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ABSTRACT: The development of sensing interfaces can significantly improve the performance of biological sensors. Graphene
oxide provides a remarkable immobilization platform for surface plasmon resonance (SPR) biosensors due to its excellent optical
and biochemical properties. Here, we describe a novel sensor chip for SPR biosensors based on graphene-oxide linking layers.
The biosensing assay model was based on a graphene oxide film containing streptavidin. The proposed sensor chip has three
times higher sensitivity than the carboxymethylated dextran surface of a commercial sensor chip. Moreover, the demonstrated
sensor chips are bioselective with more than 25 times reduced binding for nonspecific interaction and can be used multiple times.
We consider the results presented here of importance for any future applications of highly sensitive SPR biosensing.
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1. INTRODUCTION

Biosensing based on surface plasmon resonance (SPR) is
widely used today to investigate biochemical reactions in
scientific and pharmaceutical research, food research, and
medical diagnostics." In particular, SPR provides biosensing
without requiring fluorescent, radioactive, or other types of
labeling, which could interfere with the biosensing process,
sensitivity, and real-time monitoring of biomolecule binding.
Therefore, label-free SPR-based biosensing allows measurement
of the adsorption and desorption coefficients.”* However, SPR-
based biosensing has a lack of sensitivity for applications with
small molecules and low concentrations of analyte.” To
improve the biosensing performance, researchers have
proposed different optical structures for SPR sensor chips*™*
as well as different immobilization techniques.””"* Gold has
been the preferred metal for SPR biosensing because of its
favorable combination of optical properties and chemical
stability. However, other metals could be used, such as silver,
copper, aluminum, and their combinations.*"®'® In addition, an
increase in sensitivity and improvement in chemical properties
has been achieved by depositing thin dielectric films on the
metal surface” or by exploiting long-range surface plasmons.”
To functionalize the metal surfaces, two primary linking layers
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are used: self-assembled monolayers and polymeric struc-
tures.””"” Self-assembled monolayers are usually formed using
thiolated organic molecules that have a high affinity to gold. On
the other hand, three-dimensional polymeric structures help to
increase number of adsorption sites, among which dextran is
the most popular material in commercial SPR systems.’
However, in the last several years, much attention has been
devoted to the usage of new carbon materials such as graphene
and its oxidized counterpart, graphene oxide (GO), in the
linking layers of SPR sensor chips.'*~**

Graphene and graphene oxide are very promising materials
for biosensors due to their high surface area, low-cost
fabrication, and direct interaction with a wide range of
biomolecules.”> >’ Moreover, graphene and graphene oxide
can be processed in aqueous and organic solvents and prevent
silver and copper films from oxidation.'”” Graphene is
composed of carbon atoms arranged in a two-dimensional
(2D) honeycomb lattice with sp2-hybridization, which can be

used for biomolecule immobilization via pi-stacking.25
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Figure 1. Schematic representation of the SPR biosensor comprising the SPR sensor chip with the graphene-oxide-linking layer, which forms in
conjunction with the preimmobilized molecules that are highly selective to analyte.

Graphene oxide possesses both sp2- and sp3-hybridized carbon
atoms as well as different functional groups such as epoxy,
carboxyl, hydroxyl, and so on, which also enables covalent
immobilization of biomolecules.**~*’ Moreover, compared to
graphene, GO is dispersible in water and suitable for mass-
production.”® Furthermore, the GO chemical structure can be
modified using thermal, chemical, or solvothermal reduction
methods,”" which could also be valuable for optical biosensors
because the electronic and optical properties of GO can be
tuned.

