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ABSTRACT: A highly efficient surface plasmon reso-
nance (SPR) immunosensor is described using a function-
alized single graphene layer on a thin gold film. The aim of
this approach was two-fold: first, to amplify the SPR signal
by growing graphene through chemical vapor deposition
and, second, to control the immobilization of biotinylated
cholera toxin antigen on copper coordinated nitrilotriacetic
acid (NTA) using graphene as an ultrathin layer. The NTA
groups were attached to graphene via pyrene derivatives
implying 7z—r interactions. With this setup, an immuno-
sensor for the specific antibody anticholera toxin with a
detection limit of 4 pg mL™' was obtained. In parallel,
NTA polypyrrole films of different thicknesses were
electrogenerated on the gold sensing platform where the
optimal electropolymerization conditions were deter-
mined. For this optimized polypyrrole-NTA setup, the
simple presence of a graphene layer between the gold and
polymer film led to a significant increase of the SPR signal.

urface plasmon resonance (SPR) is an established technique
for the study of biomolecular interactions and the trans-
duction of biological recognition events in real time without
requiring supplemental labeling steps." The principle of this
technique is based on light stimulated oscillation of electrons in
the conduction band of usually gold films, called resonant surface
plasmons. This phenomenon is strongly dependent on the
dielectric constant of its environment™ and represents a great
advantage for biosensing applications since a biological
receptor—analyte interaction results in a change of the oscillation
frequency which can be recorded by measuring the angle change,
intensity, refractive index, or phase of the reflected light."?
Extensive efforts were invested to improve the sensitivity of
SPR signals using, e.g., gold nanoparticles,4 quantum dots,” or
Au/Ag alloy nanocomposites.” In terms of targeted immobiliza-
tion of bioreceptor units on gold surfaces for SPR biosensing,
self-assembled (SAM) molecular monolayers’ or electrogen-
erated functional polymers® are often used. As known, the SPR
sensitivity strongly depends on the thickness and dielectric
constant of such functional layers on the surface. Therefore, due
to a one atom thick sheet of carbon atoms in a hexagonal lattice
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and the recent development of its large-scale synthesis and
transfer techniques as well as its functionalization, graphene
should be an excellent candidate for SPR signal enhancement™°
and label-free monitoring of chemical or biomolecular
interactions.'”'* In addition to its high carrier mobility and
zero-band gap characteristics, graphene also exhibits unique and
desirable optical properties, such as broadband and tunable
absorptions."”'* It has been shown that light transmittance
through monolayer graphene is 97.7%," e.g., a one-atom-thick
graphene layer will absorb only 2.3% of incident light.

Theoretical models have predicted that the incorporation of a
single layer of graphene can amplify significantly the optical
sensitivity of SPR sensors."® The beneficial optlcal properties of
graphene monolayers in the visible light range'” lead to a change
of the propagation constant of surface plasmon polariton (SPP),
thus amplifying the change of the refractive index.'®

Furthermore, biomolecules containing hydrophobic domains
or 7m-systems like DNA strands or proteins tend to adsorb
spontaneously on graphene.'”” Graphene can also easily be
functionalized®® and thus be modified for targeted immobiliza-
tion of bioreceptor units.

Most of the reported graphene-based SPR blosensors utilize
graphene oxide,”" reduced grazphene oxide,” or graphene
decorated metal nanoparticles™** as a sensing platform.
However, the main limitation of this approach is the lack of
homogeneous and defect-free monolayers on the SPR sensing
platform, hindering the exploitation of the benefits of graphene.

Chemical vapor deposition (CVD) growth that can provide
large scale monolayers of graphene with low defect densities is an
attractive alternatlve method to the previously reported SPR
substrates.” However, so far graphene monolayers for SPR
biosensing have been mainly 1nvest1gated numerically*® and/or
by using DNA*’ or protein adsorption®® on the SPR chip surface.

This study reports on the beneficial optical properties of a
single graphene sheet obtained by CVD for SPR biosensing
applications. Graphene was modified for the controlled
immobilization of the receptor unit, antigen cholera toxin either
with a functional polypyrrole film or via noncovalent
functionalization using pyrene derivatives” where the pyrene
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layer was reinforced by electropolymerization.>**" Both, the
polypyrrole and the pyrene groups contain the anchoring
nitrilotriacetic acid (NTA) group for the immobilization of the
specific biotin tagged receptor, cholera toxin as illustrated in
Figure 1.
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Figure 1. Schematic presentation of the functionalization of the
graphene layer via (A) electropolymerization of a polypyrrole-NTA and
(B) 7 stacking of pyrene-NTA followed by electropolymerization for the
reinforcement of the layer. (C) Reaction scheme of the conditioning of
the NTA group for the immobilization of b-CT.

