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Abstract

Localized surface plasmon resonance (LSPR) spectroscopy is a label-free chemical and biological
molecular sensing technique whose sensitivity depends upon development of nanostructured
transducers. Herein, we report an electrodeposition method for fabricating nanostructured gold
films (NGFs) that can be used as transducers in LSPR spectroscopy. The NGF was prepared by
electrodepositing gold from potassium dicyanoaurate solution onto a flat gold surface using two
sequential controlled potential steps. Imaging by scanning electron microscopy reveals a
morphology consisting of randomly configured block-like nanostructures. The bulk refractive
index sensitivity of the prepared NGF is 100 + 2 nm RIU™ and the initial peak in the reflectance
spectrum is at 518 + 1 nm under N(g). The figure of merit is 1.7. In addition, we have studied the
interaction between carbohydrate (mannose) and lectin (Concanavalin A) on the NGF surface
using LSPR spectroscopy by measuring the interaction of 8-mercaptooctyl-a-D-mannopyranoside
(aMan-Cg-SH) with Concanavalin A by first immobilizing aMan-Cg-SH in mixed SAMs with
3,6-dioxa-8-mercaptooctanol (TEG-SH) on the NGF surface. The interaction of Con A with the
mixed SAMs is confirmed using electrochemical impedance spectroscopy. Finally, the NGF
surface was regenerated to its original sensitivity by removing the SAM and the bound
biomolecules. The results from these experiments contribute toward the development of
inexpensive LSPR based sensors that could be useful for studying glycan—protein interactions and
other bioanalytical purposes.
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1. Introduction

Localized surface plasmon resonance (LSPR) spectroscopy based on the development of
noble metal nanostructures with tunable and responsive plasmonic behavior has become of
broad interest. 15 LSPR spectroscopy can provide a label-free and sensitive technique for
biosensing or assays that has great potential to be miniaturized or developed into array
formats. The sensitivity of LSPR spectroscopy depends on the properties of the
nanostructure used as a transducer. Nanostructures of the coinage metals such as copper,8
silver,” and gold8 are being actively studied as LSPR-based transducers. LSPR can be
observed for nanostructures having features much smaller than the wavelength of the
incident light. The LSPR response to change in refractive index in the medium surrounding
the nanostructure depends on the composition, shape, size, and local dielectric properties.
Although silver shows a stronger LSPR response compared to gold or copper, gold is
preferred due to its chemical stability. A recent effort has been reported to electrodeposit
gold around gold-silver core-shell nanoparticles on indium tin oxide coated glass to preserve
the stronger response of silver.9 Nanostructures having different shapes such as triangles,
spheres, cubes, and rods produce different peak wavelengths, full widths at half maxima and
hence different LSPR bulk sensitivity.10 In general, nanostructures having sharper features
yield higher refractive index sensitivity.1! It has also been found that increasing the size of
nanoparticles red shifts the resonance peak position and increases the bulk refractive index
sensitivity; however, the peak becomes broader decreasing the figure of merit (FOM) due to
radiation damping.12.13

Common techniques for fabricating nanostructured transducers include immaobilization of
nanoparticles on chemically modified substrates, 141> nanolithography (including
nanosphere lithography, 16:17 and electron-beam lithography8.19), and evaporation of a thin
layer of metal on a glass surface followed by thermal annealing. 20 Although immobilized
nanoparticles (e.g., nanorods, nanostars, nanoprisms, nanorice) show good LSPR responses,
there can be some disadvantages with regard to stability and reproducibility. 2% In addition,
aggregation of free nanoparticles in solution is a potential challenge and nanoparticles may
not be completely free from stabilizers used to avoid aggregation, which will affect the
sensitivity measurements and binding experiments.22 To avoid these limitations,
nanolithography techniques have been developed using templates to fabricate different
nanostructures. One of the popular nanolithography techniques is nanosphere lithography. 23
In this method, polystyrene nanospheres of various diameters are used as deposition masks
on glass substrates. These nanospheres self-assemble in hexagonally close-packed pattern on
substrate, such that metals can be deposited in gaps between the nanospheres. The
nanospheres can then be removed by sonication of the substrate in organic solvents leaving
behind the triangular or spherical nanostructures in a periodic array.2425 This method is
popular because it is cheaper, simpler, and does not require sophisticated instrumentation.26
However, there are possibilities for the formation of various types of defects in this method
as a result of nanosphere polydispersity, site randomness, point defects, line defects, and
polycrystalline domains.24 The concentration of nanospheres directly plays a role in the
arrangement of nanospheres on the substrate,2 which means a variety of structures may be
formed on the same substrate. An alternate strategy involves depositing gold caps on SiO,
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nanospheres randomly arranged on a gold surface, for which a good LSPR response was
found.2” Electron beam lithography can make nanostructures precisely without any
defects;28 however, this technique is expensive and requires more time and expertise.24
Evaporating a thin layer of metal on glass surface followed by annealing is also a cheaper
and simpler technique:29 however, the nanostructures produced are polydisperse. Annealing
of evaporated thin Au films at high temperatures can help to control the morphology and
improve the LSPR response.30 All of these examples show that more research remains to be
done in this field for producing sensitive nanostructures so that LSPR spectroscopy can
become a method of choice for biochemical sensing. Besides LSPR spectroscopy, these
nanostructured transducers are also used in surface enhanced Raman spectroscopy
(SERS),24 a very sensitive analytical technique whose detection limit approaches the single
molecular level,31:32 which once again emphasizes the importance of research in
nanostructure fabrication.

