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Abstract: The integration of two-dimensional graphene with gold nanostructures has
significantly advanced surface plasmon resonance (SPR)-based optical biosensors, due to
graphene’s exceptional optical, electronic, and surface properties. This review examines
recent developments in graphene-based hybrid nanomaterials designed to enhance SPR sen-
sor performance. The synergistic combination of graphene and other functional materials
enables superior plasmonic sensitivity, improves biomolecular interaction, and enhances
signal transduction. Key focus areas include the fundamental principle of graphene-
enhanced SPR, the functional advantages of graphene hybrid platforms, and their recent
applications in detecting biomolecules, disease biomarkers, and pathogens. Finally, current
limitations and potential future perspectives are discussed, highlighting the transformative
potential of these hybrid nanomaterials in next-generation optical biosensing

Keywords: hybrid nanomaterials; plasmonic sensitivity; biomolecular interactions; next-
generation biosensing

1. Introduction

An optical technique enables real-time, label-free detection of biomolecular interac-
tions to improve the sensitivity of conventional Surface Plasmon resonance (SPR)-based
biosensors [1,2]. The scientific observations of light diffraction patterns from metal grat-
ings during the early 20th century [3,4] later recognized this phenomenon as collective
oscillations of conduction electrons (surface plasmons) coupled to incident light at metal—
dielectric interfaces [5]. The current SPR technology is limited in sensitivity, especially for
low-abundance analytes or single-molecule detection. To overcome these challenges, it is
necessary to design and synthesize new nanostructured materials that can deliver better
coupling between incident light and the analyte. Among these innovations, plasmonic
nanoantennas have gained significant attention [6]. Advances in the past decade in designs
of nanoantennas, including dipole, bowtie, and slit-based geometries, have demonstrated
better performance in biosensing and label-free detection of proteins, nucleic acids, and
pathogens [7-9]. Their geometry allows precise confinement of localized SPR near the
sensing surface of the biosensor, facilitating the detection of subtle refractive index changes
associated with biomolecular binding events.

For instance, the role of femtosecond laser-excited plasmonic modes in metallic nanos-
tructures and their impact on the modulation of SPR has been studied, opening new routes
for real-time sensing applications [10]. Similarly, it was shown that two-slit plasmonic
antennas can be explored to study ultrafast dynamics of light-matter interactions and
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to understand field localization and signal enhancement [11]. These studies highlight
the increasing significance of plasmonic antennas as key enablers in high-performance,
ultrafast, and highly sensitive sensing systems.

A significant advancement in this field has been the development of hybrid plasmonic
antennas, which integrate noble metals with functional materials such as graphene [12].
Graphene, composed of a single layer of carbon atoms arranged in a 2D hexagonal crystal
lattice [13], is not only the thinnest and strongest material known, but also a highly tunable
plasmonic medium whose optical response can be engineered through interaction, doping,
or external biasing. It offers tunable optical properties, exceptional electrical conductivity,
and surface functionalization capabilities, enhancing selectivity and enabling dynamic
sensing functions [14-16]. Graphene-based plasmonic sensors are built on their ability to
detect subtle variations at the micro- and nano-scales. Furthermore, mid-infrared (mid-IR)
and terahertz (THz) plasmon modes on the graphene surface spectral regions substantially
broaden their utility for sensing organic and biomolecules, an application not so easily
available for the conventional plasmonic materials [17-19]. The electrically tunable SPP
wavelength can potentially enable a new segment of plasmonic devices [20]. Most impor-
tantly, the properties of graphene SPPs can be dynamically tuned through chemical doping,
applying an external electric field, or a magnetic field [21]. This tunable property makes
graphene an attractive material for SPP-based high-performance nanodevices.

However, the optical response of graphene is also dependent on its surface state, dop-
ing, and interface effects with other dielectric materials, which might limit the interaction of
light with it. The integration of graphene with conventional plasmonic nanostructures has
demonstrated advantages in both research fields. Plasmonic nanostructures can improve
the optical properties of graphene, whereas graphene can modulate the optical response of
plasmonic nanoarrays, creating a synergistic effect for sensing applications. Consequently,
noble metal superstructure surfaces combined with graphene can be utilized to control
light waves accurately and effectively [22]. This capability enables Graphene’s application
in fields such as bioimaging [23], drug delivery [24], and biosensors [25].