Graphene and GO have been both theoretically and
experimentally investigated for applications in SPR biosensors
and proven to enhance their performance.’” According to the
theory, the sensitivity of SPR biosensing is proportional to the
thickness of the graphene film deposited on the surface of the
sensor chip.'* Graphene-based layers on gold surfaces serve as
linking layer for biomolecules and can increase the sensitivity of
biosensing by several times.'® Deposition of graphene and GO
layers on SPR sensor chips can be realized by several
techniques. Monolayer graphene grown by chemical vapor
deposition (CVD) can be transferred from the surface of the
nickel or copper foil using thermal release tape'® or spin-coated
PMMA transfer film.>* Other relatively simple, cost-effective
methods for forming carbon layers include electrodeposi-
tion'””*** and spin-coating™ of water-soluble flakes of GO.
Furthermore, some studies report the assembly of graphene
and GO on the gold surface and the layers of thiols or cysteine
molecules adsorbed on the gold surface.'”'®***>** In SPR
applications, biomolecules can be immobilized on the surface of
graphene or GO through the pi-stacking interaction'®'”*® or
through covalent conjugation between the carboxyl groups of
GO and amino groups of these molecules.'”'®*>** Selective
SPR biosensing of proteins and bacteria based on graphene has
been demonstrated.'”*’

In the present work, we propose patented highly sensitive
and selective sensor chips utilizing GO thin films as the linking
layers for biomolecule adsorption (Figure 1).** The GO was
deposited on the surface of the gold layer with an airbrushing
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technique, which provides highly homogeneous films with
controlled thickness over a wide range. Moreover, GO can be
airbrushed on SPR sensor chips without its chemical reduction,
which is an essential part of electrophoretic deposition.””** In
comparison to spin-coating method and deposition via self-
assembly of GO flakes, the advantages of airbrushing technique
are represented by thickness control and uniformity of obtained
films.”” The optical and morphological properties of the
airbrushed GO films were investigated by spectroscopic
ellipsometry™ and atomic force microscopy (AFM).*' The
obtained properties were subsequently used for the analytical
analysis of SPR in such multilayered structures and comparison
of sensor chips based on graphene and GO. As a model
experiment, we developed a highly sensitive and selective
biosensing assay based on streptavidin (SA) molecules, which
allows selective immobilization of biomolecules having biotin
residue. The performance of the obtained sensor chips was
evaluated in the analysis of DNA—DNA interactions, which
could be valuable in various applications (e.g., with
genotyping’” and aptamers™). The proposed scheme shows
higher sensitivity and a reduced signal-to-noise ratio due to its
higher binding capacity in comparison to graphene-based and
commercial sensor chips coated with carboxymethylated
dextran. In addition, the developed sensor chips can be used
multiple times following a simple regeneration procedure.

2. MATERIALS AND METHODS

2.1. Materials. An aqueous solution of GO with a concentration of
500 pg/mL was purchased from Graphene Laboratories, Inc. (NY,
USA)** and was synthesized by Hummers method.* The GO solution
contains at least 80% of one-atomic-layer flakes with a size of 0.3—0.7
um, and the composition is 79% carbon and 20% oxygen. The GO
films were airbrushed from the solution on two types of substrates: (1)
a glass plate for ellipsometry measurements, and (2) gold sensor chips
purchased from BiOptix, Inc. (Boulder, USA). Before deposition, the
surfaces were cleaned for 10 min in the 3:1 Piranha solution of
hydrogen peroxide and sulfuric acid. After cleaning, the surfaces were
rinsed in water and dried under a stream of nitrogen. The substrate for
film deposition was placed on a hot plate at 130 °C. Then, GO was
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Figure 2. Schematic illustration of the procedure for detection of the interaction between the two complementary single-stranded oligonucleotide

sequences.

sprayed on the substrate using the airbrushing technique with nitrogen
as carrier gas at 2 bar.*

Monolayer graphene CVD grown on a copper foil of 20-um
thickness was purchased from Graphene Laboratories, Inc. (NY, USA).
The graphene film was transferred on the surface of gold sensor chips
using poly(methyl methacrylate) (PMMA) as an intermediate
membrane.*”** PMMA was spin-coated by spin-coater Laurell
Model WS-650Mz-23NPP at 2000 rpm for 1 min. After that PMMA
was baked at 150 °C for 2 min. The 4% solution of 950 PMMA A4 in
anisole was purchased from MicroChem Corp., USA. The Cu
substrate under the graphene film was etched away in the 0.1 M
ammonium persulfate solution in water during 6 h. The PMMA/
graphene stack was washed in deionized water and placed onto the
gold sensor chip. The obtained sensor chip was dried at 90 °C for 10
min. The PMMA film was then dissolved in acetone.