LSPR has been compared to traditional SPR33 and is found to be quite competitive on the
basis of a number of features, especially cost. SPR experiments are based upon propagating
surface plasmons, often at the surface of a flat gold film, whose thickness should be near 50
nm, and supported on a prism or waveguide. Many of the SPR experiments reported use
commercial Biacore instruments along with supplied sensor chips. SPR can be done in a
variety of modes, the most popular being measurement of the shift of the resonance angle
with analyte binding to the gold surface modified with some sort of recognition layer. Both
SPR and LSPR can be conducted in imaging mode; for SPR the element size must be
approximately 10 microns, while for LSPR single supported nanoparticles and changes
occurring on them can be imaged.34 For a basic LSPR measurement on an ensemble of
nanostructures, either by transmission or reflection, the cost of instrumentation is a small
fraction (as little as 1/60th) of the cost of a commercial Biacore instrument, thus far adopted
as a standard by much of the life science community. Real-time detection is possible with
LSPR as it is with SPR. For LSPR done in transmission mode, extinction at a specific
wavelength or resonant wavelength versus time can be followed, while in reflection mode
reflectivity at a chosen wavelength or resonant wavelength versus time can be followed. As
noted by Van Duyne, the refractive index sensitivity of LSPR is much lower than that of
SPR; however, the plasmon decay length is much shorter for LSPR (typically 5-15 nm) than
for SPR (200-300 nm), and hence a high level of sensitivity to molecular binding at the
surface can still be achieved. The lower bulk refractive index sensitivity of LSPR does
provide an advantage of simplicity in that close temperature control is less essential. Recent
reviews have covered the variety of nanostructures developed for use with LSPR.35:36

SPR has played a major role in probing many types of biomolecular interactions,3” including
protein—carbohydrate and lectin—glycoprotein binding. The applications of SPR to study
carbohydrate binding interactions have been reviewed,38 and compared with other analytical
methods. The use of imaging SPR to study binding to carbohydrate arrays is especially
promising for screening carbohydrate—protein interactions.3940 Approaches based on
coupling derivatized carbohydrates to activated SAMs, often in the presence of a diluting
species terminated in oligoethylene glycol units known to minimize non-specific protein
adsorption, have been pursued using Diels—Alder reactions,*! disulfide-thiol exchange,*2
and click chemistry.43 Use of Biacore sensor chips pre-modified with a carboxymethylated
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dextran gel to which amine derivative glycans can be bound after NHS activation has been
reported.** This widely used type of sensor chip has the potential complication that the
lectin Con A, for example, has an affinity for the dextran component.#> Mixed SAMs of a
carbohydrate component and diluting species have also been prepared directly and studied
using SPR.46 Recently, a method for directly attaching underivatized glycans by
photochemically activated C—H bond insertion onto SAMs terminated in a
perfluorophenylazide group was reported.3® Efforts have been reported to precisely control
the spacing between sugars using cyclic peptides presenting a specified number of mannose
units and to examine the influence of this on the multivalency and clustering effects that can
occur during lectin binding.4748

The studies reported in which LSPR has been applied to studying protein binding to a
carbohydrate modified nanostructure have primarily been carried out in transmission mode.
In an early study, the results for studying a protein—carbohydrate interaction using LSPR and
SPR were directly compared.#® Mixed SAMs of a triethylene glycol terminated disulfide
and a maleimide terminated analog were formed on silver triangular nanoprisms formed by
nanosphere lithography on glass slides. Reaction of maleimide with a mannose thiol
derivative gave about 5% mannose coverage available for interaction with Con A.
Experiments were conducted in transmission mode, and both the peak wavelength and the
magnitude of its shift due to Con A binding were found to depend on the aspect ratio of the
nanoprisms. The modified Ag triangular nanoprisms were resistant to non-specific protein
binding and were suitable for following Con A binding in real-time by monitoring the peak
wavelength as a function of time, with comparable results for SPR found by monitoring the
resonance angle versus time using a Biacore instrument. The response during the
dissociation phase was markedly different for LSPR than for SPR, and also dependent on the
aspect ratio of the triangular nanoprisms which was found to influence the plasmon decay
length. Au nanoparticles supported on glass have been modified by polymer brushes with
many pendant glucose residues and LSPR was used to determine a binding constant from
real-time analysis of 5.0 = 0.2 x 10° M1 noted as larger than that for Con A binding to
methyl a-D-glucopyranoside of 2.4 + 0.1 x 103 M1 in solution and attributed to multipoint
binding effects.>0 The use of supported gold nanoparticles modified with a polymer brush
having pendant mannose units was applied to follow Con A binding,>? resulting in an
apparent association constant determined from analysis of real-time association kinetics data
of 7.4 + 0.1 x 106 M1, noted as much greater than that for Con A tomethyl a-D-
mannopyranoside in solution of 7.6 + 0.2 x 102 M~1, with the difference attributed to
multipoint binding effects. Au nanoparticles bound to glass modified by 3-
aminopropyltrimethoxysilane were modified by dodecanethiol SAMs into which a N-
acetylglucosamine glycolipid was inserted, and shift in the LSPR peak wavelength due to
Con A binding was observed in transmission mode in real-time for both association and
dissociation.>2 A recent study aimed at optimizing supported Au nanoislands formed on
glass by evaporation. 3 Mixed SAMSs were formed of alkanethiol derivatives with a
penta(ethylene glycol) segment terminated in —OH, mannose, or galactose. The response to
Con A binding in terms of peak wavelength shift or shift in extinction at a fixed optimal
wavelength was found to be greatest for Au islands of average height 2.5 nm. The optimal
combination of refractive index sensitivity and plasmon decay length was required to obtain
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the maximum response to Con A binding. Analysis of real-time binding kinetics data gave a
value for K, of 7.7 x 108 M~1. Glyconanoparticles presenting different sugars have been
shown to differentiate between a set of 4 lectins using a pattern recognition approach.>*

In this paper, we demonstrate an electrodeposition method for preparing a nanostructured
gold film (NGF) which can be used as a LSPR-based transducer. While much work has been
reported on the preparation of LSPR transducers by evaporation of gold to form thin
nanostructured metal films, electrodeposition can provide an additional convenient route for
fabrication of LSPR transducers. Electrodeposition onto indium tin oxide coated glass was
previously shown to produce rough flower-like deposits with a peak wavelength of 675
nm.% The NGF prepared by this method compares well to nanostructured gold films
prepared by other methods. We show how the LSPR peak wavelength and bulk refractive
index sensitivity vary with changes in nanostructure’s shape and size which can be
controlled by changing the electrodeposition parameters. We also demonstrate how LSPR
spectroscopy can be performed on the NGF surface to follow carbohydrate—lectin
interactions. The interaction between carbohydrate and lectin is chosen because this type of
interaction is predominant in many fundamental biological processes such as cellular
recognition, inflammation, signal transduction, cell adhesion, and cancer cell metastasis.>6:57
Concanavalin A (Con A), 104 kDa, originally obtained from Jack bean, Canavalia
ensiformis, is used as a model lectin.®® It is a mannose specific lectin®® and exists as
tetramer above pH 7.0 and dimer below 6.0.50 Here, we show that the interaction of Con A
with mixed self-assembled monolayers (SAMs) of a thiolated a-mannoside (aMan-Cg-SH)
and 3,6-dioxa-8-mercaptooctanol can be followed using LSPR on the NGF prepared by
electrodeposition.

