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Abstract: Conjugated nano-biological architectures interfacing solid nano-structured surfaces with
biological polymers have gained significant attention due to their potential biosensing and
biocatalytic applications. However, efficient characterization of such integrated systems remains a
challenge. We describe surface enhanced Raman spectroscopy (SERS) detection of complex of D-
glucose with glucose binding protein (GBP) immobilized on substrates. Substrates comprised of
dense Ag nanostructure arrays on Ni-coated fused silica wafers were fabricated employing ultrahigh
resolution electron beam lithography. Glucose-bound and glucose-free histidine-tagged GBP was
immobilized on the substrates and probed using SERS while the samples were kept in solution, and
the observed Raman spectra were recorded. Three substrate designs were tested for SERS detection
of the protein-ligand binding. SERS spectra of immobilized glucose-free and glucose-bound GBP
exhibited pronounced differences in their Raman signatures, demonstrating the potential of SERS as
a sensitive method for the detection of protein-ligand molecular recognition on a solid surface.
However, morphology of the nano-patterned plasmonic structures was found to influence the SERS
signatures significantly. In order to interpret the findings, simulations of electric field around the
nano-structured substrates were performed. An interplay of two factors, the availability of space
between Ag features where the GBP could bind to Ni, and the effectiveness of the electromagnetic
enhancement of the Raman scattering in “hot spots” between these features, was concluded to
determine the observed trends.



523

Keywords: bio-functionalized nanostructured surfaces; molecular recognition; nanolithography;
plasmonic nanostructures; surface-enhanced Raman spectroscopy; experiment and modeling

1. Introduction

Integrated nano-biological systems interfacing solid nanostructures with biological polymers are
expected to revolutionize bio-sensing and bio-actuation technologies in the near future. Next-
generation bio-electronic devices, drug delivery and bio-diagnostic systems are just a few examples
of applications of integrated nano-biological architectures [1,2,3]. In order to enable rational design
of such integrated systems, appropriate detection methods are required that will allow identification
and characterization of biological polymers confined on surfaces of nano-electronic devices. In
particular, surface enhanced Raman spectroscopy (SERS) has emerged as a highly promising
technique for biosensing [4,5,6]. SERS allows for the detection of unique signatures corresponding
to molecular vibrations, which identify the molecules absorbed on metallic nano-structured surfaces.
The excitation of localized surface plasmons by light interacting with Au or Ag nanostructures
increases dramatically the intensity of Raman scattering of light by the analyte adsorbed on or near
the nanostructures, making SERS a unique technique for detecting various analytes including
biological polymers and small molecules [4—7].

One of the challenges for SERS biosensing, however, is that the creation of electromagnetic
“hot spots” (localized regions where the Raman scattering is substantially enhanced) requires
metallic structures patterned at the deep nanoscale. Due to the sensitivity of SERS to small feature
variations, such structures also need to be uniform and reproducible [6]. A variety of fabrication
methods have been reported to produce SERS substrates [6—11]. In particular, electron beam
lithography (EBL) [12,13] offers superb control over features down to below 10 nm, and also
flexibility to allow for various designs. Despite the complexities of EBL, the high level of control
over shape and position of nanostructures that it offers makes it one of the most promising
techniques for SERS substrate fabrication [6—11]. In our earlier works [14,15,16], we have optimized
EBL-based processes to fabricate dense arrays of noble metal nanostructures on dielectric substrates
as required for efficient localization of plasmonic waves, and demonstrated SERS
biodetection [16,17]. However, much remains to be done to allow for a rational selection of SERS
substrates for optimal detection of specific analytes. Although it is clear that the substrate’s geometry
details such as the width of gaps between metal features play a crucial role [16,17], in-depth analysis
of the substrate dependence is required for various analytes.

