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We present a label-free, nondestructive and high sensitivity biosensor by using the phase information of a gold
nanoparticles enhanced ellipsometry signal. The refractive index (RI) resolution from ellipsometric phase informa-
tion is of the order of 1:6 × 10−6 RI units. Furthermore, spectroscopic and dynamic measurements show substantial
change in the phase signal when biomolecules are coated on gold nanoparticles. The detection limit of our proposed
technique is up to ∼18 pM concentration of the target biomolecules. © 2011 Optical Society of America
OCIS codes: 250.5403, 260.2130, 280.1415, 280.4788.

Colloidal gold nanoparticles are becoming very popular
in the areas of biological sensing and diagnostic appli-
cations due to their ease of preparation, ready bio-
conjugation, and ability to help achieve subwavelength
resolution in label-free optical detection [1–3]. When light
interacts with metallic nanoparticles much smaller than
the incident wavelength, the incident electric field causes
electron clouds to oscillate coherently relative to the nu-
clear framework of the nanoparticle. The frequency at
which the maximal response due to the charge oscillation
in the metallic nanoparticle occurs is defined as the lo-
calized surface plasmon resonance (LSPR) frequency.
The resonance frequency is highly sensitive to the nano-
particle size and shape and to the interparticle distance
and refractive indices of the surrounding materials [4,5].
The chip-based LSPR sensing scheme has been demon-
strated by many groups by immobilizing gold nanoparti-
cles (AuNPs) on a functionalized glass substrate and
monitoring the change in height and wavelength of the
LSPR peak due to solvents or polymers of different re-
fractive indices in the surrounding environment of the
AuNPs [4,6]. In this optical detection scheme, AuNPs
are acting as transducers that convert small changes in
the local refractive index (RI) into change in absorption
amplitude and shift in resonance wavelength. The phase
detection of the reflected light from metal thin film under
the SPR condition for improving the sensitivity has been
discussed [7]. However, the phase associated with the
reflected light from the random distribution of metallic
nanoparticles, which could carry useful information
about the biomolecules adsorbed on the surface has
not been analyzed so far to our knowledge. Recently,
an optical phase detection scheme based on the grating
coupled SPR sensor and gold nanoresonators has been
reported. However, neither investigation extended its
work to studies of biomolecular interactions [8,9]. Also,
the fabrication of these metallic nanostructures using
electron beam lithography is very expensive, time-
consuming, and difficult to implement for commercializa-
tion. In this Letter, we present a phase detection scheme
to study biomolecular interaction based on ellipsometry
by using self-synthesized AuNPs immobilized on a

functionalized glass substrate integrated with a custom-
made flow cell. The simultaneous measurements of the
ellipsometric parameters Ψ and Δ (which are the magni-
tude and phase of the ratio of the complex reflectivities
for the p- and s-polarized waves) provide not only the re-
lative magnitude but also the phase over the full spectral
range, which leads to extra information about the optical
properties of the sample under investigation. The details
about ellipsometry can be found elsewhere [10]. Such
an LSPR enhanced ellipsometry signal can be used for
label-free biodetection with very high sensitivity. The
ellipsometry setup used in our experiment is based
on the commercially available variable angle spectro-
scopic ellipsometry (VASE, J.A. Woollam Company,
USA) equipped with a BK7 dove prism and a custom-built
microfluidic flow cell as shown in Fig. 1(a).

Measurements were performed at a fixed angle of in-
cidence, i.e., at the total internal reflection angle for light

