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Nanostructure shape effects on response
of plasmonic aptamer sensors

Subramanian Balamurugan Kathryn M. Mayer?, Seunghyun Lee?,
Steven A. Soper<, Jason H. Hafnera' * and David A. Spivak*

A localized surface plasmon resonance (LSPR) sensor surface was fabricated by the deposition of gold nanorods on a
glass substrate and subsequent immobilization of the DNA aptamer, which specifically bind to thrombin. This LSPR
aptamer sensor showed a response of 6-nm A, shift for protein binding with the detection limit of at least 10 pM,
indicating one of the highest sensitivities achieved for thrombin detection by optical extinction LSPR. We also tested
the LSPR sensor fabricated using gold bipyramid, which showed higher refractive index sensitivity than the gold
nanorods, but the overall response of gold bipyramid sensor appears to be 25% less than that of the gold nanorod
substrate, despite the approximately twofold higher refractive index sensitivity. XPS analysis showed that this is due
to the low surface density of aptamers on the gold bipyramid compared with gold nanorods. The low surface density
of the aptamers on the gold bipyramid surface may be due to the effect of shape of the nanostructure on the kinetics
of aptamer monolayer formation. The small size of aptamers relative to other bioreceptors is the key to achieving
high sensitivity by biosensors on the basis of LSPR, demonstrated here for protein binding. The generality of
aptamer sensors for protein detection using gold nanorod and gold nanobipyramid substrates is anticipated to have
a large impact in the important development of sensors toward biomarkers, environmental toxins, and warfare
agents. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this paper.
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INTRODUCTION

Upon irradiation with light, the free conduction electrons of the
metallic nanostructures oscillate collectively, known as surface
plasmon, because of its interaction with the light's electric field,
with a resonant frequency that depends on the nanoparticles’
size, shape, and composition (Mayer and Hafner, 2011). When
the resonance conditions are met, the incident photon resonates
with the surface plasmon, which leads to the absorbance and
scattering of the incident light (Anker et al, 2008). Resonance
and, hence, the wavelength of absorption depends on the
nature of the metal, size of the nanostructure, its aspect ratio
and the local dielectric environment around the nanostructure,
which can be summed as the refractive index of the surrounding
medium (Anker et al, 2008). For example, 13-nm gold
nanoparticles show one absorption band in water at 520 nm
(Storhoff et al., 1998). Other metallic nanostructures such as gold
and silver nanorods and other shapes show two peaks, one peak
due to resonance between lateral modes with light and one for
resonance due to the longitudal modes that is tunable from
the visible through the near infrared, depending on the nanorod
aspect ratio (Mayer and Hafner, 2011).

Like surface plasmon resonance (SPR), localized surface
plasmon resonance (LSPR) can measure the changes in the local
refractive index, which results in the concomitant shift in the
Amax N the extinction spectra (Zhao et al., 2006; Mayer and
Hafner, 2011). Using this property, a number of LSPR sensors
using gold nanoparticles have been reported for measuring
antigen-antibody interactions (Endo et al., 2005; Endo et al., 2006;
Yu and lIrudayaraj, 2007; Anker et al, 2008; Mayer et al., 2008),

biotin-streptavidin interactions (Nath and Chilkoti, 2002; Marinakos
et al., 2007; Nusz et al., 2008), and concanavalin A—protein interac-
tions (Yonzon et al,, 2004) and for the detection of organophospho-
rous pesticide (Lin et al., 2006) by measuring changes in the Ay
values. Unlike SPR, LSPR has a higher sensitivity to refractive index
changes very close to the surface, within a range of 5-15 nm from
the nanostructure surface (Haes and Van Duyne, 2004), compared
with approximately 200-300 nm from metal film surface in SPR
(Jung et al,, 1998). In both cases, the sensitivity decreases exponen-
tially from the surface (Haes et al,, 2004). Thus, the sensitivity of the
LSPR biosensor can be increased by using a small bioreceptor on
the surface placing the binding event close to the surface. Another
way to increase the sensitivity is by using nanostructures that show
high Zmax shift for the unit change in the refractive index of the
surroundings, known as refractive index sensitivity. In earlier work
on LSPR sensors, gold nanoparticles were used as a sensor element
(Nath and Chilkoti, 2002; Kitano et al, 2006). Recently, other
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nanostructures such as nanorods and nanobipyramids exhibiting
higher refractive sensitivity than spherical gold nanoparticles were
used as the LSPR substrate (Mayer et al., 2008; Lee et al., 2009).