In nanophotonics, the most dynamically thriving subfield is plasmonics, which makes
use of the nanoscale confinement of light by metallic nanostructures to manipulate optical
fields [26-29]. Optical nanoantennas, an important plasmonic element, exhibit resonance
frequency shifts in response to changes in their surrounding medium, making them valu-
able for biosensing [30-32]. Traditional optical biosensors are generally bulky, slow, and
expensive [33-35], leading to the development of miniaturized waveguide-sensor and
fiber-optic sensor approaches; however, these may suffer from sensitivity and accuracy
issues [36,37]. Infrared spectroscopy, being a label-free and sensitive technique, can have a
low signal-to-noise ratio ata nanoscale [37,38]. The plasmonic nanoantenna-based biosen-
sors were developed to overcome these limitations, by using plasmonic nanoantennas,
patterned metallic nanostructures on dielectric substrates, that enabl nanofocused optical
energy depending on the properties o metalal and substrate [39—41]. The graphene sensi-
tivity is also highly geometry-dependent for plasmonic nanoantennas [42—46], where the
sensitivity can be significantly enhanced in the arrays of nanoantennas because of collective
plasmon excitation and reduced mutual coupling due to the plasmon characteristics of
graphene [47]. Recent advances show that graphene-based plasmonic biosensors can be
significantly enhanced by tailoring graphene’s electronic environment. A method is inter-
calation, where atoms or molecules are inserted beneath the graphene layer to modify its
carrier density and dielectric response without compromising its structural integrity. This
enables dynamic tuning of plasmonic resonance frequencies, particularly in the mid-IR
and THz ranges, improving sensitivity for targeted biomolecule detection [48,49]. The
fabrication method also impacts performance: exfoliated graphene provides high purity
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and minimal defects; CVD-grown graphene supports large-scale production; and epi-
taxial graphene offers uniformity across wafer-scale devices [50,51]. Each type supports
specific sensing needs for tunability, sensitivity, or scalability. Understanding these material-
dependent properties is essential for designing miniaturized, reconfigurable SPR sensors
that exceed the capabilities of conventional metal-only systems.

This review aims to provide a comprehensive overview of recent advancements in
graphene-based plasmonic antennas for surface plasmon resonance (SPR) biosensing. We
begin by discussing the fundamental principle of SPR and the physical mechanisms of
plasmonic field enhancement. We then explore graphene’s optical and electronic properties
that make it suited for nanoscale sensing applications. The review primarily focuses on the
integration of advanced hybrid graphene-metal nanoantenna geometries for enhancing
the performance of surface plasmon resonance (SPR)-based biosensors. Emphasis is placed
on the interplay between material properties, biosensing mechanisms, and recent appli-
cations in the detection of biomolecules, disease biomarkers, and pathogens. Finally, we
address current challenges and future directions in the development of miniaturized, high-
performance optical biosensors based on graphene-integrated plasmonic architectures.

2. Fundamentals of SPR and Plasmonic Nanoantennas
2.1. Fundamentals of Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is defined as the resonant oscillations of conduction
electrons at the interface between a metal and a dielectric, excited by the incidence of
p-polarized light under conditions of total internal reflection. This resonance occurs when
the momentum of the incident photons is similar to that of surface plasmon polaritons
(SPPs) and leads to a distinctive and narrow dip in the intensity of the reflected light. The
local refractive index near the sensor surface has an intensive impact on SPR, so SPR could
be set up as a sensor that can be used for label-free, real-time detection of biomolecular
interactions [52]. The simplest geometry that can be made to support a surface plasmon

has a semi-infinite metal with complex permittivity e,, = ¢}, + icy, and a dielectric medium
/
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system only possesses a single transverse magnetic (TM) mode, eh: surface plasmon.

