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With spectacular progress of surface plasmon resonance and
localized plasmon resonance-based sensing modalities for
last years, plasmonic biosensing has become the core label-
free technology for studies of biomolecular interactions.[?
Despite a series of advantages offered by direct, label-free detec-
tion, plasmonic technology still needs a drastic improvement
of sensitivity to match requirements of many critical areas of
biomedical research, including early disease diagnostics and
pharmacology.>-! Here, we describe novel hybrid graphene/
gold metasurface architectures for plasmon excitation, which
can provide a significant gain in sensitivity and give access to
the detection of trace amounts of target analytes. Benefiting
from extreme singularities in phase of reflected light as a result
of plasmon field enhancement on the graphene sheet and a
strong plasmon-mediated energy confinement, the metasurface
demonstrates much improved sensitivity to refractive index
variations nearby and to the attachment of signal-enhancing Au
nanoparticle (NP) tags. Running a protocol of single-stranded
DNA (ssDNA) on graphene/gold metasurface, we report the
sensitivity of 1 X 107'® M, which is three orders of magnitude
higher than any state-of-the-art plasmonic sensors. Combined
with the ability of graphene-based substrate to selectively absorb
some molecules through pi-stacking forces, the proposed meta-
surface architecture provides a unique platform to selectively
detect aromatic rings structure biomolecules (e.g., DNA, RNA,
peptides, and cytokines). Our proof-of-concept results offer a

pathway toward simple and scalable technology for the detec-
tion of trace amounts of analytes.

Surface plasmons are oscillations of free electrons in metals,
which exist at the metal-dielectric interface and can be optically
excited over thin metal films and nanostructures.'! Electric
field associated with these oscillations decays exponentially
into the dielectric medium making plasmons extremely sensi-
tive to refractive index of this medium. This remarkable prop-
erty has been employed in surface plasmon resonance (SPR)
biosensors, % which rely on the control of biological binding/
recognition events on a thin gold film via refractive index moni-
toring. The attachment of the target analyte to a gold-supported
receptor causes a perturbation of plasmon electric field, which
is normally monitored by following angular or spectral posi-
tion of the plasmon-related feature in reflected light. Similar
effect can be obtained with localized plasmons over metal
nanostructures in conditions of localized plasmon resonance
(LPR).>7 It is important that both modalities can avoid expen-
sive, time-consuming, and precision-interfering labeling steps
to mark analytes, while their high sensitivity is due to strong
plasmon-related probing field and a resonant nature of its
response. Despite significant progress for last couple of dec-
ades, both modalities of plasmonic sensors still need a drastic
improvement of sensitivity to compete with classical labeling
approaches. The detection limit of SPR biosensors in terms of
the amount of a biomaterial accumulated on the surface is of
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the order of 1 pg mm™ (for LPR biosensors the relevant value
is about 1000 pg mm™2) that is inferior by two orders of mag-
nitude to labeling methods.®®l As an example, current SPR
setups are not able to detect low molecular weight molecules
such as DNA, cytokine, and hormones especially at concen-
tration below 1 x 107 m, which is 1-2 orders of magnitude
higher than required in many tasks of early-stage disease
diagnostics.[®]

Such a lack in the detection limit compared to classical labe-
ling methods can be gained up by passing from amplitude to
phase characteristics of light.'*12] As phase is not determined
in the point where reflected intensity is equal to zero (point of
darkness),[¥] it can experience a sharp jump under SPR and
this jump can be employed as a sensing parameter. Here, a
much superior phase sensitivity compared to the amplitude
one is largely due to field intensity factor: the phase jump takes
place in the very minimum of the SPR curve where probing
electric field is maximal while relevant change of amplitude
characteristics occurs in its slopes where probing field is much
weaker.3] In this case, lower in the intensity of light at the
point of resonance (darker is the structure), stronger is the
probing field and sharper is the phase jump. Although Fresnel's
formulae predict infinite Heaviside-like phase behavior under a
proper selection of gold film thickness under SPR,["* this sin-
gularity never happens in practice due to nonzero film rough-
ness and the reflected intensity inside the dip is normally not
lower than 3%-5%. One of solutions of this problem of con-
ventional materials consists in involving metamaterials, or arti-
ficial materials composed of properly arranged metal nanodots
(meta-atoms) with nanoscale distance between them, which
can provide controlled photonic response or new sensing func-
tionalities.>*! Tt has been recently shown that a proper design
of metamaterial supporting diffraction-coupled plasmons can
lead to complete darkness, yielding to extreme phase singulari-
ties.”] The employment of such phase singularities opens up
access to single molecular label-free detection with spectacular
opportunities for the improvement of current state-of-the-art
biosensing technology.”!