Aptamers are oligonucleotides that are specifically selected to
bind to its target molecules by an in vitro combinatorial process
called SELEX, Systematic Evolution of Ligands by Exponential
Enrichment (Ellington and Szostak, 1990; Tuerk and Gold,
1990). Aptamers are either RNA or DNA and normally contains
15-60 nucleotide sequences. Aptamers have been selected for
a wide range of molecules including small organic molecules
(Baker et al., 2006), metal ions (Qin et al., 2010), chemical warfare
agents (Lamont et al, 2011), proteins (Song et al., 2008), and
whole cells (Meyer et al, 2011). Several reviews have been
published that report important details of these artificial recep-
tors and the processes for evolving them (Jayasena, 1999; Brody
and Gold, 2000; Nimjee et al., 2005). Aptamers show high affinity
and selectivity that is traditionally associated with proteins such
as antibodies and recently increasingly used for the fabrication
of biosensors (Jayasena, 1999; Brody and Gold, 2000; Nimjee
et al., 2005). These artificial antibodies are small compared with
antibodies and can immobilize directly on the gold nanostruc-
tures via end functional group in a particular orientation using
a number of bioconjugation routes (Balamurugan et al., 2008a).
These small receptors are expected to increase the sensitivity
of the LSPR compared with antibody-based LSPR sensors by
binding the target close to the gold surface. Surface immobilized
DNA aptamers that bind thrombin have been used by our
group (Balamurugan et al, 2006; Balamurugan et al., 2008b)
and by others (Song et al, 2008) for biosensor development,
and it has shown that these surface immobilized aptamers ex-
hibit very good protein detection (Balamurugan et al, 2006;
Song et al, 2008). Kim et al. reported an aptamer-sandwich
LSPR sensor by immobilizing the aptamer on the surface fabri-
cated by gold coating on porous alumina (Kim et al., 2008).
Guo et al. showed that a thrombin binding aptamer
immobilized on a gold nanorod exhibited excellent response
to thrombin using single particle scattering measurements
(Guo and Kim, 2011; Guo et al, 2011a, 2011b). More recently,
Yasun et al. reported aptamer-modified gold nanorods for
enrichment of rare proteins and detection using gel electro-
phoresis (Yasun et al., 2012). We report here the direct sensing
by LSPR of thrombin by aptamers (Bock et al, 1992)
immobilized on the surfaces of gold nanorod and gold bipyra-
mid nanostructures. Because of the compact structure of the
aptamer, it is shown that capture of the target protein is
positioned optimally for maximum LSPR signal affording detec-
tion of picomole concentrations of thrombin.

EXPERIMENTAL

Materials

Modified DNA aptamer (5 HS-(CH,)g-(CH>CH,0)g-TTTTT-GGTT
GGTGTGGTTGG 3') was obtained from Eurogentec North America,
San Diego, CA. (11-Mercaptoundecyl)triethyleneglycol (EG3SH) was
obtained from Sensopath Technologies, Bozeman, MT. Hydrogen
tetrachloroaurate (lll), cetyltrimethylammonium bromide (CTAB),
aminopropyltriethoxysilane  (APTES), mercaptohexadecanoic
acid, and mercaptoundecanol were obtained from Sigma-Aldrich,
St. Louis, MO. Sodium borohydride and silver nitrate were obtained
from Acros Organics, Pittsburgh, PA. Ascorbic acid was obtained
from Fisher Scientific, Waltham, MA., and methoxy poly(ethylene

glycol) (mPEG-SH, average molecular weight 5000) (CHsO-
(CH,CH,0)n-CH,CH,-SH, n~ 110) was obtained from Nektar Thera-
peutics, San Francisco, CA.

