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Localized surface plasmon resonance (LSPR) is a collective oscillation of free electrons
induced by the incident light in nanometric surfaces of conductive materials. Gold nanorods
(AuNRs) have been studied for plasmonic devices due to their anisotropic properties. Herein, we
report the construction of a specific biosensor using polyacrylamide (PAAm) as the gold nanorods
support and test its efficiency with specific streptavidin interaction using biotinylated substrates.
First, the hydrogels were synthesized by electropolymerization using cyclic voltammetry on
ITO/glass substrates and swallowed with AuNRs. The AuNRs were characterized by visible
absorption spectroscopy and transmission electron microscopy. The substrates were characterized
by scanning electron microscopy and their plasmonic sensitivities were evaluated using sucrose
solutions with different concentrations. The results showed a sensitivity of ca. 226.4 nm RIU™!
with linear correlation of 0.9974. Furthermore, this composite presented reliable detection of the
streptavidin biomolecule in the gold surface with good signal-to-noise ratio (SNR).
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Introduction

The advances in sensors area are continuously
encouraging the research for new materials. The
localized surface plasmon resonance (LSPR) is a versatile
phenomenon to sensors application; its mechanism is
based on interactions between electromagnetic waves
and metallic nanostructures that can be useful in optical
devices for chemical and biological sensing.'? Gold is
one of the most popular materials used on LSPR based-
sensors due to its noble properties. Gold nanostructures
are extremely sensitive to changes in the dielectric
environment they are in. Due to the confinement effect
of the electromagnetic radiation, these nanostructures
are very sensitive to events close to the surface. One
of these interactions is a shift in the LSPR absorption
band as the refractive index (RI) changes or molecules
bind on the gold surface.®* LSPR phenomenon depends
on many factors such as geometry, composition and
interaction between the particles. Associated with
the plasmonic effects, several studies show different
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interactions for the light-gold system based on the
geometry, such as nanoshells,* nanoholes,’ nanoprisms,®
and nanorods.” Gold nanorods (AuNRs) present some
attractive optical properties due to their anisotropic
structure. These structures show two absorption bands in
the electromagnetic spectrum: a maximum wavelength
corresponding to transversal plasmonic oscillations, and
other to longitudinal oscillations.°

Hydrogels are three-dimensional polymeric networks
that swell in water without dissolution. Their properties play
key roles in several technological applications, including
absorbents,'” drug delivery systems,'! sensors,'? and other
areas.'*" Hydrophilic chains allow interactions between
hydrogels and gold nanostructures, consisting on an
efficient method to make biosensors since both materials are
biocompatible and can interact with each other keeping the
structure intact for new interactions.'® SPR using hydrogel
films open new possibilities in sensors area leading to new
types of detection using this combination, such as sensors
for bovine serum albumin,!” fusion gene,'® and hydrogen
peroxide."

In this work, we prepared gold nanorods capable of
anchoring onto the polyacrylamide (PAAm) hydrogel by
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electrostatic interactions with amine-terminated groups.
The composite was prepared by immersion in AuNRs
solution and its sensitivity was studied by absorption
spectroscopy in the visible region and finally tested for
biotin/streptavidin to characterize the sensor efficiency.

Experimental
Chemicals

Cetyltrimethylammonium bromide (CTAB),
HAuCl,-4H,0, ascorbic acid (AA), acrylamide,
cysteamine hydrochloride, biotin-sulfo-NHS (BNHS),
N,N’-methylenebisacrylamide (MBAA), silver nitrate,
sodium borohydride, and streptavidin were purchased from
Sigma-Aldrich (Sao Paulo, SP, Brazil). Zinc chloride was
purchased from ECIBRA® (Santo Amaro, SP, Brazil). The
ITO/glass slides were purchased from Adafruit® (New York,
NY, USA). All chemicals, unless mentioned otherwise,
were of analytical reagent grade and purchased from
Anidrol (Diadema, SP, Brazil). Deionized water was used
in solutions preparation.

AuNRs synthesis

Gold nanorods were prepared as described by Sau
and Murphy? using the well-established seed mediated
method. Initially, the seed solution was prepared by adding
250 uL of HAuCl, (0.01 mol L") in 7.5 mL of CTAB
(0.1 mol L") and gently stirring at room temperature (rt).
Then, 0.6 mL of ice cooled NaBH, (0.01 mol L") was
added, turning the solution into a bright brown color with
gentle mixing. The solution was stored at rt for 2 h before
use. The grown solution was firstly obtained by adding
4.75 mL of CTAB (0.1 mol L"), 0.20 mL of 0.01 mol L'
HAuCl,, and 30 uL of 0.01 mol L' AgNO,, sequentially,
in a falcon tube, followed by gentle mixing by inversion.
In this stage, the solution appeared bright brown-yellow.
Then, 32 uL of 0.10 mol L' AA was added, turning the
solution colorless. Finally, 10 uL of the seed solution was
added, and the reaction mixture was gently mixed for 10 s
and left undisturbed for at least 3 h. For the composite
synthesis, the nanorods were centrifuged at 2000 rpm for
10 min to remove the agglomerates, and next centrifuged
at 10000 rpm two times and re-suspended in water to
remove the CTAB excess.