The oligonucleotides used in this study were synthesized by
Integrated DNA Technologies (Corallville, USA) and included the
biotinylated S6bp single-stranded DNA sequence (D;) (5'-/SBiosg/
TCT CTC TGA GTG GCC AAA ATT TCA TCT CTG AAT TCA
GGG ATG ATG ATA ACA AAT GC-3') and the SObp single-
stranded DNA sequence (D,) (5'-GCA TTT GTT ATC ATC ATC
CCT GAA TTC AGA GAT GAA ATT TTG GCC ACT CA-3').
Streptavidin was purchased from Thermo Scientific Pierce (Rockford,
USA). All other chemicals were purchased from Sigma-Aldrich
(Carlsbad, CA). The running buffer for SPR experiments was 0.1-M
phosphate-buffered saline (PBS) with a pH of 7.4. The solution of
streptavidin had a concentration of 100 yg/mL streptavidin in 50 mM
of sodium acetate buffer with a pH of 4.5. For SPR instrument
calibration, a 0.5% NaCl solution in running buffer was used. In the
experiments, a 100 nM oligos solution in running buffer was used. The
surfaces of the sensor chip were regenerated using 20 mM NaOH
aqueous solutions. All solutions were prepared in ultrapure water with
18.3 MOhm cm.

2.2. Ellipsometry and Analytical Analysis. Both AFM imaging
and spectroscopic ellipsometry were used to investigate the optical
properties of GO films. The GO film was deposited on the surface of
the glass slide by airbrushing. The surface coverage of GO flakes on
the substrate was analyzed by scanning electron microscopy (SEM)
(JEOL JSM-7001F). The refractive index (RI) of a slide is ny,, =
1.458 + 5.09 X 1073/)% The thickness of the GO film was obtained
using AFM Ntegra Aura produced by NT-MDT (Moscow, Russia).
The ellipsometry measurements were performed with the spectro-
scopic ellipsometer SE 800 (Sentech, Berlin, Germany). Xenon lamp
illumination was used for measurements conducted in the wavelength
range of 380—800 nm, and the angle of incidence of the light beam
was 55° The ellipsometric parameters ¥ and A obtained by
measurements are defined as r,/r, = tan (P)e, where 7, and r; are
the reflection coefficients for the light with p and s polarizations,
respectively. The complex refractive index of GO is modeled by the
empirical Cauchy’s equation, which accurately describes the optical
properties of a material in the region of normal dispersion and
presents the dependence of the real ng and imaginary kgq parts of the
refractive index on the wavelength A in units of nanometers

fgo = ng + (1 X 10)n,/4> + (1 x 107)n,/24*

kgo = ko + (1 x 109)k,/2% + (1 x 10)k,/A* (1)

where the constants ny, n,, n, ko, k;, and k, are reconstructed by
numerical fitting from the experimental spectra. Fitting of the
ellipsometric data was performed in SpectraRay 2 (Sentech, Berlin,
Germany).

The obtained refractive index can be used to analyze the SPR
reflectivity by the matrix method, describing the light reflection from
the multilayered structure comprising GO.”® The amplitude of the
tangential fields (electric and magnetic fields in the cases of s- and p-
polarizations of the incoming radiation, respectively) of transmitted A;
in the i-layer and reflected B; from the i-layer radiation are connected
with the same amplitudes in the (i—1)-layer by the following
expression

A; 1 eik’zd" 0 1 i— ) Ay Ay
= — ] = Mi
B; i\l o e RANni— 1 B_, B_,

)

where kf is the projection of wavevector in the i-layer on the normal
direction, d; is the thickness of the i-layer, and r;;_; and f;;_; are the
reflection and transmission coefficients for the considered field from
(i—1)-layer to i-layer, respectively. For light transmitted from media
with dielectric permittivity £, to media with dielectric permittivity &,,
the reflection and transmission coefficients are equal to

rzkfz—kf _ 2ky
Pokit kP k4K (3)

for the p-polarization and

z z z
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for the s-polarization, respectively. The analytical analysis of SPR in
multilayered structures composing graphene and GO films was
performed in MATLAB, Mathwork Inc., USA.