Here, we explore other routes to implement improved phase
sensitivity and focus our attention to graphene plasmonics.'>-1%
It has been recently shown that the presence of graphene
layers on gold can result in an improved sensing response in
conventional SPR and opens access to new functionalization
strategies through pi-stacking interactions.[?*-22l We show that
graphene plasmonics structures can provide extreme phase fea-
tures as a result of electric field enhancement, offering much
improved phase sensitivity. We additionally consider graphene
plasmonics architecture with gold nanoparticle-based enhance-
ment to further improve the sensing response.l?l The recorded
sensitivity of 1 x 1078 m for detecting ssDNA appears to be far
beyond relevant values for any state-of-the-art plasmonic sen-
sors available in the markets and bench side prototypes.>®24
Presenting an Au-perturbed single layer honeycomb lattice of C
atoms, the graphene—gold interface fits the definition of “meta-
surfaces” to provide a drastic concentration of plasmon electric
field in 2D plane as a novel functionality.!?>2¢]

In the basic geometry, the proposed metasurface architecture
consists of a gold film coated by a single (or multi) sheets of
graphene, as shown in Figure 1a. The layer/layers of graphene
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is/are deposited in such a way that graphene and gold are in
full electric contact. In another gold nanoparticle-enhanced
geometry, spherical Au nanoparticles are additionally employed
as amplification tags to enhanced SPR sensing response, as
shown in Figure 1b. Both cases imply the excitation of sur-
face plasmon polaritons over the graphene-gold interface that
can be done, e.g., with a prism coupling scheme using the
Kretschmann—Raether arrangement (Figure 1a,b). Under the
production of surface plasmon resonance, the distribution of
electric field is characterized by an exponential decay toward
both gold film and adjacent dielectric medium, respectively.
In this case, the presence of graphene sheets leads to a strong
localization of the field at the graphene—gold interface, as
shown in Figure 1c, and a drastic field enhancement. Figure le
illustrates the field enhancement effect under the deposition of
different numbers of graphene layers on the gold surface. It is
visible that more than fourfold enhancement of electric field
takes place under the deposition of a single graphene layer on
gold, while a further deposition of layers (two ones and more)
does not provide the field enhancement effect. Figure 2a illus-
trates the behavior of amplitude and phase parameters of light
reflected under SPR. One can see that phase experiences a
sharp “Heaviside-like” singularity in the very minimum of the
SPR curve (point of light “darkness”),”) where the probing elec-
tric field is maximum. It is worth noting that the conventional
SPR detection method based on the angular measurement is
strongly dependent on the plasmon damping of the graphene
layers due to their absorbing dielectric property. In this case,
the signal change (i.e., the resonance angle change) to the
surrounding environment increases with the number of gra-
phene layers.?%l However, more graphene layers would result in
electron energy loss of the excited SPR electric field. This will
increase the full width at half maximum (FWHM) of the SPR
curves and thus significantly reduce the SPR detection resolu-
tion.[?%?7] For the phase detection approach, the signal change
(i-e., the phase jump at the resonance angle) is only dependent
on the minimum reflectivity of the SPR curves. Thus, when
the value of the minimum reflectivity is lowered, the change
of the phase signal becomes larger. When the reflectivity has
the lowest value, the intensity of the excited electric field will
reach a maximum value which means that almost all the inci-
dent light energy (=100%) has been successfully transferred to
the resonance energy of the SPR waves. As shown in Figure 2b,
the response of phase to variations of refractive index of the
adjacent dielectric medium appears to be directly proportional
to the intensity of the probing field at the graphene—gold inter-
face: it is more than fourfold enhanced when single layer of
graphene is deposited on the gold surface, while the deposi-
tion of two and more graphene layers does not improve the
resulting sensitivity. An additional employment of Au tags
(Figure 1Db) leads to a further local enhancement of probing
electric at the point of their attachment of the metasurface and
this event leads to a local redistribution of electric field pattern
(Figure 1d). In our analysis, we also examined local electric
field enhancement due to the attachment of gold nanoparticles
of different sizes. We found that the best 40-fold enhancement
takes place when 30 nm nanoparticles are used (Figures S3
and S4, Supporting Information): this effect is attributed to the
highest absorption efficiency and lowest scattering efficiency of
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Figure 1. Designs of graphene—gold metasurface architectures. a) Basic architecture with a layer of graphene deposited on the gold surface. To excite
surface plasmon polariton over the graphene—gold interface, a light beam is typically passed through a glass prism and reflected from a 50 nm gold
film deposited on one of its facets. b) Advanced nanoparticle-enhanced architecture with the employment of Au nanoparticles as SPR amplification
tags. c) Finite element analysis (FEA) simulations of resonant monolayer graphene-coated Au sensing film: Electric field in y-component, showing angle
of incident light =52° and clear evanescent field at the sensing interface. d) FEA simulations of resonant spherical Au NP coupling to the monolayer
graphene-coated Au sensing film: Norm of the electric filed with Au NP (diameter is 30 nm, distance from the sensing film is 5 nm). e) Cross-section
plots for total electric fields along y = 0 with different number of graphene layers L.