The magnetic field vector lies in the plane of the interface and is perpendicular to the
direction of wave propagation, while the electric field is perpendicular to the magnetic
field.

If the metal occupies the region z < 0, and the SPP propagates along the x-axis, the

—
magnetic field intensity Hj can be described as
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where w is the angular frequency of the incident light, t is time, B is the propagation

constant along the interface, and a; = /p% — (w/ B j is the decay constant in the medium,
where j = m (metal) or d (dielectric) [53]. The propagation constant Ssp of a surface plasmon
at a metal—dielectric interface is given by
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Here, c is the speed of light in a vacuum and A is the wavelength in vacuum. In

a lossless system (), = ¢;; = 0), this guide mode can only exit when the real parts of
the partitivities are of opposite signs, with the condition ¢}, < —¢/; being satisfied. This
requirement explains why metals such as gold are commonly used in SPR systems; they



Nanomaterials 2025, 15, 943

4 0f 33

provide the negative real permittivity needed to sustain surface plasmons [54,55]. Figure 1
contrasts the behaviors of localized surface plasmons (LSPs) and propagating surface
plasmon polaritons (SPPs). While LSPs are confined to nanoparticles and exhibit fixed
resonance frequencies, SPPs propagate along metal-dielectric interfaces with a dispersion
relationship that deviates from the light line.

Electric field

‘ Metal sphere _

Electrorﬁnuri__ l \ [

1.35 4 LSP

==

Angular frequency

o Qo

Wavenumber k,

Figure 1. (top) Schematic illustration of localized surface plasmon (LSP) oscillations in a metal
nanoparticle, where the electron cloud resonates with the incident electric field. (Bottom) Lossless
dispersion curve for surface plasmon resonance (SPR). The red curve represents the dispersion of SPPs
at a metal-dielectric interface, asymptotically approaching the light line. The flat blue line indicates
the non-dispersive resonance frequency of LSPs. The light cone represents freely propagating photons
in the dielectric [52].

One of the main advantages of using graphene for plasmonic nanoantennas is its
capabilitto sustainng SPPs of very short wavelengths compared with the free-space wave-
lengths [56,57]. The following equation gives the dispersion relation describing graphene
SPPs:

27 2E E

= Ap N\ R2eo(er + 2) ©

where g, is the plasmon wavevector, A, is the plasmon wavelength, Ef is the tunable
Fermi energy, 7 is the reduced Planck constant, and €1, &5 are the dielectric constants of
the surrounding media [58-60]. This relation shows how a higher Fermi energy leads to
shorter wavelengths, enabling miniaturized nanoantennas.
Graphene nanoantennas behave like Fabry-Pérot resonators, with a resonance gov-
erned by
21
2L=mAp=m—, m=1,2,3,... 4)
p
Here, L represents the length of the antenna, and m refers to the mode number [58,60].
By adjusti Fermi levelng Fermi level Er via electrical gating or chemical doping, one
can dy the optical propertiesamically tune the optical properties g, and onsequently the
resonance wavelength Ap, allowing real-time reconfigurability of the sensor, an attribute
unprecedented in traditional metal-based antennas [57,61].
The efficiency of graphene also depends on its complex surface conductivity, as
described by the Kubo formula [60]

G(wz EF) = ;intm(o-(w/ EF)) + ;intero-(w/ EP) ®)
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This conductivity determines both plasmon propagation lengths and damping, making
graphene especially suited for tunable, high-efficiency biosensing applications [60].

The magnetic field is maximally confined at the interface and decays into both the
metal and dielectric, as illustrated in Figure 2. This decay defines the penetration depth,
the distance from the interface where the field drops to 1/e of its surface amplitude.

Evanescent
wave —— Initial resonance
plasmon Detection area '
Gold film _» A AVAVAN (<600 nm) | ,_ = S Ly
: IS
50 nm >=
Reflected ‘é 2 o }
light ® 9 ange o
Incident = % ./ Resonance
light = —> Angle (ARli)
Prism Detector Angle of incident light(8)

Figure 2. Schematic showing the electromagnetic field distribution at a metal-dielectric interface in
SPR sensors. The evanescent field decays exponentially into both materials, with a typical 200-500 nm
penetration depth. This near-field interaction governs the sensitivity of SPR to local refractive index
changes and results in measurable shifts in the resonance angle [62].