2.3. SPR Measurements. All SPR measurements were performed
with an Accolade 404SA biosensor produced by the company BiOptix
(Boulder, USA). This sensor exploits the Kretschmann configuration
with surface plasmons excited by a laser diode at a wavelength of 635
nm. The sample solution is placed in contact with the sensing surface
inside the flow cell, which operates at a constant temperature with a
controlled flow rate. All experiments were conducted at 20 °C, and the
flow rate for all solutions was 60 xL/min. For measurements, we used
two types of sensor chips produced by BiOptix: pure gold sensor chips
and chips with a carboxymethylated dextran (CMD) layer. The pure
gold sensor chip comprises a plate of borosilicate glass covered with a
titan adhesion layer and a thin gold layer. The CMD sensor chips are
based on the carboxymethylated dextran layer with a thickness of 100
nm linked to the surface of a bare gold chip.
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To investigate the biochemical reactions, we coated the surfaces of
CMD, graphene, and GO sensor chips with streptavidin (SA) protein
for the subsequent immobilization of biotinylated samples. The
protein solution with a concentration of 100 ug/mL was directly
injected into the flow cell of the SPR instrument. For preparation of
the GO sensor chips, we airbrushed 300 yL of GO solution with a
concentration of 500 ug/mL. Streptavidin adsorption on the surfaces
of the graphene and GO sensor chips was realized by a series of four
30 min injections of SA solution, and each injection was followed by
30 min of washing in the running buffer to remove weakly adsorbed
molecules. This procedure allows the occupation of more adsorption
sites on the GO surface. Streptavidin was adsorbed on the surface of
the CMD sensor chip by amino-coupling. As a first step in amino-
coupling reaction, we activated the carboxyl groups of CMD sensor
chip with a mixture of 0.4-M 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide hydrochloride (EDC) and 0.1-M N-Hydroxysuccinimide
(NHS) solutions in the 4-morpholineethanesulfonic acid (MES) buffer
with a pH of 6.0 for 5 min. The EDC and NHS were mixed
immediately before their injection in the flow cell of the SPR
instrument. Then, streptavidin solution was injected at 5 min. Finally,
the sensor chip surface was deactivated with 1 M ethanolamine
solution at S min.

To evaluate the performance of the GO-SA sensor chips, we
conducted a model experiment of the interaction of the comple-
mentary sequences of oligonucleotides D, and D,, where D, is
biotinylated (Figure 2). D1 was adsorbed on the surface of the sensor
chip via interaction of its biotin residue with the streptavidin molecules
immobilized on the surface of GO. The oligonucleotide solutions were
diluted in a PBS running buffer with a concentration of 100 nM.
Regeneration of the GO sensor chips was performed with a 20 nM
solution of NaOH, which completely breaks the hydrogen bonds that
hold complementary oligonucleotides together.

3. RESULTS AND DISCUSSION

3.1. Optical and Morphological Properties of GO
Films. For ellipsometry measurements, 0.78 mL of 500 yg/mL
GO solution was airbrushed on the surface of the glass slide.
AFM analysis of this film gives the following values: thickness
of 23 nm and a root-mean-squared roughness of 4.7 nm. Figure
3 shows the SEM image of the GO sensor chip and the AFM
image of the scratch made on the GO film deposited on the
glass substrate.