the 30 nm Au nanoparticle when they are coupled to the gra-
phene-coated Au thin film.?®] Giovannetti et al. reported that
electrons would transfer from graphene to the surface of Au
thin film in order to maintain the continuity of the Fermi levels
when they contact with each other, as the work function of Au
(5.54 eV) is larger than that of graphene (4.5 eV).?l Therefore,
the charge transfer is one of the main reasons for the SPR field
enhancement which is induced by the graphene layers. More-
over, the excited plasmons at the graphene surface have a sensi-
tive response toward the effective dielectric constant change of

Adv. Mater. 2015, 27, 6163-6169
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the surrounding environment. And all these factors contributed
to the strong enhancement in the detection sensitivity of our
proposed sensing system. Single graphene layer is also known
to absorb 2.3% of transmitted light and lead to a certain loss
of light intensity,?®3!l which could explain the decrease of SPR
sensitivity and field intensity when the number of graphene
layers coated on the Au sensing film is larger than 2.

To confirm the consistency of the proposed concept and
the validity of our calculations, we fabricated a monolayer
graphene—coated Au sensing film and compared its sensing
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Figure 2. Assessment of phase sensitivity of graphene—gold metamaterial to refractive index variations. a) Calculated reflectivity (black) and phase
(red) of light as functions of the angle of light incidence of the gold—graphene interface, corresponding to maximum probing field. Phase experiences a
sharp singularity in the minimum of SPR curve. b) Response of phase due to the adsorption of biomolecules with different number of graphene layers
L. ¢) real-time differential phase measurement for various weight ratios of glycerin in water using monolayer graphene-coated Au thin film as sensing
substrate. The baseline was measured after flowing deionized (D) water onto the sensor surface. d) Comparison of calibration curves for graphene-
coated gold film and pure Au film substrates under changes of the refractive index in the environment. All lines in the figure are theoretical analyses.

The square symbols correspond to experimental measurements in (c).

performance with that of the bare Au thin film by using a
home-built differential phase—sensitive SPR sensor (see details
in Section 2.3, Supporting Information). The large area mon-
olayer graphene (=1.5 cm X 1.5 cm) was grown on a high-purity
copper foil by using a low-pressure chemical vapor deposition
method and it was transferred from the copper substrate to a
50 nm Au thin film. A 2.5 nm layer of Ti was placed between
the Au film and the glass substrate in order to improve the
adhesion of gold. Aqueous solutions of glycerin with different
weight ratios were pumped into the SPR flow cell and inter-
acted with the monolayer graphene—coated Au thin film and
bare Au thin film, respectively. Figure 2c shows the responses
of phase to a gradual increase of concentration of glycerin:
0.25%, 0.5%, and 1%. It is visible that in this range of chosen
concentrations phase response is directly proportional to the
concentration, while a relatively low level of experimental
noises illustrates the potential of the chosen phase-sensitive
instrumental scheme for achieving relatively low detection

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

limit values. Figure 2d compares phase responses of graphene-
coated and pure Au film to refractive index variations, as cal-
culated from the glycerin calibration measurements. One can
see that both geometries evidence a gradual linear change
of phase under the increase of refractive index. Such signal
changes become saturated when the shift of refractive index is
larger than 1073 refractive index unit (RIU). However, the phase
response of graphene—gold metasurface geometry appears to
be about four times stronger compared to the pure gold film
case, which is in excellent agreement with our theoretical esti-
mations of sensitivity and field enhancement gains, as shown
in Figures 2b and 1e, respectively. As it has been experimen-
tally shown,[1%1233] the employment of phase as a sensitive
parameter can lead to the detection limit as low as 107 RIU
that is more than one order of magnitude better compared to
conventional SPR employing amplitude parameters (resonant
angle of incidence or wavelength). Therefore, the reported
four times increase of sensitivity through the employment of