Configurations such as the Kretschmann—Raether geometry are commonly used to
excite surface plasmons experimentally. In this method, a thin metal film is deposited on
the base of a high-refractive-index prism. The p-polarized light is incident at an angle 6
to generate an evanescent wave. At a specific angle, this wave resonantly couples to the
SPP mode when the resonance condition is met, resulting in the appearance of a sharp dip
in reflectance.

The fabrication and electrical setup of the graphene-based PDMS device are illustrated
in Figure 3. The process begins with the bonding of electrodes to a mold substrate, followed
by the transfer of a graphene layer onto the electrode surface. A PDMS solution is then
poured over the setup, encapsulating the graphene and electrode components. After curing,
the composite is tailored into its final flexible form. The resulting structure integrates
graphene between two electrodes embedded in the PDMS matrix, forming a functional
sensing interface. As shown in the schematic, the electrical configuration involves con-
necting the device to a power supply and a series resistor, enabling voltage measurements
across the graphene film for sensing applications.

Graphene
transfer >
Electrode
bond

(@)

(b)

Setup

Power Supply Resistor

Figure 3. (a) Schematic illustration of the fabrication process for the graphene-PDMS (polydimethyl-
siloxane) flexible device. The process begins with a mold and electrode bonding, followed by graphene
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transfer and pouring of the PDMS solution. After curing and drying, the device is tailored into the
final structure. (b) Electrical setup of the fabricated device showing the integrated graphene layer with
gold electrodes embedded in PDMS, connected to a power supply and resistor for measurement [63].

Surface plasmons are electromagnetic modes localized at metal-dielectric interfaces,
typically sustained by waveguide-like structures. The modes are characterized by their
respective field distributions and complex propagation constants, which can be derived
by solving eigenvalue equations associated with th modes. Notably, the surface plasmons
propagation constant is highly sensitive to local refractive index variation. This sensitiv-
ity can be quantitatively described using perturbation theory, thereby rendering surface
plasmons extremely useful for sensing applications. In practical biosensing applications,
the advancement in SPR biosensor technology has significantly improved sensitivity. For
instance, conventional SPR sensors utilizing double-tooth ring cavity designs have achieved
sensitivities up to 4137 nm per refractive index unit (RIU) [64]. Incorporating graphene
and its derivatives has further enhanced sensor performance. A graphene oxide-based
SPR sensor demonstrated a sensitivity of 202.2 nm/RIU [65], while a graphene-plasmonic
biosensor designed for hemoglobin detection achieved 570 nm/RIU [66]. Moreover, a
hybrid configuration combining graphene with other materials has reached sensitivities
as high as 10,758 nm/RIU [64]. These developments underscore the significant role of
graphene and hybrid materials in advancing SPR biosensor sensitivity.