In this work, we investigate the influence of various substrate geometries on SERS spectra of
immobilized glucose binding protein (GBP) both in apo-form and bound with its specific ligand, D-
glucose. Although SERS detection of glucose and related compounds has been reported
previously [18,19,20], surface chemistry that would enable an efficient adsorption remains a
challenge. Recently, we have demonstrated [17] that surface-immobilized GBP may be employed as
a specific recognition element for SERS detection of glucose. However, the GBP that we employed
as a recognition element belongs to the periplasmic ligand binding (PLB) superfamily of proteins [21]
which undergo hinge-bending conformational changes upon binding with their respective ligands.
Although these conformational changes per se may be detected, and as such they make PLB proteins
potentially very useful recognition elements for biosensors [22,23] they also add a dimension of
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complexity into the interpretation of SERS data. Here, we explore the influence of substrate
geometry on the observed SERS bands of glucose-free and glucose-bound GBP immobilized on
nanostructured substrates with three different morphologies. In order to interpret observed
differences in SERS signal intensities, simulations of the electric field were performed and
experimental results discussed in the context of the numerical predictions.

2. Materials and Methods
2.1. Fabrication of Ag Nanostructures

SERS substrates fabricated in this work involved Ag nanostructures on Ni-coated fused silica
(FS) wafers. In this design, Ag nanostructures were used as an effective plasmonic media [4—11]
requiring a high degree of localization of the plasmonic waves [23] on the insulating FS substrates.
Ni coating was required to bind the hisidine-tagged GPB recognition element to the substrate [23].

Arrays of Ag nanostructures on fused silica substrates were fabricated using the EBL-based
process illustrated in Figure 1. The FS wafers were cleaned in piranha (H,SO4:H,0;) solution; then a
10 nm layer of nickel was evaporated on the FS substrate using a JUV E-Gun Evaporator system.
Next, polymethylmethacrylate (PMMA) 950K A2 resist was spin-coated on the Ni film to provide an
approximately 90 nm thick layer. Then the samples were baked on a hotplate at 180 °C for 5 min. A
70 nm thick anti-charging layer of aquaSAVE (Mitsubishi Rayon Co.) water-soluble conductive
polymer was subsequently spin-coated onto the PMMA following procedures described
elsewhere [14—17]. Next, electron beam lithography was performed to generate arrays of nano-
patterns in PMMA employing a Raith 150™° instrument. EBL exposures were done using 30 keV
accelerating voltage, a 7.5 um aperture and 23 pA electron beam current. The exposed patterns
comprised two designs: periodic arrays of single-pixel dots with a 40 nm pitch, and periodic arrays
of hexagon structures with side length of 100 nm. The average area exposure doses of 105 uC/cm’
and 170 puC/cm?, respectively, were found to result in high quality nanopatterns [17]. The exposed
samples were developed in a 7:3 mixture of isopropyl alcohol (IPA) and deionized water (DI water)
at room temperature. As a result, arrays of nano-pits and honeycomb-like structures with inter-feature
distances of about 25 nm were fabricated in PMMA.

The nano-patterned PMMA layers were used as lift-off masks to fabricate Ag nanostructures on
the substrates. This was achieved using electron beam evaporation of Ag with a customized Kurt J.
Lesker water-cooled bell jar electron beam evaporation system, which provided a 10 nm thick silver
film. Due to its thinness and relatively poor wetting, this film is discontinuous. After evaporation, a
lift-off process was used to remove the PMMA mask from the substrate and obtain arrays of silver
dots or hexagon-like structures on the Ni-coated FS substrates. Sonication in acetone for 15 seconds
was performed to remove the resist. The area of the resulting Ag nano-arrays was approximately
10 um x 4 pm. In order to monitor the quality of the SERS substrates fabricated, the substrates were
imaged with a Hitachi S-4800 scanning electron microscope (SEM). Figures 2(a) and 2(b) show
SEM imaged examples of arrays of Ag nano-dots and nano-hexagons, respectively, with
approximately 25 nm wide inter-feature gaps on a Ni-coated FS wafer. In addition, we also fabricated
plain Ag pad substrates as shown in Figure 2(c) for comparison. Such substrates were composed of
Ni-coated FS wafers with a uniform 10 nm thick Ag layer evaporated over the Ni film.
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(b) aquaSave
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Figure 1. Schematic of the electron beam lithography (EBL) fabrication process for the
SERS substrates Ag-Ni-FS [14,15,16]: (a) nickel evaporation on fused silica substrate;
(b) polymethylmetacrylate (PMMA) and aquaSAVE spin-coating; (c) EBL exposure;
(d) nanopits in the PMMA after development; (e) silver evaporation, and (f) silver nano-
dots on Ni-coated FS after lift-off.