Hydrogel synthesis

The PAAm hydrogel was synthesized by
electropolymerization using cyclic voltammetry
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with acrylamide, zinc chloride and MBAA. The
electropolymerization experiment was reported in a
previous study.!” The ITO/glass substrates were washed
and sonicated with deionized water and acetone for 5 min
and dried with nitrogen flow. The cyclic voltammetries
(5 cycles) were done from —1.5 to 0.2 V, holding in
—1.5V for 20 s before starting the next cycle. A platinum
wire was used as counter electrode, Ag|AgCl as reference
electrode and the ITO substrate as working electrode.
After polymerization, the substrates were immersed in
HCI solution (0.01 mol L") for 24 h to remove the excess
of metallic zinc. Finally, the substrates were shrunken in
acetone and immersed in water for 2 min to remove the
excess of acid.

PAAmM/AuNRs composite preparation

First, the substrates were immersed in the nanorods
solution for 12 h to obtain a homogeneous coating. The
composites were washed with deionized water for the next
step. To ensure the performance of the sensor, a plasmonic
sensitivity was measured using sucrose solutions with
different RI (1.3328 to 1.4022), by inserting the substrates
in the glucose solution for 15 min and making the spectra
in deionized water.

Biosensitivity evaluation

The substrates were immersed in a cysteamine solution
(50 pmol L) for 12 h, followed by the immersion in
an aqueous solution of BNHS (2 mg mL™") for 4 h, and
finally in the streptavidin solution (2.5 mg mL™") for 4 h
to complete the sensor, evaluating each step by UV-Vis
spectroscopy.

Instrumentation

The AuNRs were visualized by transmission electron
microscopy (TEM, JEOL JEM 1400) at an accelerating
voltage of 120 keV and counted using the software
Image Pro-Plus® v. 7.0.%"' A close examination of the
composite formation was also evaluated by TEM. Ocean
Optics USB 2000 spectrometer was used to obtain the
spectra of AuNRs solution, and also in the sensitivity and
biosensitivity tests. All the UV-Vis spectra were obtained
using the experimental setup shown in Figure 1. To
evaluate the morphology of the PAAm substrates it was
used the scanning electron microscopy (SEM, Shimadzu
SEM-S550) and their porous count was measured using
the software Image Pro-Plus® v. 7.0.%!
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Figure 1. [llustrative scheme of the experimental setup used for measuring
the sensitivity and biosensitivity of the composites.

Results and Discussion

Figure 2a presents the UV-Vis absorption spectra of the
purified AuNRs in solution (right) that shows a small band at
Amae = 518.3 and a large one at A, = 755.1 nm. The shorter
wavelength band is related to the transverse plasmon mode.
The shoulder in this band is related to unexpected particles.
On the other hand, the more red-shifted band is associated
with the longitudinal plasmon mode. Compared to spherical
shaped gold nanoparticles, the AuNRs offer some different
characteristics in plasmon oscillations. Gold nanorods show
two surface plasmon modes: the longitudinal LSPR mode
is associated with the electron oscillations along the length
axis, while the transverse LSPR mode is excited by light
polarized along the transverse direction of the AuNRs.?
The morphological analysis of the AuNRs was observed by
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the TEM image (Figure 2b), which presented homogeneous
rods with some non-grown particles. The average diameter
and length obtained by the image were (14.1 = 1.9) nm
and (45.4 £ 5.5) nm, respectively, as observed in the size
distribution histogram (in-graph).

Figure 3 presents the cyclic voltammogram of the
PAAm supported in the ITO/glass surface. It indicates
the zinc reduction, starting in ca. —1.1 V, during cathodic
scanning, and also the acrylamide polymerization, which
occurred via complex formation in the oxidation step.
This behavior has already been described by Collins and
Thomas.? It is possible to observe that the signal decreased
with the electropolymerization cycles, which indicates the
reduction of electroactive area in the synthesis tending to
a limit of the layer thickness.?*

The micrograph of the PAAm (Figure 4a) showed a
porous and homogeneous structure with an average pore
size of (3.92 £ 1.10) um. Metallic zinc was used to form this
uniform honeycomb structure, being dissolved after in the
acid bath releasing a pure hydrogel matrix. The thickness
of the hydrogel was ca. 65 pm (Figure 4b), which can be
useful to absorb a large quantity of molecules and nanorods
to finish the biosensor.

Figure 5 shows the TEM images of the AuNRs
immobilization in the hydrogel matrix. As seen in the
images, the nanorods were encapsulated within the
hydrogel matrix (shaded region of the TEM image). In
addition, the AuNRs seem to present a side interaction that
kept them aligned in parallel (even with some spherical
particles appearing).