2.1. General procedure

Figure 1 shows a general outline of the preparation and usage of the nanostructured gold
films (NGFs) for use in LSPR spectroscopy. Figure 1A outlines the preparation of NGF by
first forming flat gold film electrodes by stripping of epoxy coated glass slides off of Au
sputtered on silicon wafers, and then electrodepositing gold onto these from a solution of
potassium dicyanoaurate to produce the nanostructures. Figure 1B shows a sketch of the
electrochemical cell used to carry out the electrodeposition. In Figure 1C, the LSPR
apparatus, reflection probe, and flow cell are depicted. Figure 2 shows a depiction of binding
of lectin Concanavalin A to a mixed SAM containing the thiolated mannoside (aMan-Cg-
SH) and 3,6-dioxa-8-mercaptooctanol (TEG-SH) molecule.

2.2. Nanostructured gold film (NGF) preparation

NGFs were prepared using one-step or two-step chronoamperometry (CA) to electrodeposit
gold from basic aqueous solutions of potassium dicyanoaurate (50 mM in 0.25 M Nay,COg)
onto already prepared flat gold films on glass slides. Electrodeposited Au films were formed
by one-step CA by applying potentials of -0.8 V, -1.0 V, -1.2 V, or —1.4 V (vs Ag|AgCl
(KCl satd)) for 60 s or 90 s. The films formed at —1.4 V were not very stable and peeled off
of the glass slides. However, films formed at —1.2 V or above were stable. Those formed at
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-1.0 V or above showed lower bulk refractive index sensitivity than those formed at -1.2 V.
The films formed in one-step at —1.2 V for 90 s show a distinct LSPR peak, while those
formed in one-step at —1.2 V for 60 s do not. Application of a two-step CA with -1.2 V as
the initial potential for 60 s followed by a second potential of -1.0 V, -1.4 V, or -1.6 V for
an additional 30 s was then explored. The time for the second potential was fixed at 30 s as
the observed peak became broader when 60 s was used as the second deposition time.

The current versus time curves obtained during preparation of NGF at the different
potentials are shown in Figure 3A. The curves show a sharp jump in current when the
potential is stepped, followed by a decay to a plateau. The jump and decay is attributed to
the sudden reorganization of the electric double layer which discharges during the current
decay,%! while the plateau represents the Faradaic current associated with reduction of Au(l)
in Au(CN),~ to Au(0) at the interface between the growing gold nanostructures and the
electrolyte solution. These curves show a general trend of increasing current with more
negative applied potential in the second step. The corresponding LSPR spectra of the
different NGFs under N(g) are shown in Figure 3B. The data are presented as R versus
wavelength, where R is the percent reflectance. As noted by Van Duyne®2, LSPR spectra
show a minimum in R in reflection mode and a maximum in extinction in transmission
mode. We have found that R™! at a fixed wavelength plotted versus bulk refractive index
varies linearly. The peak wavelength for NGF prepared by depositing Au at -1.2 V for a
total duration of 90 s is 516.9 nm whereas the structure that was formed by depositing at this
potential for 60 s shows a shoulder with an indistinct peak just near 500 nm. The reflectance
spectrum of bare gold has a shoulder near 500 nm63.64 similar to that observed in Figure 3B
for gold electrodeposited at —1.2 V for 60 s. This suggested that these films are behaving
similar to bulk gold and that a longer deposition time and a second step to more negative
potentials is required to red shift the peak wavelength. All of the other preparations display
peak wavelengths near 517 nm (see Table 1). These values are close to but lower than that
reported for Au nanoparticles on glass in air for which peak wavelengths from 521.0 nm to
525.5 nm were reported dependent on size.5 It has been reported that the plasmon peak
wavelength due to scattering can be blue shifted relative to that due to extinction for gold
nanodots in an array on the end of an optical fiber, by as much as 7 nm for nanodots 180-
200 nm in diameter and 55 nm in height.5® The morphology of the NGF changed when we
changed the potential applied in the second step, as can be seen in the SEM images in Figure
4. The NGFs prepared at —1.2 V for 60 s and 90 s look similar and each has randomly
distributed nanostructured features with those for the 90 s deposition being larger with
smoother boundaries (Fig. 4A and B). The nanostructures formed upon application of a
second potential of —=1.0 V for 30 s are diverse but relatively smaller (Fig. 4C). Figure 4D
and E represents images of NGFs prepared at —=1.2 V for 60 s followed by -1.4 V for 30 s
and —1.6 V for 30 s, respectively. Rectangular brick-shaped nanostructured features are now
evident all over the surface having lengths of around 200 nm and widths of around 100 nm.

2.3. Bulk refractive index sensitivity test

To check the bulk refractive index sensitivity (RIS) of the NGFs we injected liquids of
different refractive indices, water (n = 1.33), 15% glycerol (n = 1.35), 30% glycerol (n=
1.37), 45% glycerol (n = 1.39), 60% glycerol (n = 1.41), and 75% glycerol (n = 1.43), over
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the NGF surface inside a flow cell and recorded the LSPR spectra. The RIS value provides
the shift in the peak LSPR wavelength with increase in the bulk refractive index of the
surrounding medium. More recent approaches to assessing nanostructure sensitivity to
adsorbed proteins or other molecular layers involve jointly optimizing both RIS and the
effective surface plasmon decay length.67-69 We found that the NGF prepared by the two-
step electrodeposition using a potential —1.2 V for 60 s followed by -1.4 V or -1.6 V for 30
s exhibits a greater red shift in the peak wavelength with increasing refractive index than the
other preparations.