Preparation of gold nanorod solution

Gold nanorods were grown from a gold nanoparticle seed
solution prepared using sodium borohydride reduction of hydro-
gen tetrachloroaurate (lll) in the presence of the surfactant CTAB
(Mayer et al., 2008). This seed solution was added to a nanorod
growth solution consisting of 425 ml of 100 mM CTAB, 18 ml of
10mM hydrogen tetrachloroaurate (lll), 2.7 ml of 10mM silver
nitrate, and 2.9 ml of 100 mM ascorbic acid.

Preparation of gold bipyramid solution

The gold bipyramid was prepared as reported earlier using
sodium citrate-stabilized gold seed particles (Lee et al., 2009).
Bipyramids were grown using 0.5ml of 10mM hydrogen
tetrachloroaurate (lll) and 10ml of 100 MM CTAB mixed with
0.1 ml of 10mM silver nitrate solution. Sequentially, 0.2ml of
1.0M HCI and 0.08 ml of 100 mM ascorbic acid were added to
the solution, and the seed solution was added. The volume of
seed solution was varied between 15 and 50l to synthesize
different sizes of gold bipyramids. These solutions were kept at
28°C for several hours. During this time, the color changed
gradually from almost clear to dark pink, with most of the color
change occurring in the first hour.

Preparation of DNA aptamer monolayer on gold nanorod
and gold bipyramid coated glass substrate

The gold nanorods were deposited on the clean glass micro-
scopic slide using a procedure reported earlier (Mayer et al.,
2008). First, the clean glass slides were immersed overnight in
a 5-mM APTES solution in ethanol, rinsed with water, and dried
under the flow of dry nitrogen. The APTES coated glass slides
were then immersed in a PEGylated nanorod solution overnight.
Then, the slides were rinsed and dried, and a uniform layer of
gold nanorods remained on the surface with an absorbance of
approximately 0.1 at the LSPR peak wavelength. The gold
bipyramid substrates were also prepared using the same proce-
dure (Lee et al,, 2009). The CTAB-stabilized gold nanostructures
(nanorods and bipyramids) were PEGylated using a process
described previously (Liao and Hafner, 2005) by suspension in
thiolated PEG solution for 12 hr.

Formation of mixed DNA aptamer monolayer on gold
nanostructures

Glass substrates coated with gold nanorod as well as gold bipyr-
amid were subjected to an oxygen plasma cleaner at low power
for 30 sec in 200 mT oxygen (model PDC- 32G, Harrick Scientific)
then rinsed with ethanol, water and briefly dried in a stream of
dry nitrogen. The cleaned LSPR substrates were immersed in
1uM solutions of an aptamer thiol (5-HS-(CH,)e~(CH,CH,0)s-
TTTTT-GGTTGGTGTGGTTGG-3') solution in 1M potassium phos-
phate solution (pH 8) for 2 hr, then rinsed with deionized water
and briefly dried in a stream of dry nitrogen. Immersion of these
substrates in 10mM of HS(CH,);;(OCH,CH,);0H (EG3-OH)
solution in ethanol for 2 hr, rinsing with ethanol and then water,
and drying in a stream of dry nitrogen covered the remaining
bare gold with EGs-OH (Balamurugan et al., 2006).

J. Mol. Recognit. 2013; 26: 402-407

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jmr




nnnnnnnnn
Molecular
Recognition

S. BALAMURUGAN ET AL.

Measurement of thrombin binding on aptamer functional-
ized gold nanorod and gold bipyramid substrates

The LSPR spectra were measured using a closed flow cell assembly
outlined in Scheme 1 (Mayer et al., 2008) consisting of a glass slide
coated with gold nanorod substrate and functionalized with mixed
aptamer monolayer on one side and a clean glass slide on the other
side separated with a 1.5-mm-thick polydimethylsiloxane (PDMS).
Two holes were drilled to connect the input and output flows,
and the PDMS sheet provided a 1cm x 2cm slot that served
as the flow volume. This flow cell was mounted vertically on
an optical bench in between a quartz-tungsten-halogen light
source with collimating lens and a portable spectrometer (Ocean
Optics USB4000) (Mayer et al., 2008). A flow rate of 400 pl/min was
controlled by a syringe pump (NE1000, New Era Pump Systems).