Adv. Mater. 2015, 27, 6163-6169
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Figure 3. Detection of low-concentration ssDNA by biosensor employing
graphene—gold metasurface architectures. a) Schematics of binding
ssDNA to monolayer graphene-coated Au thin film by pi-stacking inter-
action; response curves obtained after flowing solutions of b) ssDNA
with concentration of 100 X 107'® m and c) positive-charged Au NPs
with 30 nm in diameter (OD = 1.0), followed by deionized (DI) water.
The baselines were measured b) after flowing DI water and c) binding of
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graphene—gold architecture opens up the possibility for low-
ering of the detection limit of phase-sensitive SPR down to 10~°
RIU, which promises the detection of trace amounts of bio-
molecules down to single molecular level.”) It should be noted
that due to the employment of phase as a sensing parameter
our sensitivity is far beyond all values reported with graphene-
enhanced SPR sensing schemes.'6182032] [n general, the pro-
posed graphene—gold metasurface architecture offers a very
efficient approach for the implementation of extreme phase
singularities. Similar effect was recently recorded using gold
nanodot array—based metamaterials based on diffraction cou-
pling of localized plasmons.”! Both approaches reveal a drastic
sharpening of phase features due to the enhancement of elec-
tric field intensity in the sensing interface. As it was shown in
ref. [7], this phenomenon is accompanied by near-zero intensity
reflection (light darkness).

It is important that the proposed graphene-gold metasur-
face-based biosensing approach offers novel surface chem-
istry functionalization strategies, which can provide decisive
advantages over conventional SPR for many biosensing tasks.
In particular, aromatic ring structure biomolecules such as hel-
ical peptides or proteins can selectively bind to the surface of
graphene due to pi-stacking interactions,?!?2l as illustrated in
Figure 3a, whereas conventional SPR sensors that use bare Au
sensing film requires tedious surface functionalization steps
to accomplish the same task. To assess the efficiency of such
functionalization strategy, we tested the proposed metasurface
architecture in a model of single-stranded DNA, which can
adsorb on graphene through the pi-stacking interactions: this
mechanism renders possible a much more efficient binding of
ssDNA to graphene compared to double-stranded DNA.?? In
our tests, we pumped 7.3 kDa 24-mer ssDNA solutions of dif-
ferent concentrations ranging from 100 x 1078 to 100 x 10 m
into a flow cell contacting with the graphene-gold metasurface
(Section 2.3.3, Supporting Information). The size of our flow
chamber is 1.5 cm X 1.5 cm X 0.5 cm and the diameter of
785 nm laser spot is 1 mm. The solutions containing ssDNA
molecules were injected into the chamber from the bottom and
once the chamber was filled up, the injection was stopped to
allow a complete interaction to take place between the ssDNA
molecules and the graphene-coated sensing film. The laser spot
was focused at the center of the interaction area. Each time
before injection, a calibration process as shown in Figure 2c was
carried out to check and confirm the quality of the monolayer
graphene—coated sensing substrate. As shown in Figure 3b
and Figures S8 and S9 (Supporting Information), we could
observe phase signal changes upon introducing the ssDNA
solutions onto the sensor head, which corresponded to the
binding of ssDNA on the monolayer graphene—coated sensing
substrates. After 8 min reaction time, deionized (DI) water was

100 x 107" M ssDNA onto the sensor surface; the inset in (c) shows the
absence of any unspecific binding between positive-charged Au NPs and
bare monolayer graphene-coated sensing film while injecting solutions
of positive-charged Au NPs with 30 nm diameter (OD = 1.0) (1) and DI
water (2). d) Response and magnitude of enhancement (in the bracket)
obtained with (circles) and without (squares) exposing the monolayer
graphene-coated sensing film to positive-charged Au NPs after ssDNA.
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injected into the system to remove any unbound and weakly
attached ssDNA and this step resulted in a slight decrease
and stabilization of the signal. Longer immersion time did not
affect the signal change. To further improve the SPR sensitivity,
we used an additional step, which implies the employment
of Au nanoparticles to enhance the resulting signal (Figure
1b). Solutions containing positive-charged 30 nm Au NPs of
identical optical density (OD) were supplied onto the ssDNA-
modified sensing substrate. Since zeta potential of desalted
ssDNA solution was measured to be negative, strong electro-
static bindings occurred when they interacted with the posi-
tively charged Au NPs. After a few minutes of reaction time,
DI water was again used to flush away “free” Au NPs, while the
attached Au NPs left on the ssDNA-modified sensing film. In
this case, graphene, ssDNA, and Au NPs formed a sandwich
structure on the Au film substrate, which resulted in a strong
change in the overall SPR signal (Figure 3c). In a control test,
Au nanoparticles were supplied under same conditions without
the ssDNA adsorption step. However, we did not record any
significant change of the phase signal (inset to Figure 3c),
which evidenced the absence of any affinity between the posi-
tively charged nanoparticles and graphene-coated gold. Figure
3d summarizes the signal enhancement factors under different
concentrations of ssDNA. One can see that the largest enhance-
ment was obtained for ssDNA solutions with 100 x 1078 w,
while higher concentrations (100 x 107" to 100 x 107 m) led to
slightly lower enhancement factors. Such decrease of enhance-
ment under high concentration can be explained by the satura-
tion of SPR signal due to a complete coverage of ssDNA within
the light spot area (1 mm x 1 mm) of the sensing film. It should
be noted that observed nanoparticle-based enhancement factors
are in good agreement with our numerical analysis (Figures S3
and S4, Supporting Information).