2.2. Plasmonic Nanoantennas: Principles and Types

Plasmonic nanoantennas are sub-wavelength metallic structures desig enhancing elec-
tromagneticconfining and enhaenhancectromagnetic fields by excitiand ng localized surface
plasmon (LSPs), non-propagating charge density oscillations confined to the nanostructure.
Unlike propagating surface plasmon resonance (SPR) in planar films, LSPs generate intense
near-fields localized at sharp structures, such as tips, edges, and nanogaps, typically several
orders of magnitude stronger than the incident light field [67-73]. This strong field confine-
ment increases the interaction between the sensing surface and target analyte biomolecule,
thereby improving the sensitivity of label-free SPR biosensors. Furthermore, the resonance
condition of nanoantennas is governed by their geometry, material composition, and di-
electric environment variations, enabling precise tuning of spectral response and spatial
field localization. As a result, plasmonic nanoantennas offer a highly versatile platform
for high-resolution, real-time biosensing, particularly for the detection of low-abundance
analytes [74]. This property makes the use of nanoantennas a powerful tool in biosensing,
capable of delivering high field confinement, improved sensitivity, and spatial resolution at
the nanoscale. Several nanoantenna designs have proven extremely efficient for SPR-based
sensing platforms due to their ability to confine electromagnetic fields and enhance light—
matter interactions [75]. Among these, dipole nanoantennas are the simplest structure,
generally two linear metallic rods separated by a nanometer-sized gap. Their resonance
frequency depends upon the length as well as the surrounding dielectric. All of these
structures are widely used for enhancing optical signals such as surface-enhanced Raman
scattering (SERS) and fluorescence [76]. Bowtie nanoantennas are two triangular metallic
elements placed opposite each other with a narrow nanogap at the intersection, which
offer significantly enhanced electric field localization. This geometry enables strong light
confinement as well as supports applications requiring high sensitivity performance, such
as single-molecule detection and real-time biomolecular interaction analysis. The bowtie
structures with sharp corners and small gap sizes are ideal for boosting the SPR signal
strength [77]. Another class, slit and aperture antennas, consists of sub-wavelength aper-
tures such as narrow milled slits within metallic films. These geometries take advantage of
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the principle of extraordinary optical transmission (EOT), where incident light couples to
surface plasmons as well as transmits through the nanostructure with intensity exceeding
classical predictions. Such designs benefit integrated photonic platforms and biosensing
schemes requiring enhanced throughput [78].

Figure 4 illustrates the schematic configuration of a dual femtosecond (fs) pulse
excitation setup used to investigate plasmonic field enhancement in a nanogap structure.
Two fs pulses (Pulse 1 and Pulse 2) are incident at an angle (6) onto a gold (Au) nanogap
patterned on a silica glass substrate. The gap width (w) and spatial orientation of the pulses
enable strong localized surface plasmon excitation within the Au structures, making this
configuration suitable for ultrafast plasmonic switching and high-sensitivity biosensing
applications [11].

fs pulse 1
\“"_ s AN A

———————2 w

Sillica glass

A \ \\
fs pulse 2
x
Figure 4. Schematic of the two-slit plasmonic antenna milled in an Au film on top of a silica substrate,
excited by a crossed femtosecond laser dual-beam [11].

In addition, the introduction of hybrid as well as multiresonant nanoantennas ex-
tended the range of capabilities of plasmonic devices. These nanoantennas combine metals
(e.g., Au, Ag) with functional two-dimensional (2D) materials like graphene, thereby com-
bining the field-enhancing properties of metals with the tunability and surface chemistry
advantages of 2D materials. Hybridization with graphene allows for dynamic modulation
of the plasmonic response, improved biocompatibility, and greater molecular selectivity,
all of which are desirable traits in advanced biosensors [79]. Table 1 presents a com-
parative overview of key plasmonic nanoantenna designs employed in SPR biosensing,
highlighting their structural configurations, tunable parameters, and achieved sensitivity.
The table summarizes how different geometries, such as dipole, bowtie, slit-based, and
hybrid nanoantennas, affect electromagnetic field confinement and biosensing performance.
This comparison provides a foundational understanding of how design choices influence
sensing efficiency, resolution, and suitability for various diagnostic applications.

Table 1. Development and comparative analysis of plasmonic nanoantenna designs in SPR biosensing.

Biosensing Tunable Ma.x .
Type Year Enhancement Structure Application Parameters Reference Sensitivity
(nm/RIU)
Two metallic SPR, SERS, Rod ler}gth,
Dipole 2003 Moderate nanorods fluorescence- Ea b s1z€, [53] ~1000-2000
ielectric