Figure 5A and B shows the representative bulk RIS test performed on NGF prepared by
applying —1.2 V for 60 s followed by —1.6 V for an additional 30 s. For this preparation of
NGF, the peak wavelength under N(g) was found to be 518 £ 1 nm. A linear dependence of
peak wavelength on bulk refractive index can be seen in Figure 5B with a slope of 99 nm
RIU~L, Table 1 shows the sensitivity comparison of NGFs prepared under the different
reported conditions. It has been found that the structures prepared by applying a second
potential more negative than —1.2 V show greater bulk refractive index sensitivity and
improved figure of merit (see Table 1, the standard deviations are for 4 or 5 trials on each
NGF preparation). The figure of merit (FOM) is defined as the RIS/fwhm where fwhm is the
full width at half maximum of the LSPR peak in nm. Higher values of FOM are associated
with improved detection limits for LSPR based sensors.31 Formation of more distinctly
nanostructured brick-like features having aspect ratios of approximately 2 with evident inter-
nanostructure gaps may be the reason that this film structure shows a better plasmonic
response compared to other structures formed.”%71 When we increased the second potential
to 1.8 V, it resulted in peeling of the gold film, and thus —1.6 V was a practical lower limit.
A linear dependence of wavelength on refractive index is shown in Figure 5D, based upon
the LSPR spectra shown in Figure 5C for NGF prepared by applying only one potential step
of —1.2 V for 90 s. The slope gives an RIS value of 60 nm RIU™L, lower than for the other
preparation.

Higher bulk RIS and FOM have been reported previously for different shapes and sizes of
nanostructures.1? Even if shape and size are similar, nanostructures made from silver show
higher sensitivity compared to nanostructures made from gold.11 However, it has also been
found that nanostructures can show better bulk refractive index sensitivity when their initial
LSPR peak occurs at a higher wavelength.”2 For gold nanostructures displaying a LSPR
peak wavelength slightly above 500 nm, values of 44 nm RIU™1 (nanospheres, Ayax = 527
nm, FOM = 0.6) and 83 nm RIU™ (nanocubes, Amax = 538 nm, FOM = 1.5) have been
reported.”® Free nanoparticles have higher sensitivity compared to films but are more
difficult to handle as stabilizing agents are needed to avoid aggregation. 22 Therefore, the
NGF prepared here with a RIS of 100 + 2 nm RIU™ (based on 4 trials) and a FOM = 1.7
could help contribute to overcoming some of the shortcomings of nanoparticle based
biosensors and perform with good sensitivity within the visible region.

Recent studies have indicated that in addition to the bulk refractive index sensitivity, the
surface plasmon decay length (Isp) should also be consider in optimization of the LSPR
response for analyte binding to a recognition layer on the metal surface.5’-%9 For a given
thickness of the recognition layer, such as a carbohydrate terminated SAM, and analyte such
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as the protein Con A (dimensions 6.3 nm x 8.7 nm x 8.9 nm, tetrameric form, Protein Data
Bank ID 3CNA), it is proposed to optimize the combined effect of the RIS and the effective
plasmon decay length by matching the dimensions of the analyte layer to the decay length
and thereby achieve optimal response to analyte binding to the transducer surface. It is not
yet known which parameters for the electrodeposited NGF structures control the value of the
effective plasmon decay length. A method exists for estimating the plasmon decay length for
the nanostructure prepared under different conditions, such as deposition potential and time
in the NGF studied here, but also other variables such as concentration and temperature of
the electrodeposition solution could be considered as well as post-preparation annealing
steps. In the reported method for estimating surface plasmon decay length, successively
greater numbers of bilayers of the alternating cationic and anionic polyelectrolyte pairing of
poly(allylamine) and poly(styrene sulfonate) are formed on the surface of the transducer by
an alternate dipping procedure between two solutions. The shift in LSPR peak wavelength is
plotted versus the number of deposited polyelectrolyte bilayers and reported values of
thickness per bilayer of d = 2.09 + 0.03 nm and of n = 1.56 for these bilayers are used in
fitting the wavelength shift to the equation Adpeak = MAN [1 - exp(=2d/lsp)], wherein mis
the refractive index sensitivity (RIS) and An is the difference in refractive index between the
adsorbate and the surrounding medium. For transmission measurements, change in
extinction at a selected wavelength may also be fit to layer thickness. An extension of this
equation for wavelength shift for the case of analyte binding to a recognition layer has been
given as Adpeak = MAN exp(=2dy/lsp) [1 - exp(=2dy/lgp)] where dy is the thickness of the
recognition layer and d; is the thickness of the bound layer of analyte.#® If we do not
consider variation in the value of m, and consider only the exponential terms dependent on
lsp, and use an approximate value of dy = 1.5 nm for the SAM, and assume that Con A
adopts a laying down orientation and can completely cover the surface when binding is
saturated so that d, = 6.3 nm can be taken as an approximation, calculation suggests that the
optimal value of Ig, is near 7.6 nm which would approximately ‘match” the thickness of the
recognition + analyte layers. If the coverage of the Con A layer was not complete, then the
effective value of d is reduced and a smaller optimal value of |s, will be obtained. The
value of m, the bulk refractive index response, must also be considered so both parameters
would be needed for optimization of the response. A I, value of 5-6 nm was reported for
silver triangular nanoprisms.4

2.4. Assay of lectin—carbohydrate interaction

Since the LSPR peak position depends on the change in refractive index due to SAM
formation and then protein adsorption around the nanostructures, this effect can be applied
to studying biomolecular interactions. When binding occurs on the surface of
nanostructures, the refractive index around the surface of the nanostructures increases
compared to the initial refractive index, which red shifts the LSPR peak. We have studied
the interaction between mannose and Con A on the surface of NGF to determine its
sensitivity and application to studying carbohydrate—protein interactions. NGFs prepared by
applying —1.2 V for 60 s, followed by —1.6 V for 30 s were studied as these showed a
comparatively higher bulk refractive index sensitivity compared to the other NGF
preparations as well as the best value for figure of merit of 1.7 (see Table 1). Mixed SAMs
(prepared from a 1:3 molar ratio in solution) of thiolated a-mannoside aMan-Cg-SH and
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TEG-SH were formed on the NGF. Mixed SAMs with TEG-SH are formed instead of single
component SAMs to control nonspecific interactions, decrease steric interference effects
between ligand head groups and to control the surface density of bound Con A.74-76 The
LSPR peak wavelength of NGF modified with these mixed SAMs is found to be 521.3 nm
which is 2.3 nm red shifted from the unmodified NGF surface which was initially at 519.0
nm under a nitrogen gas environment, as seen in Figure 6A. After Con A was bound onto
the SAM modified NGF, by injecting 0.5 pM Con A inside the flow cell for 1 h followed by
washing thoroughly with buffer and water, the peak wavelength was then found at 526.1 nm
when obtained under a nitrogen gas environment, a 4.8 nm shift from the SAM modified
NGF. Figure 6B shows the result for Con A binding to these SAMs on the surface of the
NGF prepared in one-step electrodeposition at —1.2 V for 90 s. The peaks are broader, as
expected since the figure of merit is lower for this structure. A red shift in peak wavelength
for Con A binding of 4-5 nm is observed but the location is harder to discern due to the
broader nature of the peaks. The wavelength shift due to SAM formation is also harder to
discern due to the broader peaks. Given the sharper nature of the peaks, the NGF prepared
by applying —1.2 V for 60 s, followed by —1.6 V for 30 s appears preferable as a LSPR
substrate. We also injected BSA through the flow cell over the same SAM-modified NGF
prepared by applying —1.2 V for 60 s for one hour but saw only a very small shift in peak
magnitude and peak wavelength as seen in Figure 6C, presumably due to some non-specific
interaction of BSA with the surface. After the interaction with BSA, buffer was flushed
through the cell, prior to studying interaction of the SAM with Con A. In buffer, the peak
wavelength for the bare NGF prepared by applying —1.2 V for 60 s, followed by —1.6 V for
30 s was found to be 546 + 2 nm, and after Con A exposure for 60 min shifted by 3 nm.