To summarize the obtained data, when used with Au ampli-
fication tags, the graphene-gold biosensing structure pro-
vided the detection limit of 1 x 107 m for 7.3 kDa 24-mer
ssDNA at a signal-to-noise ratio of 3:1, which is higher than
the detection limit reported for not only current state-of-the-
art graphene-based SPR biosensor (human IgG of 150 kDa,
0.5 x 107 m, ref. [32] and Au NP-enhanced phase-sensitive
SPR techniques (TNF-¢ of 17 kDa, 0.03 X 10712 m, ref. [23], but
also gold nanorod—enhanced localized SPR sensors (strepta-
vidin of 53 kDa, 10 x 107 m, ref. [3] and even nanomechanical
biosensors (25-mer ssDNA of 7.6 kDa, 500 x 10718 m, ref. [33].
The recorded sensitivity evidence a huge potential of the gra-
phene—-gold metasurface architectures for detecting many
other aromatic ring structure biomolecules (toxins, vitamins,
cancer biomarkers, etc.) for which conventional SPR is not sen-
sitive enough. We envision that a proper functionalization of
Au nanoparticles by complementary counterparts of targeted
biomolecules will further improve the bioselectivity of our engi-
neered sensing configuration.*

In summary, the designed novel graphene—gold metasur-
face-based biosensing architectures make possible extreme
phase singularities due to a strong field enhancement on the
graphene—gold interface. Profiting from these singularities, we
recorded four times increase of sensitivity compared to phase-
sensitive SPR and another order of magnitude gain of sensi-
tivity by employing nanoparticle-based enhancement of phase

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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signals. One of huge advantages of the proposed architectures
over conventional plasmonic biosensing consists in the possi-
bility of involvement of strong pi-stacking forces in the devel-
opment of functionalization strategies using many aromatic
structure biomolecules (helical peptides, proteins, ssDNA, etc.).
For the conventional SPR detection using plain gold film, it
is generally required to functionalize the gold sensing surface
with capture molecules to enhance the adsorption efficiency
before performing any measurement for detecting the targeted
samples. For our sensing experiments here that uses graphene-
coated film, we could achieve directly label-free ssDNA detec-
tion through the pi-stacking interaction between graphene and
ssDNA without the need of any modification steps for pre-
paring “activated” sensing film. As an example, we illustrated at
least three orders gain in sensitivity by using a model of ssDNA
adsorption on graphene-gold metasurface. Our system was
subjected to continue evaluation for six months for determining
the setup stability and showed same reproducibility for all the
repeated experiments. It is worth noting that our graphene
sensing substrate is fabricated based on pristine graphene
layers, which are known to have better optical and electronic
properties in comparison to the layers obtained by self-assembly
of graphene oxides (GOs). The higher electron transfer rate and
higher optical transparency of our pristine graphene sensing
substrate also lead to a much stronger plasmon enhancement
effect that resulted in extreme singularities in phase of reflected
light of the metasurface. Further studies will be required to
evaluate the designed system for detecting a series of aromatic
ring structure biomolecules ranging from vitamins to helical
peptides. As shown in Figures S10 and S11 (Supporting Infor-
mation), proteins adsorbed on the graphene surface through
pi-stacking interactions still maintain their biological activities
such as catalytic activity of the enzyme. We envision that the
reported sensing configuration will play an important role in
designing future high-throughput multisensing platforms for
clinical diagnostics of human diseases such as cancers. For
example, our system will be able to sense cysteine-rich intes-
tinal protein (CRIP) at x107'® m level, a 8.5 kDa protein that
has been identified as an useful biomarker for detecting early
stages of human breast cancer, cervical cancer, and pancreatic
cancer.l%’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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