Figure 2. SEM images of Ag nanostructures of 10 nm thickness formed on Ni-coated FS:
(a) Ag nano-dots; (b) Ag nano-hexagons; (c) Ag pad [17].
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2.2. Immobilization of Glucose Binding Protein on SERS Substrates

A 0.9 mM solution of recombinant histidine-tagged glucose binding protein [25,26] in
potassium phosphate buffer (K;HPO4, 25 mM, pH = 7.5) was prepared. The solution was used to
further prepare two sets of samples for SERS measurements: one set with ligand-free GBP and
another with ligand-bound protein. For ligand-free samples, a drop of GBP solution was deposited on
the SERS substrates which were then incubated at 5 °C for 24 h. Then, the samples were rinsed with
potassium phosphate buffer three times at room temperature without drying. To prepare ligand-bound
samples, 30 pl of D-glucose (ligand) in buffer solution with a concentration of 100 mM were added
to 30 ul of the GBP 0.9 mM solution using a plastic microtube container of 1 ml and a micropipette.
A 30 min incubation at room temperature was used to allow for the binding process between GBP
and D-glucose to occur. Then, 20 pl of the mixture was deposited on the SERS substrates. The
samples were stored at 5 °C for 24 h to permit the immobilization of the ligand-bound protein.
Coordination of nickel ions at the surface of the Ni coating by nitrogen-containing groups of
histidine affinity tags [23] is known to allow for efficient chemisorption of tagged proteins.
Moreover, by connecting GBP’s termini to the surface of Ni coating, histidine tags are expected to
ensure a relatively uniform orientation of surface-bound GBP, as schematically illustrated in Figure 3.
After the incubation, the samples were rinsed with the buffer three times. Further details of the
immobilization process and sample preparation can be found elsewhere [17]. The SERS substrates
with immobilized ligand-free and ligand-bound GBP were subsequently characterized by Raman
spectroscopy as described below. Due to a propensity of silver nanostructures to oxidation, each
substrate was utilized once without reuse.

Buffer | | |

UoIe}IoXs Jase
SERS signal

Figure 3. Scheme for protein-ligand complex detection using SERS. The structure of
histidine-tagged (his-tag) GBP with D-glucose in ligand-binding pocket shown in the
figure was taken from Protein Data Bank, PDB ID 2HPH [25].

2.3. Raman Spectroscopy

A Nicolet Almega XR instrument was used for collecting Raman spectra, employing 2.5 mW
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laser power and 532 nm excitation wavelength. For an objective lens of 50x, the diameter for the
laser spot size was approximately 0.7 um. To avoid degradation of GBP due to exposure to laser light,
short acquisition time of 5 sec. per sample was used [17]. To validate reproducibility, multiple SERS
spectra were obtained on three separately prepared substrates, with five spots used in the area of the
sample containing Ag nanostructures. There was a high degree of qualitative and detailed
consistency between spectra taken under comparable experimental conditions.

Our SERS characterization of substrate-immobilized protein with and without ligand is
illustrated by Figure 3. During the detection, the samples were immersed in potassium phosphate
buffer. Bio-functionalized 1 cm x 1 c¢cm diced substrates with the buffer deposited on their surfaces
were placed on a microscope slide. To avoid evaporation of the buffer solution by laser exposure
during the Raman spectroscopy, the samples were enclosed in a specially designed liquid-proof
chamber covered by a microscope slide of 200 um thickness [17]. For benchmarking purposes, we
also obtained Raman spectra from buffer solutions of both apo-GBP and D-glucose with varying
concentrations.