Fig. 1. (Color online) (a) Schematic diagram of our experi-
mental setup and (b) SEM image of AuNPs on glass substrate.
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propagation in a dove prism, ∼72:8° (with a weak wave-
length dependence) over the full spectral range from
400 nm to 1000 nm. Furthermore, a single axis alignment
of optical components simplifies the complicated and
high precision optical alignment procedure, and the fo-
cusing lens module helps to check the sample uniformity
over different regions on the sample surface. Though the
present experimental setup is done with a commercial
instrument, the idea can be used when developing a
standalone optical instrument for sensing applications.
To carry out the experiment in an aqueous medium, a
microfluidic flow cell is prepared with a central chamber
by sandwiching acrylic plastic between two microscopic
glass slides with inlet and outlet valves. The bottom glass
slide attached to the microfluidic flow cell is replaced by
a AuNPs immobilized glass substrate in optical contact
with the prism where the light is internally reflected.
An index matching liquid was used to remove the air
gap at the prism–slide interference. AuNPs were pre-
pared by sodium citrate (Sigma Aldrich, USA) reduction
of chloroauric acid (H½AuCl4�) solution (Sigma Aldrich)
as reported earlier [11]. For the sample preparation,
the glass substrates (Gold Seal, USA) were cleaned by
piranha solution (70% H2SO4:30%H2O2), followed by rin-
sing with ultrapure water, and further cleaned in an ultra-
sound bath with acetone and isopropyl solution for
20 min each. The cleaned glass substrates were rinsed
with water and dried in an oven prior to salinization.
Surface modification of the glass substrate was done by
immersing it in a 10% (volume in volume) solution of (3-
aminopropyl) triethoxysaline (APTES, Sigma Aldrich) in
anhydrous ethanol for 20 min, rinsed five times in etha-
nol with sonication and dried at 120 °C for 2 h. The
AuNPs were poured on the silanized glass surface for
24h in a humid environment to avoid the evaporation
of the colloidal AuNPs solution from the surface and to
ensure complete coverage to minimize variations in the
sensitivity between different batches of the nanoparticles
immobilized on the substrate. AuNPs with a mean diam-
eter of 45 nm were chosen for our study because sizes
ranging from 35–45 nm in diameter exhibit maximum
sensitivity to the change of the bulk RI as reported earlier
[4]. The scanning electron microscope (SEM) image of
the AuNPs immobilized on the glass substrate is shown
in Fig. 1(b). The reflection magnitude and phase re-
sponse of AuNPs to changes in a surrounding medium
with different refractive indices are shown in Fig. 2.
The dip appearing at 540 nm for the Ψ spectra corre-
sponds to the LSPR peak of the AuNPs where the reflec-
tion of the p-polarized light shows a minimum, and, at
this particular wavelength, the phase signal (as it appears
in the Δ spectra) has the steepest slope. Also, a typical
LSPR response to the changes in the local surrounding
medium can be seen in the Ψ spectra. Compared with
the reflectance spectra (not shown), we found that the
dip appearing in the Δ spectra in Fig. 2(b) occurs at
the wavelength where the reflectance for the s-polarized
light is a minimum, which shows the highest sensitivity to
the changes in local surrounding media. Theoretical anal-
ysis will further help to gain more understanding about
the interaction between the nanoparticles and the media,
which is beyond the scope of the present investigation,
and detailed theory can be found elsewhere [12].

As can be seen from Figs. 2(a) and 2(b), the phase
response of the ellipsometric signal, Δ, is more pro-
nounced than Ψ in the spectroscopic measurements.
The bulk sensitivity of the AuNPs’ base biosensor can be
determined by measuring the phase signal change at the
spectral position (575 nm) where it gives maximum
response to changes in the surrounding medium. The
RI values for different glycerol–water mixtures shown
in Fig. 2 were measured using a refractometer (Misco,
USA). The calculated sensitivity obtained from the slope
over three different samples is shown in Fig. 2(c). The
absolute value of the highest sensitivity obtained from
our measurement is 612� 22°=RIU, assuming the phase
measurement accuracy in a scheme with a fixed angle of
incidence at a level of about 0:001° as adopted in the lit-
erature [9,13]. The obtained RI resolution for the present
sensor based on phase signal is 1:63 × 10−6 RIU, which is
comparable to a commercial SPR machine with high
precision angular resolution [for example, SPR-Navi
(BioNavis Ltd., Finland)] or a complicated interfero-
metric SPR sensor [14,15]. In Fig. 2(c), the sensitivity
variation among three different samples prepared under
similar conditions may arise from the different aggrega-
tions or concentrations of the AuNPs in these samples.
Therefore, it is necessary to calibrate every batch of sam-
ples by measuring the bulk sensitivity. The obtained bulk
sensitivity can be used as a calibration to determine the
detection limit and concentration of biomolecules in the
subsequent biological experiments. The high sensitivity
of the AuNPs’ enhanced ellipsometry signal can be used
for label-free biodetection of protein–protein interaction.
In this demonstration, we measured the interaction be-
tween bovine serum albumin (BSA) and anti-BSA. BSA
and anti-BSA (Sigma Aldrich, USA) were diluted in a
1× phosphate buffer saline (PBS, pH 7.4) buffer (UniRe-
gion Bio-Tech, Taiwan) with concentrations of 50 μM