Figure 4a shows the spectroscopic ellipsometric data (¥ and
A) of the obtained GO film and the results of their fitting based
on the refractive index for the substrate materials nglass(ﬁ) =
1.458 + 5090/A(nm)* and Cauchy’s eq 1 for graphene oxide.
We obtained ny = 1.751, n, = 314.7, n, = —107.6, k, = 0.319, k,
= —845.3, and k, = 1213.2. Figure 4b presents the refractive
index of GO sputtered by airbrushing and the refractive index
of graphene, which is equal to ng, = 3 + i(1.824).°" At the 635
nm wavelength of the SPR instrument light source, the
imaginary part of the refractive index of graphene is six times
smaller than that for GO, which gives the lower level of the
surface plasmon adsorption and can be used to improve the
biosensing sensitivity. Moreover, the optical and electronic
properties of GO depend on its oxygen content and can be
tuned by reduction for specific applications.””>”

3.2. SPR in the GO Systems. To estimate the influence of
the GO and graphene layers, we performed numerical modeling
of SPR in multilayer structures consisting of the following three
layers: borosilicate glass with refractive index n, = 1.723, gold
film with thickness of d, = 50 nm and refractive index n, =
0.18016 + 3.4531;,”* and GO, graphene, or an aqueous solution
comprising the third layer. An aqueous solution with refractive
index n3 = 1.33 is above the structure. The wavelength of the
excitation light source is 635 nm.

Height (nm)

Distance (um)

Figure 3. (a) SEM image of the GO sensor chip and (b) the AFM
image of the scratch on the GO film deposited on the surface of the
glass substrate. The GO film was deposited on the surface of the
substrates from the aqueous solution with 500 pg/mL concentration
of GO flakes. The volume of the deposited solutions was 0.78 mL. (b)
Height profile of the scratched GO film.

The performance of the SPR biosensor is determined by the
sensitivity, which is defined as the ratio of the change in the
output signal to the changes in the measurement quantity.” For
the most popular SPR biosensor based on Kretschmann’s
scheme® in which the output signal is SPR angle P and the
measuring quantity is the analyte concentration C, the
sensitivity is given by

AP AP An _
AC  AnAC M (s)

where An is the corresponding refractive index change, which is
taken as 0.005 for modeling. Therefore, the sensitivity is
decomposed in two parts: sensitivity to refractive index changes
Srr and efliciency E. The efficiency depends on the properties
of the sensing surface and the type of analyte molecule and is
proportional to the number of binding cites on the sensing
surface E o Np.

Figure Sa shows the shift of SPR curves with the change of
the refractive index of the sensing medium from 1.33 (dashed)
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Figure 4. (a) Ellipsometric parameters ¥ and A (dotted lines) of the
thin GO film deposited on a glass substrate, and the numerical fitting
these parameter using the Cauchy’s eq 1 for the modeling of the
refractive index of the GO film (solid lines). (b) Real (solid lines) and
imaginary (dashed lines) parts of the refractive indexes of graphene
and GO.

to 1.335 (solid) obtained for the bare gold sensor chip (blue)
and the gold sensor chips covered by monolayer graphene
(green) with the thickness of 0.34 nm and GO (red) with the
thickness of 1 nm. According to the eq 5, the difference
between SPR angles induced by this shift is proportional to the
sensitivity to refractive index changes Sg;. Figure Sb shows the
dependencies of Sg; for gold sensor chips covered by graphene
and GO on the thicknesses of these layers, where the dashed
line corresponds to the sensitivity to refractive index changes
Sk = 76.6 deg/RIU of the bare gold chip. Graphene-based
sensor chips show an increase in sensitivity to RI changes for
layers up to 11 nm in thickness with a maximum of 101 deg/
RIU at 7 nm, which is 32% higher than that of the bare gold
chip. Further increase of the graphene layer thickness leads to
the rapid decrease of Sy, lowering to 12 deg/RIU at 30 nm.
The influence of GO thin films deposited on the surface of a
sensor chip is weaker with a peak sensitivity to RI changes of 92
deg/RIU (Sg;/Sh; = 120%) at 14 nm GO film thickness, which
decreases to 42.4 deg/RIU at 30 nm.