2.4. Field Simulations

SERS signal enhancement depends on the excitation of localized electromagnetic waves
(localized surface plasmons) producing very high electromagnetic fields around metallic nano-
structures [27,28]. In order to better understand such processes, finite-element modeling in the
framework of classical electromagnetic theory has proven to be very efficient [29-32]. We have
calculated the fields around the Ag nanostructures employing the RF module from COMSOL
Multiphysics 4.3 software [33]. We have performed calculations for arrays of Ag nano-dots and
hexagons similar to those pictured in the SEM images as seen in Figures 2(a) and 2(b), respectively,
and simulated the electromagnetic field around these nanostructures exposed to an excitation
wavelength of 532 nm. The complex diffractive index of silver taken from experimental data [34]
was used to calculate the relative permittivity of Ag as a function of the excitation wavelength. To
simplify the calculations, our model assumes that the Ag nanostructures are located directly on a
dielectric FS substrate without the Ni layer. Such a model predicts the strongest possible level of the
field for a given Ag nanostructure. The model considers an incident wave propagating perpendicular
to the surface of the substrate (xy plane). As plasmons can only be excited when the electric field
(axis y) is in the plane of incidence (yz plane), polarized light is considered. With the wavevector K
directed opposite to the z-axis, the electric field lies in the plane of incidence which is considered to
be the yz plane. Then the incident electric field is Ey = Eo-¢™™, where the constant E, is related to
the laser power used to produce an excitation wavelength (A). Here, Eo = 1 x 10° (V/m) and
A =532 nm. A hollow spherical shell was used to determine the boundary conditions with perfectly
matched layers (PML) on the system. The PMLs match the optical index at the interface and
attenuate travelling waves exponentially to prevent artifact back-reflected waves from the outer
boundaries [35].

3. Results

For benchmarking purposes, we first obtained Raman spectra from buffer solutions of GBP and
of ligand (D-glucose) without structured substrates. The corresponding spectra for the GPB solution
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with three different concentrations, 0.3, 0.9 and 1.3 mM, are shown in Figure 4(a). In the figure, the
broad band around 3300-3500 cm ™' corresponds to vibrations of O—H bonds in the buffer solution,
whereas the band at 2935 cm ' likely represents vibrations involving C—H bonds of the
protein [36-39]. It can be seen that the latter becomes more pronounced when the protein
concentration increases. Figure 4(b) shows the Raman spectrum for D-glucose (ligand) in buffer
solution for different concentrations of 1, 6, 100, 200, and 400 mM. In the case of the ligand, when
the concentration is increased, C—-H Raman bands arise at 2890 ¢cm ' and 2960 ¢m ', and a less
pronounced band can be discerned at 1130 cm ™.
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Figure 4. Raman spectra for solutions with different concentrations of glucose binding
protein (a) and D-glucose ligand (b) in potassium phosphate buffer, for an excitation
wavelength 532 nm [17].

Ligand-free and ligand-bound histidine-tagged glucose binding protein were immobilized on
SERS substrates composed of Ag nanostructures on Ni-covered FS wafers as described in Section 2.
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Ag nanostructures were used as a plasmonic media; an underlying FS wafer was required for
localization of the plasmonic waves; and a Ni coating was needed to facilitate the binding of
histidine-tagged proteins to the substrate. During the SERS detection, the samples were immersed in
the potassium phosphate buffer to maintain the proteins in a fluid environment. Figure 5 shows the
SERS spectra of ligand-free GBP immobilized on the three substrates shown in Figures 2(a), 2(b),
and 2(c). All spectra in Figure 5 exhibit a broad band around 3300-3500 cm™', which corresponds to
potassium phosphate buffer solution. The spectra obtained with Ag nano-dots (see Figure 2(a) and
green line in Figure 5) and nano-hexagons (Figure 2(b) and red line in Figure 5) show a broad band
centered around 1550 cm ' that originates from various vibrations in the immobilized
protein [36-39]. A narrower band around 2933 c¢m ' is similar to that observed in Figure 4(a) and
corresponds to C—H vibrations also generated by the protein [36-39]. In contrast, the spectrum
obtained with an unstructured Ag pad (Figure 2(c) and blue line in Figure 5) contains only one
pronounced band from the buffer solution and does not show any protein vibration modes.
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Figure 5. SERS spectra for immobilized ligand-free GBP on three different substrates:
Ag nano-dots (green), Ag nano-hexagons (red) and Ag pad (blue) [17].

Figure 6 shows SERS spectra for the ligand (D-glucose) bound GBP on the three substrates. In
the spectra corresponding to the arrays of Ag nano-dots and nano-hexagons (green and red lines,
respectively), three relevant bands can be observed: the broad band at 1550 cm™' characteristic of
various bond vibrations in the protein, and two bands at 2850 cm ' and 2910 cm ™' corresponding
specifically to C—H vibration regimes. The peak at 2850 cm ' is reasonably close to the 2890 cm™'
Raman band from D-glucose in buffer solution seen in Figure 4(b). We attribute the peak to C—H
vibrations in D-glucose bound to GBP, with the difference in position originating from excitation of
different C—H vibration modes out of multiple closely spaced vibration bands that are known to
occur in glucose [40—46]. When the SERS spectrum is acquired from an unstructured Ag pad, the
bands corresponding to the protein or the ligand are not observed, similar to the case of ligand-free
protein.