After equilibration with PBS buffer, thrombin solution at the
desired concentration was contacted with a sensor surface under
flow conditions. Absorbance spectra were collected continuously
with averaging every 30sec and recorded. Each spectrum was
then analyzed in matLAB with a Gaussian fit to monitor the peak
wavelength, height, and width versus time. Once there was no
further change in the /.y the next thrombin solution of higher
concentration was introduced to the cell, and this process was
repeated for all the thrombin solution concentrations (Mayer
et al., 2008). The data collection time for each thrombin concen-
tration was approximately 20 min.

Surface characterization

The SEM images were obtained using FEI Quanta 3D FEB
Scanning electron microscope (SEM). The XPS analysis was
carried out in a Kratos XPS instrument (Balamurugan et al., 2006).

RESULTS AND DISCUSSION

Thrombin sensor using rod-shaped gold nanostructure
substrates

The gold nanorods used in these experiments were prepared
from a solution of HAuCl, containing gold seed particles in the
presence of CTAB using reported procedure (Nikoobakht and
El-Sayed, 2003; Sau and Murphy, 2004). The CTAB acts both as
the source of anisotropic growth to control final particle shape
and as the stabilizer (Gao et al., 2003). Thus, nanorods are formed

~

Scheme 1. lllustration of the LSPR closed cell apparatus used to obtain
extinction spectra.

with a weakly bound cationic bilayer on the nanorods surfaces
(Sau and Murphy, 2005). Subsequently, thiol terminated PEG
(polyethylene glycol, mw=5000) is added, which exchanges
with the CTAB to form stable nanorods in the solution (Liao
and Hafner, 2005). The extinction spectrum of the gold nanorods
(Figure 1) show two peaks, one at 509 nm (transverse resonance)
and another at 680 nm (longitudinal resonance) (Mayer et al.,
2008). Comparison of the UV-vis and SEM data (Figure 1) with
the previous data shows the dimensions of the nanorods as
18 £3 nm diameter, 44 £ 5 nm length, with the aspect ratio of
3.3 (Liao and Hafner, 2005). The refractive index sensitivity of
these gold nanorods is 170 nm/RIU, and the figure of merit
(sensitivity/line width) is 1.36 (Mayer et al., 2008). The figure of
merit of 1.36 is similar to the values reported for the other
nanostructure ensembles (Liao et al., 2006).

Plasma treatment of the immobilized nanorod surface
removes the PEG layer from the nanorods, leaving a bare gold
surface that can be functionalized with thiol-linked aptamers.

2 A
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Figure 1. (a) The extinction spectra of the nanorod-coated substrate in
the presence of PBS buffer. The light blue data is the raw data from the
spectrometer, and the overlaid dark blue line is a fit to the data (the fitted
function is the sum of two Gaussians). (b) SEM picture of the gold
nanorods deposited on the glass substrate and subsequently functional-
ized with mixed aptamer monolayer.
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This step does not affect the adhesion of gold nanorod to the
glass surface as seen from the SEM image; however, plasma
cleaning does cause a small LSPR blue shift consistent with the
removal of a PEG layer (Mayer et al., 2008). Earlier, we reported
the optimized conditions for the formation of two-component
aptamer monolayer using thiol-terminated aptamer and thiol termi-
nated oligo-ethylene glycol (Balamurugan et al,, 2006; Balamurugan
et al,, 2008b). The binding performance of the surface-immobilized
aptamer was found to be dependent on the size and chemical na-
ture of the linkers of both components. Use of hexaethyleneglycol
units in the aptamer linker increased the thrombin binding, and
the hexaethyleneglycol units in the co-adsorbent reduce the non-
specific protein adsorption (Balamurugan et al., 2006). The aptamer
sequence incorporated five or 10 additional thymine units along
with the hexaethyleneglycol unit as a linker to reduce the steric
hindrance of the approaching thrombin protein and afforded
maximum protein binding to the surface (Balamurugan et al,
2008b). Hence, a mixed aptamer monolayer was formed on the
gold nanorod substrate using 5-HS-(CH,)e-(OCH,CH,)g-TTTTT-
GGTTGGTGTGGTTGG and HS(CH,);1(OCH,CH,)30H (EG3-OH) thiols
using the procedure described in the Experimental section
(Balamurugan et al., 2006).