To further confirm lectin binding to the mannose presenting SAMs, we performed a
mannose-Con A interaction study using electrochemical impedance spectroscopy (EIS). The
EIS method has been applied to study the formation of supported bilayers and streptavidin
binding to incorporated biotinylated phospholipid’’ and to study ion binding to biomimetic
SAMs.’8 EIS has also been applied to study carbohydrate—lectin interactions in
SAMs,43.79.80 and the use of the technique as well as other electrochemical methods to
probe glycan—protein interactions has recently been reviewed.81:82 We previously applied
square-wave voltammetry to study binding of a Con A-alkaline phosphatase conjugate to
immobilized glycoproteins.83 We also have studied the application of EIS to Con A binding
to a mannose presenting SAM on nanoporous gold.84 The Nyquist plot obtained from EIS
for the SAM modified NGF shows a characteristic semicircle in the higher frequency region
near the origin whose diameter represents charge transfer resistance (Ry) and a straight line
in the lower frequency region further away from the origin representing diffusion processes.
The Nyquist plot of unmodified NGF, SAM modified NGF, and the SAM modified NGF
after Con A binding is shown in Figure 7. The Nyquist plot for the unmodified NGF gives a
very small charge transfer resistance value (R = 10 ©2), as shown in Figure 7. A small
semicircle in the Nyquist plot at high frequencies has been reported previously for bare gold
surfaces.85-87 Values of R can only be directly compared if reported in units of  cm? to
account for electrode surface area. The geometric surface area of our NGF used as an
electrode that is exposed to the solution is 1.0 cm?2, and the roughness factor is estimated to
be near 1.4 on the basis of gold oxide stripping. Thus value of R for the bare NGF surface
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is thus estimated to be 14 © cm? accounting for electrode area. This value can be compared
with those of 24.4 © cm? on bare Au(111)®7, and of 34 © cm? (reported on a polished gold
electrode of 1.6 mm diameter whose electroactive surface area was determined by
application of the Randles-Sevcik equation)®, and 35.2 © cm? (reported on a bare gold
electrode of 2 mm diameter) using the electrode areas reported.88 Upon analyzing the mixed
SAMs on NGF we found a subsequent increase in the interfacial charge transfer resistance
(Ret = 30 Q) which increases considerably after incubation with 0.5 uM Con A in buffer (R
=225 Q) indicating specific binding of Con A to mannose in the SAM.

Both LSPR and EIS show a clear response for mannose-Con A binding; however, an
advantage of LSPR over EIS is that it can be used to study binding directly in situ in real
time. Therefore, we performed a real time interaction study of mannose and Con A on the
surface of NGF, shown in Figure 8. We have found that R™1 at a fixed wavelength varies
linearly with bulk refractive index, as shown in Figure 8A (slope = 2.28 RIU™1), making this
variable useful for representing real-time studies. The slope of R™1 at fixed wavelength
versus refractive index was found to vary with the exact positioning of the reflection probe,
but the highest values were obtained for the NGF prepared by electrodeposition at -=1.2 V
for 60 s followed by —1.6 V for 30 s. Figure 8B shows the real-time response over a series of
Con A concentrations from 5 ugmL=1 (0.05 uM) to 100 pgmL~1 (1.0 uM). The LSPR
response is plotted as change in R™1 at 557 nm versus time. This wavelength was chosen
above the LSPR peak for the SAM modified NGF in buffer (546 + 2 nm) and such that R™2
would increase during binding to produce readily followed binding Kinetics plots. Real-time
interaction studies done in transmission mode are usually performed by following the
change in extinction at a chosen fixed wavelength above the peak.>3 For this purpose, we
placed the mixed SAM modified NGF in the flow cell and tris buffer was flowed through.
The reflectance was recorded at a constant wavelength of 557 nm. After recording the
reflectance versus time in circulating buffer for 300 s, Con A was injected into the flow cell
over a period of 20-30 s until the cell volume was completely filled by the protein solution.
We can clearly see the increase in R with time arising from the specific binding between
mannose and Con A on the modified NGF surface, and some contribution of nonspecific
binding which may be to patches of bare Au exposed by defects or incompletely covered Au
areas. There can also be a minor contribution due to a small increase in the refractive index
of the bulk solution. Injection of the tris buffer to fill the cell after 15 min of interaction with
the Con A solution results in a decrease in the R™1, attributed to washing away of some non-
specifically bound Con A from the surface and some desorption of Con A that was bound to
mannose.

Real-time LSPR data have been used to determine values of association rate constants (Kon)
and of dissociation rate constants (ko) and hence determine Ky values (Kq =

Koff/Kon)- 205153 Values of ko = 2.0 x 104 M1 s71 and k¢ = 2.6 x 1073 s71 corresponding to
Kg = 130 nM were reported for Con A interacting with SAMs of a thiolated PEG linker
terminated in a mannose unit on 5 nm Au islands.>3 As noted by Bellapadrona et al., a range
of values of ko between 2.48 x 107 s™1 and 1.2 x 1072 571, and of k,,, ranging from 5.2 x
103 M 157110 1.4 x 105 M1 571, corresponding to K values ranging from 42 nM to 423
nM have been reported for the Con A-mannose interaction depending upon measurement
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method, details of surface modification, and experimental conditions.>® Future more detailed
kinetic studies using the NGF transducers will be used to determine K4 values for
carbohydrate—protein interactions.