The thickness of the graphene films composing the SPR
sensor chips is strongly limited by optical absorption, which
leads to the reduction of sensitivity for films with thicknesses
higher than 10 nm. However, the surface plasmon penetration
depth into the solution at the excitation wavelength of 635 nm
is about 490 nm,*® which defines a region near the sensor chip
surface where biomolecule binding could be detected. The
usage of GO as a linking layer for biomolecules allows the usage
of thicker films with a larger number of binding sites due to the
low optical adsorption of graphene oxide. An additional
increase of sensitivity to the refractive changes Sg; could be
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Figure S. (a) SPR curves of the bare gold sensor chip (blue) and the
gold sensor chips covered by monolayer graphene (green) and GO
(red) for the two sensing medium with the refractive indices of 1.33
(dashed) and 1.335 (solid). (b) The sensitivity to the refractive index
changes of the SPR biosensor chips based on GO and graphene. The
dashed line shows the sensitivity of the bare gold SPR sensor chip to
RI changes.

reached by proper oxidation of GO, which changes its optical
properties, and by carbon-porous-structure-based linking
layers,”” which decrease surface plasmon attenuation and
could be permeable to biomolecules. Furthermore, the
possibility of using thicker linking layers (with thickness up
to hundreds of nanometers) could help dramatically increase
sensor efficiency E due to the increased surface area.

3.3. GO Sensor Chip Based on Biotin—Streptavidin
Complex. We used SPR sensor chips based on two different
types of linking layers to create biosensing assays based on
streptavidin molecules. We considered a commercial sensor
chip comprising a 100 nm thick layer of CMD, a pure gold chip
covered by monolayer graphene, and a pure gold chip covered
by the airbrushed layer of graphene oxide with a thickness of
~8.8 nm, which gives a 15% increase in sensitivity to refractive
index changes Sg;. Streptavidin was immobilized on the surface
of the CMD chip by amino-coupling procedure (Figure 6a),
during which SA bonded covalently to the 3D polymer
hydrogel. The SPR signal corresponding to the adsorption of
streptavidin on the CMD sensor chip was 1270 RU. The
adsorption of streptavidin on monolayer graphene and GO was
performed directly in the flow cell of the SPR instrument
without any additional chemistry. During four consecutive
adsorptions (Figure 6b), the SPR signals were 500 RU, 220 RU,
120 RU, and 140 RU respectively. The SPR signal
corresponding to the total amount of SA adsorbed on the
graphene surface is 980 RU. In the case of SA adsorption on the
surface of GO, the SPR signal were 1600 RU, 840 RU, 400 RU,
and 350 RU resulting in the total SPR signal of 3190 RU. The
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Figure 6. SA adsorption from the 100 yg/mL solution (a) on the sensor chip based on CMD using the amino-coupling procedure and (b) on the
sensor chip covered by monolayer graphene (green) and airbrushed GO film (red) through pi-stacking interaction. (c) Adsorption of the
oligonucleotide sequences D; and D, on the SA-GO sensor chip, where D is biotinylated and D, is nonbiotinylated and complementary to D,. (d)
The regeneration of the SA-GO sensor chip using a 20-mM solution of NaOH, which breaks the hydrogen bonds between the complementary DNA
strands D, and D,. Therefore, after NaOH injection, D, is eluted, leaving D, attached to streptavidin.

relative decrease in the amount of the adsorbed proteins on the
surfaces of graphene and GO shows gradual depletion of the
adsorption sites on the GO surface. The SPR signal
corresponding to the SA adsorbed on the GO surface is 250
and 325% of the SA adsorbed on the CMD and graphene
sensor chips, respectively. Higher amount of adsorbed
streptavidin provides more adsorption sites for the analyte
molecules, increasing efficiency E of the recognition surface by
approximately 2.5 times and 3.25 times comparing to the
surfaces of CMD and graphene sensor chips, respectively.
According to eq S, we determine that the GO sensor chips were
2.9 times more sensitive than the CMD chips and 3.7 times
more sensitive than the graphene chips.