with a gap based detection .
environment
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Table 1. Cont.
Biosensin Tunable Max
Type Year Enhancement Structure A licatio%l Parameters Reference Sensitivity
19% (nm/RIU)
rgétgﬁi:ulir Single- Tip sharpness,
Bowtie 2010 Very high cp molecule SPR,  triangle angle, [63] ~6000
with
SERS substrate
nanogap
Au-metal Mid-IR SPR, Graphene
Hybrid (Au- 2012 High + combined Qynan.uc doping, met.al [55] ~10,000
graphene) Tunable - biosensing, shape, hybrid
with 2D layer .
low-noise SPP geometry
o M.ultlple).(ed Array pitch,
Strong Periodic diagnostics, .
Nanoantenna . . material
2012 coupling array ar- integrated L [71] ~8000
Arrays . combinations,
effect rangements lab-on-chip
symmetry
systems
Sub- Transmission-  Slit width, film
Slit/ aperture 2023 High (EOT) wavelength based SPR, thickness, [11] ~4000
Slits in metal =~ POC detection periodicity
Quantum Hexagon
Gomphne g Howonal plemonc e,
U 2023 (Quantum grap : . [72] ~12,000
Nanoan- Jasmon) nano patch detection, potential,
tenna p on dielectric integrated dielectric
chips substrate
Nanoantenna Programmable Cr?llelzfalf—d Relfi(z)r;gf:i;able Antenna pitch,
2024 & . . & phase control, [73] ~15,000
& nanoradars &steerable dielectric neural .
. graphene bias
phase arrays recording

Together, these plasmonic nanoantennas, governed by strong near-field localization
and geometry-dependent LSPR modes, are instrumental in enhancing the sensitivity of the
SPR biosensors. Their field confinement, tunability, and scalable integration are founda-
tional elements for next-generation biosensors. When integrated with graphene and other
tunable materials, they extend detection capabilities into mid-IR and THz domains, crucial
for label-free, ultra-sensitive molecular diagnostics.

2.3. Integration of Plasmonic Nanoantennas into SPR Systems

The integration of plasmonic nanoantennas into SPR architectures has significantly
advanced the sensitivity, selectivity, and miniaturization of modern biosensing systems.
Various configurations have been developed to optimize this integration, depending on
sensing environments and performance requirements. For example, on-chip SPR sensors
with nanoantenna arrays provide compact designs and compatibility with microfluidic
platforms, enabling real-time, multiplexed detection in point-of-care diagnostics. However,
they are often limited by fabrication complexity and potential waveguide losses [80]. In
contrast, Kretschmann-based SPR systems enhanced by nanoantenna arrays deposited
atop metal films combine the benefits of propagating and localized surface plasmon modes,
offering high sensitivity and broader spectral tunability. Yet, these setups may suffer from
limited reusability and the need for precise angular alignment [81]. A third approach
involves waveguide-integrated nanoantennas, which enable efficient light coupling with
compact geometries, making them suitable for integrated photonic circuits. However,
this demands precise reflective index matching and exhibits limited surface interaction
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volume [82]. Among the most recent trends are graphene-based hybrid nanoantenna
structures, which offer improved sensitivity and dual-channel detection.cbilities in the vis
graphenespectrum. This is enabled by grapassis-strengthens field enhancement which
strengtheocalizessanalyte mon excitation and improves analyte interaction efficiency [83].
The structural design and optical response of a hybrid graphene-metal plasmonic biosensor
are illustrated in Figure 5. As shown in panel (a), the device consists of a periodic hexago-
nal array of dielectric-metal hybrid structures exposed to incident light, enabling strong
plasmonic coupling. Panel (b) defines the key geometric parameters, including the nanopil-
lar diameter D and the heights h; and h; of the constituent layers. The cross-sectional
view in panel (c) shows the stacked composition of graphene, silver (Ag), ZnS, and the
5iO, substrate, which collectively facilitate enhanced light-matter interaction. Panel (d)
presents the transmittance spectrum under water immersion, revealing two prominent
resonance dips (mode 1 and mode 2) that correspond to distinct plasmonic modes. The
images display electric field distributions at these resonance wavelengths, confirming
stronger field confinement near the nanopillars. This configuration plays a critical role
in achieving high sensitivity and tunability for biosensing applications, particularly in
aqueous environments [83].