Figure 2a shows the plot of maximum /.y shift measured as a
function of thrombin concentration. Continuous collection of
spectra repeated every 30sec allows fitting error to be deter-
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Figure 2. The figures show the plot of 4.« obtained for different
concentrations of thrombin for (a) gold nanorod substrates and (b) gold
bipyramid substrates. The inset shows the UV-vis spectrum obtained for
increasing concentrations of thrombin.

mined as approximately <0.1 nm by measuring the wavelength
changes during the stabilization period at each step at each
concentration. The inset shows the individual spectra obtained
for different concentrations of thrombin. The data show that this
LSPR aptamer sensor detects the thrombin in the concentration
range of 10pM to 1uM. This concentration range was better
than the one detected by the SPR sensor surface functionalized
with the aptamer monolayer under the same condition. The
SPR sensor surface detects the thrombin in the concentration
range of 1nM to 1 uM (Balamurugan et al., 2006). Further, these
data also show that this LSPR sensor shows a /max shift of 6 nm
(677.8-683.8 nm) for thrombin binding.

Recently, Kim and coworkers reported an aptamer functional-
ized single gold nanorod LSPR sensor (Guo and Kim, 2011; Guo
et al, 2011a, 2011b). The authors used scattering data, a method
which provides low detection limits of analytes compared with
using the A,ax shift in extinction spectra; this is due to the low
S/N ratio of scattering measurements. The response of the
thrombin aptamer-based sensor surface reported here has been
measured to a lower limit of detection at 10 pM, compared with
250 pM in the system of Kim and coworkers (Guo and Kim, 2011;
Guo et al, 2011a, 2011b). Furthermore, the aptamer detection
reported here exhibits a highly sensitive and linear response in
the lower thrombin concentration range of ~107'°-107> g/ml
compared with the previously reported system (~107% to
10~® g/ml) (Guo and Kim, 2011; Guo et al., 2011a, 2011b).

Thrombin binding on gold bipyramid substrate

Gold bipyramids are nanoparticles with a penta-twinned crystal
structure that have been shown to have sharp LSPR signals
(Liu and Guyot-Sionnest, 2005). Earlier, the refractive index
sensitivity of these gold bipyramid structures was reported to
be 327 nm/RIU with a figure of merit (sensitivity/line width) of
3.7 (Lee et al., 2009). Thus, LSPR sensors fabricated using these
structures have potential for even higher sensitivity of thrombin
detection than by nanorods such as those described above. The
seed-mediated gold bipyramid structure was synthesized using a
procedure reported earlier (Lee et al., 2009). In this study, gold
bipyramids of length 94+ 11 nm and diameter 46 + 6 nm were
employed; the extinction spectra and SEM pictures are shown
in Figure 3. A closer examination of the SEM picture shows
that the sensor surface contains both nanobipyramids and
nanoparticles. It was earlier reported that only 22% of the
nanostructures on the glass substrate were nanobipyramids,
and the rest were nanospheres (Lee et al, 2009). In addition,
the extinction spectra showed a strong peak at 560 nm, and al-
though a peak at this position was expected because of the lat-
eral modes of the bipyramid, the peak intensity should be less
than the longitudal modes similar to the extinction spectra for
gold nanorods (Figure 1). Thus, the peak at 560 nm in the extinc-
tion spectra for the nanobipyramid-coated surface (Figure 3) is
the combined result of lateral modes of the gold bipyramid
and response from the gold nanoparticles. Mixed aptamer
monolayer was formed on the gold bipyramids employing the
same procedure used for the functionalization of gold nanorods.

Looking at Figure 2b, the maximum /,, shift of the aptamer-
coated bipyramids increases as the concentration increases and
levels off around 500 nM thrombin. This trend is similar to the
concentration dependence for nanorods in Figure 2a; however,
the overall response appears to be 25% less than that of the gold
nanorod substrate, despite the approximately twofold higher
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Figure 3. The extinction spectra (a) and the SEM picture (b) of the gold
bipyramids immobilized on a glass substrate and functionalized with
mixed aptamer monolayer.