2.5. Regeneration of NGF

Finally, we regenerated the NGF surface as this can reduce the cost of potential use as a
transducer for biosensor development. NGF modified with same SAMs as described above
was immersed in 0.50 pM Con A (in tris buffer containing 0.1 M NaCl, 1 mM CaCl,, and 1
mM MnCl,) for 60 minutes and then rinsed with buffer and Milli-Q water. We then dipped
the biomolecule functionalized (SAM + bound Con A) NGF plate in freshly prepared
piranha solution for 45 s and rinsed thoroughly with Milli-Q water. The NGF regenerated
after this step was tested using different methods. Figure 9A compares LSPR spectra of
unmodified NGF and NGF obtained after regeneration. The peak wavelength is the same for
both spectra; however, there is a small shift in the magnitude. We believe that the change in
magnitude is partly due to a small change in position or orientation of the NGF relative to
the reflection probe while loading it back into the flow cell after regeneration.

We have also performed cyclic voltammetry experiment to see if some biomolecules are still
attached on the surface of NGF and capable of blocking a redox probe. Figure 9B shows the
cyclic voltammograms of unmodified NGF, NGF after SAM formation, NGF after Con A
binding to the SAM, and NGF after regeneration. It can be seen that unmodified NGF and
NGF after regeneration have very similar anodic and cathodic peaks, whereas NGF modified
by SAM and also then with bound Con A do not show distinct anodic or cathodic peaks due
to blocking of charge transfer at the electrode surface. Exposure to Con A further reduces
the current somewhat relative to that seen in the CV of the SAM modified NGF. Finally, we
performed the refractive index sensitivity test on regenerated NGF and found no discernable
difference compared to sensitivity of unmodified NGF.

3. Discussion

Here we have prepared nanostructured gold films (NGFs), suitable for use in LSPR based
spectroscopy, using electrochemical deposition techniques onto flat gold electrodes. We
have found that the structure prepared by a two-step electrodeposition technique using a first
potential of —1.2 V for 60 s and second potential more negative than —1.2 V for 30 s can
produce sensitive nanostructured films with reproducible bulk RIS of up to 100 + 2 nm
RIU~1 and with a good figure of merit of 1.7. The NGFs formed have randomly arranged
brick-like nanostructures having lengths of about 200 nm and widths of about 100 nm.
Comparison of Figure 4A with 4D and E shows that gold deposition during the second
potential step favors enlargement and dominance of the roughly rectangular features of a
larger aspect ratio. The prepared NGFs are easy to handle and chemically stable, showing
LSPR peak within the visible region, suitable for use as LSPR related transducers. In order
to optimize the response, other variables such as electrolyte solution concentrations,
temperature, and annealing steps combined with measurement of plasmon decay lengths
remain to be investigated.
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We used the NGF prepared at —=1.2 V for 30 s followed by —1.6 V for 30 s for label-free
detection of carbohydrate—protein interactions showing how LSPR peak shifts due to
specific interaction of mannose and Con A while no significant shift in the peak was
observed for the mannose-BSA interaction. We are also able to demonstrate that LSPR
based technique can be used to perform a real time bioassay of carbohydrate—lectin
interactions. Finally, NGF modified with a SAM and used to bind Con A was easily
regenerated to its original structure and sensitivity, supporting the possible use of NGF as a
biosensor/bioassay transducer. Improved plasmonic substrates not only support LSPR based
biosensor development but can also be used along with SERS technique for detecting small
molecules.

4. Experimental

4.1. Materials

Silicon wafers (37 N(100), 1-10 ©-cm, 356-406 pm thick) of prime grade were purchased
from Nova Electronic Materials, LLC (Flower Mound, TX). Fisherbrand plain microscope
slides (25 x 75 x 1 mm) were purchased from Fisher Scientific (Fairlawn, NJ) and cut to
12.5 x 10 x 1 mm. Sulfuric acid and 30% hydrogen peroxide required to prepare piranha
solution were purchased from Fisher Scientific. Methanol (HPLC grade), ethanol (HPLC
grade), glycerol, potassium dicyanoaurate(l), 11-mercaptoundecanoic acid (MUA), and N-
hydroxysuccinimide (NHS) were purchased from Sigma—Aldrich, Inc. (Milwaukee, WI).
Epoxy (EPO-TEK 377) was purchased from Epoxy Technology (Billerica, MA). Sodium
carbonate anhydrous, sodium acetate, calcium chloride dihydrate, and manganese(ll)
chloride tetrahydrate were obtained from Sigma—Aldrich, Inc. (Allentown, PA). Bovine
serum albumin (BSA), Concanavalin A (Con A), tris buffer, and N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride were purchased from Sigma-
Aldrich, Inc. (Saint Louis, MO). Milli-Q water (18.3 M cm) was used for making all
solutions. 8-Mercaptooctyl-a-D-mannopyranoside (aMan-Cg-SH) and thiolated triethylene
glycol, 3,6-dioxa-8-mercaptooctanol (TEG-SH) were synthesized using published
methods.84

4.2. Nanostructured gold film preparation details

4.2.1. Cleaning—Cut glass slides were cleaned using piranha solution (3:1, H,S04/30%
H,0,) for 45 min, (Warning: Because of its oxidizing nature, piranha reacts violently with
organic compounds, so care must be taken while handling), rinsed with copious amount of
Milli-Q water, and stored in methanol. They were dried in oven at 125 °C for 30 min and
cooled prior to use.

4.2.2. Flat gold preparation—Flat gold was prepared using published method with some
modifications. 88 In brief, a Hummer VI sputter coater (Anatech Ltd) was used to sputter
gold onto the silicon wafer for 20 min, adjusting the current to 10 mA so as to obtain a
thickness of about 200 nm. Then, one drop of the two components of epoxy, thoroughly
mixed, was used to attach a cleaned glass slide to the gold sputtered silicon wafer.
Multilayers of silicon wafer-gold-epoxy-coverslip were cured at 150 °C for 2 h. After
cooling, glass slides were stripped off of the silicon wafer using a slight force with the help
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of tweezers to expose a flat gold surface. The gold films were found to be stable in solution
on the glass surface; whereas on the silicon surfaces, detachment of the gold film in solution
was often observed.