Figure 5. (a) Schematic drawing of the LSPR sensing structure. (b) Hexagonal periodic dielectric-
metal hybrid structure. (c) Structural side view. (d) The corresponding simulated transmission
spectra in water with D = 300 nm, P = 450 nm, h; = 120 nm, h; = 80 nm, and Ng = 20, at normal
incidence under TM polarization. The inset of the figure provides electric-field profiles corresponding
to the dips [83].

Table 2 provides a comprehensive comparison of key SPR integration strategies with
plasmonic nanoantennas, outlining their respective advantages and limitations. These
include on-chip, Kretschmann, waveguide-integrated, and graphene-hybrid configurations,
each offering trade-offs in terms of sensitivity, scalability, and fabrication complexity.

Table 2. A comprehensive comparison of their respective advantages and limitations is provided.

Integration Strategy Advantages Disadvantages References
e . Compact design, real-time Fabrication complexity, optical
On-chip SPR with sensing, compatible with losses in integrated [35]

nanoantennas

lab-on-chip systems waveguides
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Table 2. Cont.

Integration Strategy

Advantages Disadvantages References

Kretschmann configuration

Combining propagating and Limited reusability, complex

with nanoarrays localized SPR, high sensitivity prism alignment required [36]

Waveguide-integrated Eff1c1ent. light coup!mg, srpall Reqmres precise refractive
footprint, compatible with index matching, smaller [37]

nanoantennas
silicon photonics sensing volume
Graphene-integrated Ele;c.tr%cally tunable, high Material stability, integration
hvbrid nanoantennas sensitivity, enhanced surface challenges, fabrication [38]
y chemistry precision

Together, these systems represent a convergence of nanophononics, materials engi-
neering, and biosensing innovation, paving the way for next-generation SPR platforms
capable of ultra-sensitive detection in clinical and point-of-care settings.

2.4. Advantages of Graphene in Plasmonic Nanoantennas

Due to its atomically thin form and tunable electronic band structure, graphene exhibits
strong light-matter interaction and supports tightly confined surface plasmon modes,
making it extremely beneficial for plasmonic nanoantennas for nanoscale sensors [84-86].
Its massless Dirac fermion charge carriers are responsible for its exceptional plasmonic
performance, having ultrafast mobility of the carrier and linear dispersion of the energy-
momentum relationship [87]. All of these features provide a highly tunable electronic
structure of graphene for dynamic adjustment of the Fermi energy level using external
gating or chemical doping [88]. This tunability directly influences the confinement and
propagation of surface plasmon polaritons (SPPs), which are fundamental to the operation
of plasmonic nanoantennas.

The relationship demonstrates the plasmon wavelength in graphene (A,) cattains
reductions up to two orders of magnitude compared to the free-space wavelength at the
same frequencies, thus allowing tiny miniaturization of antenna elements [89]. A graphene-
based THz nanoantenna allows researchers to decrease its physical size by 22 times over a
conventional metallic antenna having comparable resonating frequencies [90]. An equally
important advantage is the electrical tunability of the plasmonic resonance achieved by
gating or doping graphene, which changes the Fermi energy (Er) and thus alters the
resonant frequency or wavelength [88,91]. The tunability is directly demonstrated in
graphene bowtie antennas: by changing the graphene chemical potential, one can realize
frequey reconfiguration in a substantially terahertz band [90].

Figure 6 illustrates the optical response and field distribution of a graphene-Au plas-
monic nanoantenna structure designed for mid-infrared operation. The spectral plots (b—d)
demonstrate strong resonance features in transmittance (T), reflectance (R), and absorbance
(A), with clear tunability across the 9-11 um wavelength range. The electric field enhance-
ment maps (e, f) reveal intense near-field localization at the graphene-metal interface,
confirming efficient confinement. This configuration leverages graphene’s tunable con-
ductivity and high confinement to achieve reconfigurable plasmonic responses, offering
significant advantages for sensing applications requiring narrowband, high-sensitivity
mid-IR detection.