The GO linking layer, which is deposited on the top of the
gold film, is much thinner compared to the CMD layer, which
is good for applications with viruses, cells, and big proteins.
Moreover, for applications with small molecules, there is a
possibility for further improvement of the sensitivity with the
creation of 3D structures based on GO. In addition, the
sensogram in Figure 6b indicates a large amount of SA
desorption during PBS washing during each adsorption step,
which arises because of the relatively weak bond between the
aromatic rings of biomolecules and graphene flakes. To
improve biomolecule immobilization, streptavidin and other
biological samples that are interesting for SPR applications can
be covalently adsorbed on the surface of GO using its
functional groups.*®

The obtained sensor chips based on airbrushed GO films are
biospecific and interact only with biomolecules having biotin
residue. Figure 6¢ shows consecutive adsorptions of oligonu-
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cleotide sequences D,, D}, and D,. Only D, is biotinylated, and
D, is complementary to D,. The first adsorption of D, is
negligible with an SPR signal less than S RU, whereas the SPR
signals for the D, adsorption and the second D, adsorption due
to complementary strand interactions are 560 RU and 140 RU,
respectively. Therefore, we determine that the nonspecific
DNA adsorption is less than 4% compared to the specific
interaction, which demonstrates that SPR sensor ships based on
GO-streptavidin biolayers are biospecific.

Moreover, GO sensor chips for the analysis of DNA
interaction could be used multiple times using a simple
procedure of regeneration using a 20-mM solution of NaOH,
which forms a high pH environment in the flow cell and breaks
hydrogen bonds between complementary DNA strands. After
NaOH injection, D, is eluted, leaving D, attached to
streptavidin. Figure 6d presents the kinetic curve of three
consecutive adsorptions of D, followed by the regeneration
procedure. The amount of D, adsorbed in the subsequent tests
is 240 RU, 195 RU;, and 175 RU, respectively, with repeatability
of the adsorptions in the range of 10—25%.

4. CONCLUSION

We have proposed highly sensitive and selective SPR sensor
chips with linking layers based on airbrushed GO films. For
airbrush deposition, we used GO flakes processed in an
aqueous solution, which are inexpensive and suitable for mass
production. The obtained GO films are highly homogeneous
with roughness of several nanometers with a thickness defined
by the amount of used GO solution. The optical properties of
the obtained GO films were investigated by means of
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spectroscopic ellipsometry, showing much lower optical
adsorption in the visible range than that of graphene. According
to numerical simulations, the GO linking layers could have
twice the thickness than those from graphene without loss of
sensitivity. By optimizing the thickness of the GO film
deposited on the surface of the gold film, we can reach a
20% increase in the sensitivity of the SPR biosensor to changes
in the refractive index. Linking layers based on GO can be used
for the development of different biosensing assays due to the
possible GO interactions with different types of biomolecules
via pi-stacking. As a model experiment, we realized a biosensing
assay based on a biolayer comprising streptavidin, which can be
used to investigate biomolecules with biotin residue. The
amount of the deposited streptavidin is 2.5 times higher in the
case of GO linking layers, than that for commercial sensor chips
based on the three-dimensional carboxymethylated dextran
with a 2.9 times higher biosensing sensitivity. Furthermore, the
GO surface provides 3.25 times higher number of binding sites
than the surface of monolayer graphene deposited on a gold
chip using PMMA as an intermediate membrane. The
biosensing sensitivity is 3.7 times higher for the GO chip
than for the graphene chip. Nonspecific binding on the GO-
streptavidin chip is less than 4% of the specific binding for used
oligonucleotides. In addition, the obtained sensor chip can be
used multiple times with 10—25% accuracy of repeatability.
With further development, the proposed sensor chips could use
porous-graphene-oxide films as linking layers that will
potentially lead to greater adsorption efficiency and sensitivity.
The results obtained demonstrate unique possibilities opening
with the usage of GO chips for optical biosensing applications
(e.g, including the possibility of using GO chips as a possible
substitute for commercially available SPR sensor chips), even
though the proposed GO sensor chip platform should still be
carefully validated in a number of applications besides analysis
of nucleic acid (e.g, investigations of biochemical reactions
with different interaction partners, such as antigens, antibodies,
receptors, drugs, viruses, cells, and otherslz).
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