4.2.3. Nanostructured gold film preparation—Potentiostat/Galvanostat model 273A
(EG&G Princeton Applied Research) operated by PowerSuite software and using a three-
electrode glass cell having Ag|AgCI (KCl satd) (0.22 V vs SHE) as the reference electrode
(CH Instruments Inc., Austin, TX) and platinum wire (99.997% purity, 0.5 mm diameter) as
the counter-electrode (Alfa Aesar, Ward Hill, MA) was used. A thin film of nanostructured
gold was prepared onto the flat gold surface (working electrode) from a 50 mM aqueous
solution of potassium dicyanoaurate(l) electrolyte consisting of 0.25 M sodium carbonate by
applying different potentials for different times at room temperature. Argon gas was bubbled
through the solution for 10 min prior to measurement.

4.3. LSPR peak (Amax) Stabilization

For stabilizing the Anax 0f NGF, it was treated with water and ethanol for 1 h each while
stirring followed by drying under N5 gas. This step is necessary to perform in order to avoid
solvent induced changes to NGF structure which in turn will change the peak position.

4.4. Localized surface plasmon resonance spectroscopy

The LSPR spectra of NGF were obtained in reflection geometry (Fig. 1C). The setup
consists of a white light source (HL-2000 Tungsten Halogen Light, Ocean Optics),
spectrophotometer (Jaz, Ocean Optics) connected to a computer having SpectraSuite
software (Ocean Optics), a reflection probe (Ocean Optics, QR400-7-SR), and home-built
flow Teflon cell of internal volume 500 pL. The reflection probe consists of a bundle of 7
optical fibers with 6 illumination fibers around 1 read fiber. The probe was mounted on a
linear translation stage (Newport Oriel). The distance between probe tip surface and the Au
surface was kept constant at close to 4mm. The reflection spectra obtained were plotted as
R™1 versus wavelength in nanometers using SigmaPlot 12.0 (Systat Software Inc.) and
Origin-Pro 8.5.0 SR1 (OriginLab Corporation) was used to determine the full-width at half
maximum (fwhm) of peaks. The spectrometer was calibrated using an Ocean Optics HG-1
mercury argon calibration source and fitting of the set of expected wavelengths versus
detector array pixel number to a cubic equation as prescribed in the operator’s manual. The
resulting calibration gave differences between measured and expected at the 21 standard
wavelengths used between —0.97 nm and +0.44 nm.

4.5. Determination of refractive index sensitivity

The refractive index sensitivity of the gold surfaces was determined by measuring the
reflectivity spectra with the Teflon flow cell filled with glycerol solutions of 15%, 30%,
45%, 60%, and 75% by weight. The refractive index values of the solutions were taken from
the website of the Dow Chemical Company (http://www.dow.com/optim/optim-advantage/
physical-properties/refractive.htm). Measurement was also done under water and in air. The
peak wavelength and value of reflectance R (in percent) were determined for each peak and
then peak wavelength and R™1 were plotted versus refractive index.
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4.6. Mannose—Con A binding assay

Mixed self-assembled monolayers (SAMs) of aMan-Cg-SH and TEG-SH were prepared on
the surface of NGF by co-adsorption from ethanol solution having total concentration 1 mM
(molar ratio 1:3 of aMan-Cg-SH/TEG-SH) for 2 h at room temperature. After coadsorption,
the NGF plate was washed with ethanol, dried under nitrogen, and placed inside the flow
cell. Tris-buffer (10 mM, pH 7.4) containing NaCl (0.1 M), CaCl, (1 mM), and MnCl, (1
mM) was passed through the flow cell followed by Con A and allowed to interact for 1 h,
washed with the buffer followed by water, and dried using nitrogen gas before collecting
LSPR reflection spectra. However for the real-time interaction study all the spectra were
collected in buffer. For the real-time study, Con A concentrations of 5, 10, 25, 50, and 100
ugmL~1 were used. The Con A was allowed to bind to the SAM for 15 min, and then buffer
was re-introduced into the flow cell. During the real-time study, the reflectivity at 557 nm
was recorded. A wavelength sufficiently above the peak was chosen so that R™1 would
increase with Con A binding during the real-time LSPR experiment.

4.7. Electrochemical impedance spectroscopy

A PARSTAT2273 potentiostat along with PowerSine software was used to acquire
impedance data. Experiment was carried out using a conventional three electrode system, 5
mM each of K3[Fe(CN)g] and K4[Fe(CN)g] (1:1 molar ratio) redox probe prepared in 10
mM phosphate buffer at pH 7.4, a frequency range of 100 kHz to 0.1 Hz and a bias potential
of 0.2 V (vs Ag|AgCl), and an AC amplitude of 10 mV. Zsimpwin 3.21 software (Princeton
Applied Research, Oak Ridge, TN) was used for data analysis. The data are presented as
Nyquist plots showing the real and imaginary parts of the impedance at each measurement
frequency. Argon gas was bubbled through the solution for 10 min prior to measurement.

4.8. Cyclic voltammetry (CV)

CV was performed for checking surface purity of regenerated NGF using 1
mMKy[Fe(CN)g] in 0.1 M KCI by scanning the potential from —0.2 V to 0.6 V versus Ag|
AgCI (KCl satd) at a scan rate of 100 mV s™1. Argon gas was bubbled through the solution
for 10min prior to measurement. In order to estimate surface area of the NGF, gold oxide
formation and stripping were performed in 0.5 M H,SO,4 between the potential limits of 0.0
V and 1.5 V versus Ag|AgCl (KClI satd) at 100mV s~1. A reported and widely used
conversion factor of 450 pC cm~2 was used to estimate surface area.89-91

4.9. Scanning electron microscopy (SEM)

SEM imaging and energy dispersive spectroscopy (EDS) were performed using field
emission scanning electron microscope (6320F, JEOL USA, Inc.). Imaging was carried out
at a working distance of 8 mm at an accelerating voltage of 8 kV.
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Figurel.
Schematic depiction of: (A) nanostructured gold film (NGF) preparation steps. (B)

Electrochemical setup for nanostructured gold film preparation. (C) Optical set up for
localized surface plasmon resonance spectroscopy in reflection mode.
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ConA,pH7.4
——