For verification purposes, we also attempted to obtain spectra from GBP immobilized on Ni-
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coated substrates without Ag nanostructures. As one could expect, such attempts did not produce a
useful signal, since Ni coatings alone do not generate plasmonic hot-spots for a sufficient
enhancement of Raman scattering by immobilized GBP under a 532 nm excitation wavelength.
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Figure 6. SERS spectra for immobilized ligand-bound GBP on three different substrates:
Ag nano-dots (green), Ag nano-hexagons (red) and Ag pad (blue) [17].

4. Discussion

As Figures 5 and 6 demonstrate, SERS spectra of both ligand-free and ligand-bound GBP are
sensitive to the morphology of the substrate. Interestingly, the broad band centered around
approximately 1550 cm ' and representative of various vibrations in the protein could be observed
on Ag nano-dots (Figure 2(a)) or nano-hexagons (Figure 2(b)) but not on unstructured Ag pads
(Figure 2(c)). Since silver structures are known to enhance SERS signal efficiently [4-7], the
absence of bands corresponding to the protein in the SERS spectrum from evaporated Ag pads can be
attributed to poor binding of GBP to Ag. In contrast, in the other two substrates, Ag nano-dots and
nano-hexagons were separated by approximately 25 nm wide gaps with Ni surface exposed, allowing
for the histidine-tagged protein binding to nickel [23]. Based on these observations, we hypothesize
that GBP binds preferentially to the Ni surface, and therefore most of the SERS signal of the
immobilized protein originates from the area around and between the Ag nanostructures.

Figure 7 compares the SERS spectra for immobilized ligand-free and ligand-bound protein for
the arrays of Ag nano-dots (Figure 7(a)) and nano-hexagons (Figure 7(b)). For both substrates, the
broad band around 1550 cm™' originating from the protein is clearly seen in all spectra. The protein
C—H vibration band (2933 cm™") is also well pronounced in the spectra from both ligand-free and
ligand-bound GBP on the nano-dots substrate (Figure 7(a)) and is even stronger in that from ligand-
bound GBP on the nano-hexagons substrate (Figure 7(b)). However, for ligand-free protein on the
nano-hexagons substrate, the protein C—H band is quite weak. The glucose C—H band at 2850 cm ' is
marginally discernible in the spectrum of ligand-bound GBP on Ag nano-dots (Figure 7(a)) and well
pronounced with nano-hexagons (Figure 7(b)).
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Based on the data presented in Figures 5-7, it appears that overall the SERS C-H bands are
more pronounced in the spectra from ligand-bound GBP than in the ligand-free one. If one compares
the different substrates, the C—H band from ligand-free protein is stronger in SERS spectra obtained
with the Ag nano-dots substrate, whereas both the protein and glucose C—H bands from ligand-bound
protein are more pronounced with the Ag nano-hexagons substrate. The spectra from evaporated Ag
pads do not show any protein or ligand bands, apparently because the GBP does not bind well to Ag,
and exposed Ni surface is required for efficient immobilization of the protein. However, such simple
considerations do not explain the observed difference in SERS enhancement for ligand-free protein
and ligand-bound protein by the two other substrate types.
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Figure 7. SERS spectra for the immobilized ligand-free and ligand-bound GBP for the
two nanostructured substrates: (a) array of Ag nano-dots; (b) array of Ag nano-hexagons.
In the figures, a vertical offset was applied to the spectra for clearer presentation.

To facilitate interpretations of our observations, we have calculated the scattered electric fields
for model SERS substrates as described in Section 2.4. In the model, Ag dots are represented by an
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array of nine hemispheres with 10 nm radius and 40 nm pitch as shown in Figures 8(a) and 8(b). The
figures depict the simulated distribution of electric field for the array of Ag dots with a 532 nm
excitation. The incident wave propagates along the normal to the plane of the substrate, and the
direction of the electric field is parallel to the y axis in accordance with the direction of the incident
electric field. In Figure 8(a), it can be seen that a high intensity of electric field is generated in the
immediate proximity of the borders of the hemispheres.