Fig. 2. (Color online) Spectral response of the ellipsometric
parameters for (a) Ψ and (b) Δ for glycerol–water mixtures
with various RIs; (c) changes of phase signal, Δ, and (d) dy-
namic response measured at fixed wavelength (575nm) with
varying RIs (δn) of glycerol–water mixtures. Error bars in
Fig. 2(c) were determined from five independent measurements
at the same spot for a given sample, and slopes with the stan-
dard deviation obtained from linear fitting of the data points are
also given.
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and 100 nM, respectively. Ellipsometry signals, Ψ and Δ,
of AuNPs were measured upon subsequent injections of
PBS buffer solution and BSA and anti-BSA proteins.
Because of the physisorption of BSA on the AuNPs sur-
face, BSA protein will form a coating on the surface. The
BSA solution is kept in the microfluidic cell for 1 h in
order to obtain sufficient BSA coverage on the gold sur-
face, followed by washing with PBS buffer to remove un-
bound proteins. Finally, anti-BSA protein was injected
into the microfluidic cell and kept for 3 − 4h to undergo
protein–protein interaction, followed by washing
with PBS buffer to wash away the unbound anti-BSA.
Figures 3(a) and 3(b) show the spectroscopic responses
for Ψ and Δ for AuNPs, covered by BSA, and then by
anti-BSA. Figure 3(c) shows the reproducibility of the re-
sults with error bars for three different samples over dif-
ferent regions of the sample surface at 575 nm.
Figure 3(d) shows the real-time kinetic behavior of the

interaction of anti-BSA with AuNPs covered by BSA,
while the inset shows the interaction of BSA with AuNPs
prior to the addition of anti-BSA. Surface morphology is
very different for bare and protein (BSA þ anti-BSA)
coated AuNPs surfaces as shown in the insets of
Figs. 3(a) and 3(b). With the addition of 100 nM concen-
tration anti-BSA protein the phase signal (Δ) shows

an increment (absolute value) of 5:691°. For a phase
measurement accuracy of about 0:001°, the biomolecular
detection limit of the proposed AuNPs-enhanced ellipso-
metric sensor by using the phase signal is about 18 pM
(∼1:63 × 10−6 × 100 nM=0:0093).

In conclusion, we have presented a simple optical
alignment of phase-sensitive LSPR biosensors using
AuNPs-enhanced ellipsometry. Through studies of BSA
and anti-BSA molecular interactions, we have experi-
mentally demonstrated both spectroscopic and dynamic
measurement capabilities to sense high-affinity bimole-
cular interactions by using ellipsometry without labeling.
This finding allows us to improve significantly the detec-
tion sensitivity of the biosensor without expensive nano-
fabrication techniques. We envision that this highly
sensitive sensing platform can be used as a label-free
optical detection technique for cancer cell diagnosis.
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Fig. 3. (Color online) Spectral response of the ellipsometric
parameters for (a) Ψ and (b) Δfor various configurations with
respect to the addition of BSA and anti-BSA; (c) reproducibility
of the measurement on three different samples and error bar
over three different regions on the sample surface [atomic force
microscopy images of the AuNPs with uncoated and coated bio-
molecules are shown in insets in (a) and (b)]. (d) Dynamic
response of Δ.
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