17]. For 1% glycerin, the refractive index
change from water is 0.0012 refractive index units (RIU) and a phase
change of 22.16◦ is obtained (see Fig. 3(a)). Stability of the system
was also monitored for 10 min, and the ﬂuctuation of differential
phase is approximately 0.01◦ . Thus, the calculated detection limit
for our SPR sensor is 5.4 × 10−7 RIU. Formamide is a commonly used
reagent for many biological reactions, for example, it can be used for
stabilizing denatured single-strand DNA [1,18]. Calibration curves
for formamide solution are very important for biosensing applications. The step-like phase change with increasing concentration of
formamide in Fig. 3(b) also demonstrates the high sensitivity of our
differential-phase SPR sensor.
4.2. Nanoparticle-enhanced SPR sensing measurements
According to our simulation results, a 5 nm spacer between
the Au NPs and the sensing ﬁlm should produce the largest
evanescent ﬁeld perturbation. It is known that binding of Au
NPs to the surface of organic-modiﬁed substrates (metal, glass,
Al2 O3 ) can be achieved with covalent bonds between colloidal
Au and functional groups such as SH, CN, NH2 and COOH.
Among them, thiol groups ( SH) attracted a lot of attention in the
area of functionalized self-assembled monolayers (SAMs) because
of their ﬂexibility and strong binding strength in Au S bonds
[19,20]. A typical Au NP-enhanced SPR detection process is that
the targeted biological or chemical analytes are ﬁrst ﬂowed onto
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Fig. 1. FEA simulations of resonant spherical-Au NP coupling to the sensing ﬁlm: (a) normal of the electric ﬁeld with Au NP (diameter is 40 nm, distance from the ﬁlm is
5 nm), cross-section plots for the electric ﬁeld along y = 0, (b) Au NP with different diameters, (c) different distances between Au NP (40 nm in diameter) and the Au ﬁlm, (d)
without Au NP. The electric ﬁelds for Au NP with diameter in 60 nm, 70 nm and 80 nm in (b) are magniﬁed by a factor of 10 for clarity.

the functionalized sensing ﬁlm followed by Au NPs functionalized
with capture-analytes. In this way, sandwich structures with
targeted analytes between the Au NPs and the sensing ﬁlm are
formed [6]. Thiol groups are perfect candidate for functionalizing
the sensing ﬁlm due to their capability of binding to most of small

targeted analytes such as single strand DNA and hormones [21,22].
It is reported that when dithiothreitol (DTT) is bound to a metallic
substrate, the distance introduced by the thiol-groups is estimated
to be 5 nm [23–25], which matches well with our previous calculated optimal separation distance. Thus, in our conﬁguration, DTT

Fig. 2. (a) Schematic diagram of the differential phase-sensitive SPR sensor based on a modiﬁed interferometric conﬁguration and (b) simulations results of Ip and Is (nsample
ranging from 1.0000 to 1.0005). Ip (red curves) shifts to right with increasing nsample while Is (blue curve) remains unchanged. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of the article.)
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Fig. 3. Real-time differential phase measurement for various weight ratios of glycerin (a) and formamide (b) in water. In (b), the baseline was measured after ﬂowing
deionized (DI) water onto the sensor surface.

is used for surface derivatization of Au substrate where one end
of the molecule is attached to the sensing ﬁlm and the other end
forms an Au S bond with colloidal Au NPs (see Fig. 4). The process
of sensing ﬁlm functionalized with DTT was monitored by our
differential phase-sensitive SPR sensor. A sharp phase change was
observed upon the addition of 10 mM DTT solution onto the sensor
head. The results are shown in Fig. 4(a). The system was left for a

period of 20 min and then rinsed by DI water to conﬁrm the functionalization. Longer immersion times and higher concentrations
of DTT did not noticeably improve the signal change.
Fig. 5 illustrates the phase change plots after ﬂowing colloidal
Au NPs with diameters of 40 nm, 60 nm, 70 nm and 80 nm onto the
sensor head. It is worth mentioning that for minimizing variations
in sensing performance, the four sensing ﬁlms were previously

Fig. 4. Response curves obtained after ﬂowing (a) 10 mM DTT solutions, (b) solutions of spherical Au NPs with 40 nm diameter (OD = 1.0), followed by DI water. The baseline
was measured after (a) ﬂowing deionized (DI) water onto the sensor surface, (b) the formation of DTT layer on the sensor surface.
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Fig. 5. Response curves obtained after ﬂowing solutions of spherical Au NPs
(OD = 1.0) with different diameters: (a) 40 nm, (b) 60 nm, (c) 70 nm, and (d) 80 nm.
Inset ﬁgures are FE-SEM images of the Au NPs immobilized on gold thin ﬁlms.
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