Figure 8. Simulated electric field for an array of Ag nano-dots on FS for an excitation
wavelength of 532 nm: (a) plan view; (b) 3D view.

To simulate the array of Ag nano-hexagons, we considered the structures with 100 nm long
sides composed of smaller closely spaced islands and separated by approximately 20 nm wide gaps
matching the morphology of hexagons employed in our experiments (see Figures 2(b) and
Figure 9(a)). The thickness of the islands was 10 nm in accordance with that of the evaporated Ag
layer, see also Figure 9(b). Figures 9(a) and 9(b) show the predicted electric field for an array of such
hexagons. It can be seen that the most significant field enhancement occurs in tiny sub 10-nm gaps
between Ag islands of which the nano-hexagons are composed. At some of such “hot spots”, the
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electric field is significantly stronger than around the hemispherical dots in Figure 8.

Figure 9. Simulated electric field for nano-hexagons composed Ag islands, for an
excitation wavelength of 532 nm: (a) plan view; (b) 3D view.

In Figures 10 (a) and (b), the scattered electric field is shown as a function of coordinate y
across the brightest “hot spots” for the arrays of nano-dots and nano-hexagons, respectively. In
accordance with expectations, it can be seen that the electric field is enhanced preferentially in the
proximity of metallic nanostructures. For the array of half-spheres representing Ag nano-dots, a
consistent distribution of the field is formed around each dot, with stronger enhancement close to the
borders of the dot and a lower level of the field elsewhere (see Figures 8 and Figure 10(a)). For the
nano-hexagon structures composed from several smaller islands, a significantly stronger
electromagnetic enhancement is observed at several locations in the narrow sub-10 nm gaps between
the islands (Figures 9 and Figure 10(b)). However, because of irregular shapes in the islands, these
hot spots appear randomly positioned. The strongest hot spots are also relatively few in number. In
the wider 20 nm gaps between nano-hexagons, the field tends to be close in magnitude to that in
similar gaps between the nano-dots.
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Figure 10. Scattered electric field as a function of y-coordinate across hot spots of Ag
nanostructures exposed to 532 nm excitation: (a) for dots and (b) for hexagons. The red
lines in the insets show the regions where the curves were acquired. The z-coordinate
corresponds to 2 nm above the substrate surface.

Note that similar 10-nm gaps can also be found in Ag pads (Figure 3(c)), and they may produce
strong hot-spots as well. However, large GBP molecules cannot enter the narrow gaps deep enough
to bind to the underlying nickel surface. Without proper binding, any adsorbed GBP molecules are
removed during rinsing. The advantage of nano-hexagons is that some of the narrow gaps have exits
at the borders, allowing an enhancement in GBPs immobilized outside of the hexagons without their
inserting into the gaps.

Our experimental results and numerical predictions suggest that the observed SERS
enhancement of C—H vibration bands from ligand-free protein depends on the availability of open Ni
surface between the structures where the protein could bind, and also on the scattered electric field in
these inter-structure gaps. According to the geometry of our nanostructures, the array of nano-dots
offers a relatively larger inter-feature area where the Ni surface is available, and therefore the SERS
bands of ligand-free GBP from the nano-dots substrate are more pronounced. This hypothesis may
explain a more pronounced 2933 ¢cm™' C—H vibration band observed for the Ag nano-dots substrate
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(green line in Figure 5) than for the nano-hexagon substrate (red line in the figure) since the array of
nano-dots offers a relatively larger inter-feature area where Ni surface is available for the protein to
bind. The case of ligand-bound GBP is more complex. For the family of periplasmic binding proteins
to which the GBP belongs, the presence of the ligand in the binding pocket is known to result in a
significant change of the protein conformation [21,22]. We hypothesize that in our experiments,
immobilized glucose-bound GBP adopts a more compact and less flexible conformation, resulting in
increased Raman activity because of an overall better alignment between the plane of polarization of
the excitation light and the molecular vibrations. This could produce an increase of the SERS signal
from the immobilized GBP molecules. Furthermore, if the gyration radius of GBP decreases upon
ligand binding, then some of the ligand-bound protein molecules may be accommodated in narrower
inter-island gaps at the borders of nano-hexagons where the electric field is strongest, resulting in the
observed enhancement of the SERS signal particularly from the hexagons substrate. Although some
of the details require further work to better understand the exact mechanisms involved with the
particular analytes and the SERS substrates, overall our results clearly demonstrate the difference of
SERS signatures from ligand-free and ligand bound substrate-immobilized GBP, and therefore the
potential of SERS to probe protein-ligand molecular recognition.