Con A-mannose interaction

Schematic diagram showing binding of Concanavalin A to thiolated mannoside in mixed
self-assembled monolayers on a nanostructured gold film (NGF) surface.
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Figure 3.
(A) Chronoamperometric curves obtained during the preparation of nanostructured gold

films (NGFs) by applying different potentials (vs Ag|AgClI (KCI, satd) for the times
indicated in a 50 mM aqueous solution of potassium dicyanoaurate (KAu(CN),) in 0.25
Msodium carbonate. (B) LSPR spectra of the corresponding NGFs recorded under nitrogen
gas, plotted as inverse of percent reflectance versus wavelength.
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Figure4.
SEM images of nanostructured gold films prepared by electrodeposition from 50 mM

potassium dicyanoaurate (KAuU(CN),) in 0.25 M Na,COg3 solution with all potentials versus
Ag|AgCI (KCI, satd): (A) at -1.2 V for 60 s, (B) at -1.2 V for 90 s, (C) 1.2 V for 60 s
followed by -1.0 V for 30 s, (D) at —1.2 V for 60 s followed by —1.4 V for 30 s, and (E)
-1.2 V for 60 s followed by —1.6 V for 30 s. Scale bars: 2 pm. Insets are the corresponding
higher magnification SEM images (scale bars: 0.2 um).
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Figureb5.

(A) Bulk refractive index response of nanostructured gold films prepared using
electrodeposition conditions of —1.2 V for 60 s, and then —1.6 V for 30 s. LSPR spectra
obtained at different refractive indices (n) = 1, 1.33, 1.35, 1.37,1.39, 1.41, and 1.43 using
nitrogen, water, 15% glycerol, 30% glycerol, 45% glycerol, 60% glycerol, and 75%
glycerol, respectively. The nitrogen peak is the lowest and the peaks move upward in the
graph with increasing refractive index. (B) Plot of peak wavelength versus refractive index
for the spectra shown in (A). (C) LSPR spectra showing the bulk RIS response at the same
series of refractive index values for nanostructured gold film prepared using
electrodeposition at —1.2 V for 90 s. (D) Plot of peak wavelength versus refractive index for
the spectra shown in (C).
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Figure®6.
LSPR spectra on nanostructured gold films (NGFs) prepared at —=1.2 V for 60 s followed by

-1.6 V for 30 s: unmodified (black), modified with mixed SAM (red) of aMan-Cg-SH and
TEG-SH prepared from 1:3 solution molar ratio (1 mM total concentration in ethanol, 2 h),
and after binding of protein (green): (A) Concanavalin A (Con A, 0.5 uM in 10 mM Tris
buffer, pH 7.4, 0.1 M NaCl, 1 mM CaCl,, 1 mM MnCly) for 1 h. (B) LSPR spectra on NGF
prepared at —1.2 V for 90 s and then modified with SAM and exposed to Con A as was done
in (A). (C) LSPR spectra on nanostructured gold films (NGFs) prepared at —1.2 V for 60 s
followed by -1.6 V for 30 s (black), modified with SAM (red) and exposed to bovine serum
albumin (BSA, 0.5 pM in 10 mM PBS (pH 7.4)) for 1 h (green). These spectra were
measured under nitrogen gas. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure7.

Nyquist plots for Faradic impedance spectra of nanostructured gold films (NGFs) in 10 mM
PBS (pH 7.4) containing 5 mM Kz[Fe(CN)g] and 5 mM K4[Fe(CN)g]: unmodified NGF
(black circles), NGF modified by mixed SAM of aMan-Cg-SH and TEG-SH (red triangles),
and after Con A binding from a 0.5 uM (50 pgmL 1) solution (green squares). The
impedance spectra were recorded in the frequency range of 100 kHz to 0.1 Hz at 0.2 V bias
potential (vs Ag|AgCl (KClI, satd) and with AC potential amplitude of 10 mV. Inset is
equivalent circuit used to model impedance data. The panel on the right shows an expanded
view of the higher frequency data for the bare NGF and the SAM-modified NGF. (For
interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Figure8.

(A) Plot of the inverse of the percent reflectance at the peak wavelength versus bulk
refractive index for the nanostructured gold film prepared at —1.2 V for 60 s followed by
-1.6 V for 30 s. (B) Real-time LSPR response of SAM modified nanostructured gold films
(NGFs) to Con A at a series of concentrations (in 10 mM Tris buffer, pH 7.4, 0.1 MNaCl, 1
mMCaCl,, 1 MMMNnCl,): 5 ug mL™1, 10 ug mL™2, 25 pg mL™1, 50 pgmL~1, and 100 ug
mL~1. NGF was surface modified with a SAM of aMan-Cg-SH and TEG-SH (1:3 solution

molar ratio in ethanol, 1 mM total concentration).
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Figure9.
Regeneration experiments on nanostructured gold films (NGFs). NGF was modified with

mixed SAMs of aMan-Cg-SH and TEG-SH prepared from 1:3 solution molar ratio (1 mM
total concentration in ethanol, 2 h). SAM modified NGF was exposed to Concanavalin A
(0.5 uM in 10 mM tris buffer, pH 7.4, 0.1 M NaCl, 1 mM CaCl,, 1 mM MnCl,) for 1 h and
then rinsed prior to regeneration by immersion in piranha solution for 45 s. (A) LSPR
spectra of unmodified NGF (black) and regenerated (blue) nanostructured gold films
measured under N(g) environment. (B) Cyclic voltammograms of unmodified (black) NGF,
SAM-madified NGF (red), SAM-modified NGF after Con A exposure (green), and NGF
regenerated by brief exposure to piranha solution (blue). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Dependence of the refractive index sensitivity, figure of merit, and peak wavelength on the deposition time(s)

and potential(s) (vs Ag|AgCl) for the electrodeposited nanostructured gold films reported in this study

Conditions Refractiveindex sensitivity (nm/RIU)  Figureof merit (FOM) Peak wavelength (nm)
-1.2V60s 52+4 0.9 499.4
-1.2V60s,-1.0V30s 58+2 0.8 517.3
-1.2V90s 58+2 0.8 516.9
-1.2V60s,-14V30s 84+2 14 517.5
-1.2V60s,-1.6V30s 100+2 1.7 517.5

Conditions for which two potentials and times are listed represent two sequential electrodeposition steps.
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