The synthesis of graphene and its transfer to gold is described
in the Supporting Information (SI). Great care was taken to
supply homogeneous graphene with little defect density and

: 32,33
polymer residues, to supply a clean surface for further
functionalization. Raman imaging is a very powerful tool to
evaluate carbon surfaces.** In Figure 2 averaged Raman spectra
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Figure 2. Average Raman spectra of pristine single layer graphene on (a)
S$iO, and (b) gold substrates.

of single-layer graphene, composed of 10,000 spectra taken over
an area of 40 X 40 ym are shown. On SiO, substrate, D-, G-, and
2D peaks appear at 1350, 1583, and 2680 cm ™', respectively
using 532 nm excitation wavelength. The gold substrate
spectrum is noisier and has a sloped background due to emission
from the metal substrate (Figure 2b)***° The intensity of the
graphene peaks is enhanced on SiO, due to interference on the
dielectric substrate,”” which allows a detailed assessment of the
graphene quality by Raman imaging shown in Figure S1. While

2801

the D band in combination with the D/G band ratio gives insight
into the quality of graphene in terms of defects in the graphene’s
m-system, the 2D band is representative for the number of
graphene layers.*® The Raman spectra in Figure 2 clearly indicate
the presence of high-quality monolayer graphene due to the
almost negligible presence of a D band and the sharp and
symmetric 2D band as well as the high 2D/G peak ratio.”**’
Further Raman analysis, optical images and XPS spectra showing
the continuity and high quality of the graphene are provided in
Figures S1 and S3.

Effective immobilization of biomolecules on the sensor surface
is one of the most challenging steps in the development of high-
performance biosensors.*' To secure this requirement, the NTA-
Cu®*/biotin system was used.*” Furthermore, noncovalent
functionalization using z-stacking interactions or electropolyme-
rization was also an important consideration in order to preserve
the properties of graphene.

A detailed procedure of the functionalization of the gold
surface via electropolymerization of pyrrole-NTA as well as the
electrochemical coating and noncovalent attachment of pyrene-
NTA can be found in the SI. Three polymer films of different
thicknesses were electrogenerated giving coatings of 5.66, 16.9,
and 28.3 nmol-cm ™ for the electropolymerization conditions at
1, 3, and S mC-cm™?, respectively. The resulting polypyrrole-
NTA films thicknesses were estimated using a confocal laser
microscope and gave around 100 nm for 1 mC-cm ™2, 270 nm for
3 mC-cm™2, and 450 nm for 5 mC-cm ™2 These films were used
for the successive attachment of the bioreceptor unit
(biotinylated cholera toxin, b-CT) via subsequent coordination
of copper(II) ions at the NTA chelate and b-CT.

The immunoreaction between the immobilized b-CT and the
analyte, anticholera toxin from rabbit (anti-CT), was monitored
in the angle shift mode in real time. The angle shift is correlated
with the changing thickness and optical properties of the sensing
layer. The response also depends on the refractive index of the
bulk solution. There is a linear relationship between the amount
of bound material (analyte) and the SPR angle shift.* These
angle shifts are in the order of millidegrees (mdeg) and are used
as a response unit to quantify the binding of the analyte to the
sensor surface. Control experiments were performed without
immobilization of the receptor antigen cholera toxin (Table S1),
and all experiments were conducted three times to examine the
reliability of the assays.

After demonstrating that the thinnest polymer film gives the
highest SPR angle change (Figure S2), the conditions for the
electropolymerization of such films of 100 nm thickness were
applied to graphene-modified gold disks. Figure 3 shows the SPR
angle change of polypyrrole-NTA/Cu**/b-CT on pure gold
films and polypyrrole-NTA/Cu*'/b-CT graphene-gold films for
35 and 4 ng'mL' injection of anti-CT. The polypyrrole-NTA/
Cu®*/b-CT modified graphene-gold slides showed an angle
change of 324 mdeg for 35 ng-mL " and 70 mdeg for 4 ng-mL ™"
anti-CT, respectively, which is significantly higher than for the
same configuration without the graphene monolayer (183 and 31
mdeg, respectively).

For these concentrations of analyte, the simple presence of a
graphene monolayer led to an almost 2-fold increase of the angle
shift. Such signal amplification was also observed for the
reflectivity mode as summarized in Table S1. A 9% increase in
reflectivity was recorded with graphene-based SPR immnosen-
sor. For pure gold surfaces, the reflectivity change was 7%. A
control experiment was performed with gold polypyrrole-NTA/
Cu®" and graphene-gold polypyrrole-NTA/Cu®" in absence of
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Figure 3. SPR angle shift after anti-CT injection using pure gold (red)
and graphene-gold (black) surfaces functionalized with polypyrrole-
NTA/Cu?*/b-CT at two different anti-CT concentrations (a, b: 4 ng:
mL™"and ¢, d: 35 ng:mL™"). The polymer film was formed under
controlled potential electrolysis (0.95 V, 1 mC-cm™).

the antigen receptor. For both surface types, a reflectivity change
of around 2% with 35 ng-mL™" of antibody was recorded for the
nonspecific binding of the antibody.