The sensitivity evaluation was performed using
sucrose solutions with different RIs. Figure 6a shows the
plasmonic response of the ITO/PAAm/AuNRs sensor.
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Figure 2. UV-Vis spectra for diluted gold nanorods solution (a) and TEM image after the centrifugation with size distribution histogram (b).
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Figure 3. Cyclic voltammogram of the electropolymerized PAAm
hydrogel with a photograph after the zinc removal.
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This redshift corresponds to the different localized
surface plasmon in the gold structure. The plasmonic
right peak position redshifts as the RI of the solution
increases.” The CTAB on the AuNRs surface can
facilitate the functionalization or interaction of the AuNRs
tips (occurred from the face {001} exposed) because
the surfactant bilayer causes an obstruction along the
rods, and this indicates the changes in the longitudinal
plasmonic peak to the redshift.?

Figure 6b shows the sensitivity evaluation for the
ITO/PAAm/AuNRs composite, which presented a value
of ca. 226.4 nm RIU™, close to the sensitivity found by
Mayer et al.”’ for the gold nanorods in a previous report.
The coefficient of regression of 0.9974 presents a coherent
regression line to the data obtained. Other relevant
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Figure 5. TEM images of the AuNRs anchored in the hydrogel matrix with close magnification.
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Figure 6. (a) Visible absorption spectra of ITO/PAAm/AuNRs composite in sucrose solutions with close approximation of the longitudinal A, and

(b) sensitivity graph for the ITO/PAAm/AuNRs composite.

parameter is the resolution (R), which corresponds to
the small change in the refractive index that produces a
detectable shift in the sensor output.” Considering that
the precision of the system was 0.1 nm, and the sensitivity
obtained, the resulting R value from the experimental
setup was R = 4.4 x 10~ RIU, indicating the accuracy of
our biosensor for LSPR. In a previous work, our research
group obtained a similar detection system for bovine serum
albumin (BSA) based on graphene and gold nanoparticles
with a resolution of 2.2 x 10~* RIU.” For R values lower
than 10~ RIU, the system can detect extremely small
changes in the RI, which allows the detection of low
concentrations of entities bonded at the AuNR surface.*

The biosensitivity evaluation was performed first with
the immobilization of cysteamine (Cys) onto the AuNRs
surface present in the hydrogel. Cys molecules interact
strongly with the gold surface by —SH groups, leaving the
—NH, group free for further modifications.’'*> Based on
this purpose, the second step was anchor the biotin in the
Cys surface, which led to a biotinylated surface proper for
streptavidin detection. The N-hydroxysuccinimide group
at the biotin molecule can be easily removed from the
reaction with the exposed amine group of the Cys/AuNRs
system.** When biotin is exposed on the substrate surface
it can interact specifically with streptavidin molecules in
a cross-linked mechanism due to their binding affinity
(K, ca.10 L mol™), being one of the strongest receptor-
binder interaction.**

Visible absorption spectroscopy in different solutions
was used to test the biosensor efficiency. According to
Figure 7, it was observed a redshift of the plasmonic band
after each functionalization. The cysteamine presented a
shift of ca. 7 nm, higher than that observed in plasmonic
systems based on gold nanostructures.* Unlike cysteamine,

biotin exhibited a redshift of 2 nm, and the streptavidin
redshifted almost 9 nm.

The displacement of ca. 9 nm after the insertion of
streptavidin can be explained by two reasons. First, the
modification of the metal surface in systems involving
gold nanostructures with similar sensitivity showed similar
displacement as described in the literature.’” Second,
streptavidin is a large molecule that significantly affects the
displacement value, since there are molecules not anchored
in the metal surface, but adsorbed in the gel matrix, inducing
a larger redshift."”

To test whether the substrate can be used as a biosensor
itis important to verify the signal-to-noise ratio (SNR) that
leads to a useful platform to detect streptavidin in this type
of sensor. The plasmonic band shift of streptavidin can be
visualized considering the error bar in Figure 7, which
indicated a substantial SNR.
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Figure 7. Redshift observed with biofunctionalization of the substrate with
cysteamine, BNHS and streptavidin, with a close view of the longitudinal
Aumax Of the absorption spectrum (in-graph).
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The detection of streptavidin is a preliminary study
in order to prepare a label-free biosensing method.
Cabral Jr. et al.’ prepared a cost-effective substrate
for streptavidin detection achieving a sensitivity of
ca. 380 nm RIU"' using nanoholed systems. Another
platform published by Focsan et al.* reached a detection
limit of 5 nM of streptavidin using plasmonic gold
nanostructures in assembled layers. Thus, we were able
to generate a new sensing platform using films of AuNRs
anchored in a PAAm hydrogel matrix to detect streptavidin
in low concentrations (2.5 mg mL™).

Conclusions

In this work, were produced polyacrylamide hydrogel/
AuNRs composites, which successfully detected low
concentrations of biotin-streptavidin. The hydrogel
presented a uniform coating on the ITO surface with high
porous distribution, allowing further modifications. The
ITO/PAAm/AuNRs biosensor showed good sensitivity
in sucrose solutions with different RI and good response
to specific modification using cross-linked test biotin-
streptavidin. A redshift of ca. 9 nm indicated the
adsorption of the streptavidin in the gold surface, allowing
its detection.
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