Table 1. XPS analysis of relative surface density of aptamer
on gold nanorods versus bipyramids after aptamer/EGs-OH
mixed monolayer formation

Au4f/Si2p ratio N1s/Aué4f ratio

0.1085
0.01885

0.3845
0.2072°

Gold nanorods substrate
Gold bipyramids substrate

Corrected for the fact that only 22% of the nanostructure on
the glass substrate were the nanobipyramids and the rest
were nanospheres (Lee et al., 2009). There is no LSPR signal
from the spherical component above 350 nm.

refractive index sensitivity reported for gold bipyramids versus
nanorods (327 nm/RIU vs 170 nm/RIU). This result is not explained
by the lower density of gold bipyramids on the glass slide
(Figure 1b versus 3b), because the lower surface density of
nanobipyramids on the glass slide results only in lower intensity
values of the spectra but does not change the magnitude of the
spectral shift used for the LSPR detection values. Instead, the spec-
tral shift is dependent on the amount of thrombin bound to the

gold bipyramid surface, which in turn is dependent on the surface
density of the aptamer. To determine the relative surface density of
aptamer on nanorods versus bipyramids, XPS analysis (Table 1)
was conducted, which revealed that the surface density of aptamer
(as measured by N1s/Au4f ratio) on gold bipyramids is 54% less
than on gold nanorods. This is the surface density value obtained
after accounting for the aptamer on the gold particles that are
present on the gold bipyramid-coated surface. The low surface
density of the aptamer on the gold nanobipyramids compared
with the gold nanorods under the same experimental conditions
may be due to the effect of nanostructure shape on the kinetics
of aptamer monolayer formation (Millstone et al., 2008).

It can be concluded that while the refractive index sensitivity
is 1.92-fold higher for the bipyramids versus the nanorods, the
surface coverage of aptamer on bipyramids is only 54% that of
the nanorods. Thus, the higher refractive index sensitivity of
the gold bipyramid was offset by the lower surface density of
aptamer on its surface resulting in a negligible overall difference
in response expected for the bipyramid sensor versus the
nanorod sensor. The 25% lower response of the nanobipyramid
versus the nanorod substrate (4.5nm/6.0nm) may be due to
variations in the refractive index sensitivity, which depends on
the location of attachment of the aptamer on the gold
nanopyramid. Field enhancement is greatest at the tips of the
nanobipyramid (Mayer et al., 2010); however, the population of
immobilized aptamers is greatest away from the tips (especially
at low aptamer coverage) (Millstone et al., 2008), lowering the
overall effective value of the refractive index sensitivity.

CONCLUSIONS

The utility of aptamers for LSPR applications is amplified by the
high sensitivity to protein binding, which can be attributed to
the relatively compact size of the aptamer. Thus, the integration
of aptamers into LSPR sensors can provide the highest sensitivity
achievable by a plasmon-based biosensor and the detection
limits with a wider range of analyte concentrations versus gold
nanoparticle aggregation assays. An equally appealing aspect
of LSPR-based sensors, like the one described in this study, is
that detection is carried out by measurements using a basic
hand-held UV-vis spectrophotometer, versus the high cost of
equipment and supplies normally associated with SPR. Although
SPR spectroscopy provides much higher sensitivity to changes in
the bulk refractive index than LSPR spectroscopy, the response
of the two techniques becomes comparable when measuring
short-range changes in the refractive index due to a molecular
adsorption layer. This is a result of the much smaller sensing vol-
ume presented by LSPR sensors, because the EM-field-decay
length is 40-50 times shorter than that of the SPR sensors.
Hence, the sensitivity of LSPR is comparable to SPR for the
detection of adsorbed molecules in a 5-15-nm region above
the substrate surface. Because of its low detection volume, LSPR
measurement is not very sensitive to temperature changes as is
the case with SPR. Thus, biosensors based on an LSPR format like
the one described here can be used at varying ambient temper-
atures usually found in laboratory, hospital, or field settings.
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