One potent method, preserving the unique properties of
graphene is noncovalent functionalization with molecules
containing an extended z-system, such as pyrene and its
derivatives. In order to keep the sensing layer as thin as possible,
pyrene-NTA was z-stacked onto graphene giving an ultrathin
layer. The successful formation of such a layer was confirmed by
XPS measurements, revealing C 1s contributions nearly
exclusively from graphene and pyrene-NTA and an estimated
thickness of 1.4 nm of the graphene/pyrene-NTA stack, as
discussed in the SI. This layer was further stabilized by
electropolymerization of the pyrene groups under controlled
potential electrolysis via radical coupling at the 3-6 or 3-8
position.>**" After identical preparation of the immunosensor as
for the polypyrrole-NTA setup, the SPR response was measured
in angle change and reflectivity mode. An injection of anti-CT at
a concentration of 35 ng'mL™" led to an angle change of 418
mdeg. Compared with the best performing polypyrrole-NTA
graphene-gold setup (324 mdeg), the reduced sensing layer
thickness improved the SPR immunosensor response by ~80%.
This angle shift increase is even more significant when compared
with the polypyrrole-NTA setup without graphene (183 mdeg).
Here, the angle change increased 150% (Figure 4). These clear
improvements can be attributed not only to the SPR signal
amplifying properties of graphene but also to the possibility to
functionalize graphene with SAM techniques using pyrene
derivatives.

Concerning the measurements in reflectivity mode, a 12%
increase in reflectivity was recorded with pyrene functionalized
graphene-gold SPR immunoensor (Table S1).

The increase is again in the 2-fold range compared to the most
optimized polypyrrole setup without graphene. To determine
the limit of detection (LOD), the SPR response was recorded for
further dilutions of anti-CT in the angle change mode after 50 s.
As shown in Figure S, a linear range could be determined
between 0.004 and 4 ng-mL™" (R* = 0.9999) with a LOD of 4 pg-
mL™" at a relative standard deviation of 9.2% of three identical
experiments. Such performances are orders of magnitude higher
than comparable electrochemical setups like amperometry,**
label-free electrochemical impedance spectroscopy,* or photo-
electrochemical transduction.*®
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Figure 4. SPR angle change after 35 ng-mL™" of anti-CT injection using
polypyrrole-NTA/Cu**/b-CT on (a) pure gold and (b) graphene-gold.
(c) Pyrene-NTA/Cu**/b-CT graphene-gold surface where the pyrene
groups were electropolymerized after formation of an ultrathin layer via
m-stacking interactions.
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Figure S. Linear range of the graphene-based SPR immunosensor
toward anti-CT.

Finally, particular care was taken in characterizing nonspecific
binding of anti-CT on the functionalized graphene surface.
Control experiments were performed under identical conditions
by omitting the b-CT immobilization step. In the absence of the
antigen receptor unit, a ~2% change in reflectivity and was
recorded after injection of 35 ng-mL ™" of antibody. This is a non-
negligible value for nonspecific binding of the analyte but
represents only 20% of the SPR signal intensity. Other control
experiments without receptor unit immobilization using
polypyrrole-NTA surfaces or untreated graphene-gold were in
the same range. Table S1 represents the data of all SPR responses
recorded in angle shift, refractive index, and reflectivity mode as
well as captured target biomolecules, including control experi-
ments.

In conclusion, the exceptional optical properties of monolayer
graphene were exploited to amplify the SPR signals for cholera
immunosensing as a disease model. NTA functional groups were
attached to CVD grown graphene via electropolymerization of a
polypyrrole film or via 7-stacking of pyrene derivatives, where
this layer was further stabilized by electropolymerization. The
NTA anchor group served for the controlled immobilization of
the biotinylated bioreceptor cholera toxin. The simple presence
of a single graphene sheet increased the SPR sensor perform-
ances by 80% compared to the graphene-devoid setup.
Furthermore, the best SPR immunosensor was obtained using
m-stacking interactions of pyrene-NTA which led to an ultrathin
functional layer after electropolymerization.
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The clear advantages of the presence of a monolayer graphene
and the possibility of ultrathin functional coatings are most likely
extensible to other targets for label free SPR immuno- or DNA
sensing.
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