5. Conclusions

We have investigated the influence of SERS substrate morphology on the detected signatures of
immobilized ligand-free GBP and ligand-bound GBP complex in solution. In the substrates, a thin Ni
layer was used to immobilize a histidine-tagged protein, on top of which plasmonic Ag
nanostrucutres were employed to generate SERS hot spots. For this purpose, arrays of Ag nano-dots
and nano-hexagons separated by approximately 25 nm gaps were fabricated using electron beam
lithography. Unstructured Ag pads on otherwise similar Ni-coated dielectric wafers were also
prepared for comparison. Ligand-free and ligand-bound histidine-tagged GBP were immobilized on
the substrates, and SERS spectra were acquired while the samples were kept in potassium phosphate
buffer solution.

The spectra obtained from nanostructured substrates with Ag nano-dots and nano-hexagons on
Ni-coated FS wafers exhibited bands characteristic of the GBP and the ligand (D-glucose), whereas
the spectra from Ag pads only showed a band from the buffer solution. We attribute this to selective
immobilization of histidine-tagged GBP on the Ni-coated surface in the gaps between Ag
nanostructures and to the absence of the analyte bound on the Ag surface.

For nanostructured substrates with Ag nano-dots and nano-hexagons, the SERS signatures of
ligand-free GBP and ligand-GBP complex exhibited important differences. The C—H band from
ligand-free GBP was more pronounced with the Ag nano-dots substrate, whereas both the GBP and
glucose C-H bands from the ligand-protein complex were more pronounced with the Ag nano-
hexagons substrate. We hypothesize that the differences may be attributed to a change in the GBP
conformation upon binding of D-glucose, resulting in an increase of Raman activity of the analyte
and a decrease of its gyration radius.

By employing numerical modeling, we have analyzed the distribution of scattered electric fields
for arrays of Ag nano-dots and nano-hexagons. In accordance with expectations, we found that the
strongest field enhancement occurs in immediate proximity to the Ag nanostructures. For Ag nano-
dots, the distribution of the field was more uniform throughout the array, whereas for nano-hexagons
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composed from smaller Ag islands, a significantly stronger electromagnetic enhancement was
observed at several random locations in narrow sub 10-nm gaps between the islands. We hypothesize
that, due to a change of conformation upon the ligand binding, some of glucose-bound GBP
molecules might be accommodated in narrow inter-island gaps at the borders of the nano-hexagons,
where their Raman signals were enhanced vigorously.

Overall, our results demonstrate a high potential value of SERS for the characterization of
substrate-immobilized proteins and protein-ligand complexes in submonolayer quantities. Binding of
D-glucose to the GBP was found to alter the SERS signature, promising future applications of SERS
as a powerful method for sensing of small molecules through their recognition by surface-
immobilized biopolymers. Both basic studies of molecular recognition, and applications such as
detection of small molecules in solution, may benefit of this sensitivity. However, the morphology of
plasmonic nanostructures emerges as a major factor determining the capabilities of SERS bio-
detection. In the case of relatively large histidine-tagged protein and the Ag/Ni/FS substrate designs
that we have explored, the availability and width of gaps between Ag features where the analyte
might be accommodated appears to play a key role. This in turn emphasizes the importance of
fabrication method employed to prepare SERS substrates. In the present work, positional control
achieved through EBL was instrumental to investigate SERS enhancement in the various substrates.

These results indicate that substrate optimization for bio-detection employing proteins as the
recognition elements should combine in one comprehensive design: regular and highly-reproducible
metallic nano-structure, as achieved in the nano-dots substrate; narrow inter-feature gaps as obtained
in the nano-hexagons and Ag pads; and a sufficient inter-feature space to accommodate the protein
molecules in their native conformations as reached in the nano-dots and nano-hexagons substrates.
Such all-around substrates will facilitate the detection of subtle changes in the conformation and
dynamics of biological analytes upon ligand binding.
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