Graphene plasmonic antennas have exhibited lower losses than conventional met-
als [92,93]. This is largely attributed to the fact that electron-phonon scattering rates in
graphene are lower than those in metal, which results in longer plasmon propagation
lengths and higher radiation efficiencies [92]. For example, graphene nanoantennas have
been demonstrated to achieve radiation efficiencies in the range of 5-16% in the fun-
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damental THz plasmonic modes, an impressive result given their sub-wavelength field
confinement and compact structure [60]. The highly localized plasmonic fields in graphene
can significantly enhance the light-matter interactions at the sensor’s surface [61,94]. This
results in large increases in the sensitivity of the system as subtle alterations such as molec-
ular binding or changes in the refractive index near the surface of the graphene induce
detectable plasmon resonance shifts [83,91].

Table 3 presents a performance comparison between conventional metal-based plas-
monic antennas and graphene plasmonic antennas across key metrics such as field confine-
ment, tunability, miniaturization, and sensitivity. The results highlight graphene’s superior
capabilities, including up to 100 x A field confinement, electrical tunability via Fermi level
control, and significantly enhanced sensitivity and figure of merit (FOM), making it a
promising platform for next-generation reconfigurable and ultra-sensitive biosensors.
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Figure 6. Design and optical response of a hybrid metal-graphene Fano-resonant metamaterial.
(a) Schematic illustration of the proposed hybrid metamaterial structure. (b—d) Simulated optical
spectra showing transmission, reflection, and absorption for three configurations: (b) nanostructured
gold film without graphene nano disks, (c) graphene nano disks without nanostructured gold, and
(d) the complete hybrid metamaterial combining both components. (e,f) distributions of the local
electric field in the z-direction at the resonance wavelength for (e) graphene nano disks (~10 pm)
and (f) the hybrid structure (~10.05 um). The field is normalized to the incident field amplitude Ej
and plotted in the x-y plane located 5 nm above the graphene layer. An x-polarized plane wave is
incident normally from the top side of the structure [93].

Table 3. Comparative analysis of graphene vs. metal plasmonic antennas.

Parameter Conventional metals Graphene Plasmonic Sup.portl.n 8 Reference
Antennas Equation/Figure
Field confinement ~10x A reduction ~100x A reduction Ap x1/+/Ef [78]
Miniaturization Limited by A 5% to 22x smaller Size an.d bandwidth [79]
diagrams
. . Ultra-wideband (e.g., Simulated
Bandwidth Narrow (freqg-fixed) 340% for bowtie) S-parameters [54]
Electrical Tunability None Continuous via Ef, Shift in resonance [80]

Ve, chemical doping figures
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Table 3. Cont.
Parameter Conventional metals Graphene Plasmonic Sup.portl.n 8 Reference
Antennas Equation/Figure
Sensitivity (nm/RIU) 1000-2000 Up to 7000 Sensor I;‘ff)i(s’rmame [81]
FOM (figure of 60-300 (Hybrids up to Sensitivity metric
; <20 . [82]
merit) 383) figures
. Extensive (polymers, .
I‘r;;isg;;ﬂ:m Moderate semiconductors, 3D s%lsctf'Ztg;?ri};s,e [41]
y hybrids) &
.. .. . . Efficiency
~10% —85%
Radiation Efficiency 1-10% (small size) 5-85% (design dependent) simulations [73]

Graphene plasmonic resonances in the terahertz to the mid-infrared spectral regime,
combined with the vibrational fingerprint frequency of many biomolecules, form a key fac-
tor [95,96]. This broad operational bandwidth enables the development of multifunctional
sensor platforms, capable of covering multiple important wavelength spectral ranges for
gas monitoring and biochemical sensing [97]. Graphene’s planar structure property and
its compatibility with dielectric and metallic substrates further allow seamless integration
of hybrid plasmonic devices, such as metal-graphene sensors, achieving the dual-band
or multi-spectral sensing based on combined Fano resonances together with the tunable
graphene plasmonic [98-103].

Scheme 1 provides a conceptual map of the key factors influencing the design and
application of graphene nanoantennas in biosensing. It outlines the relationship between
antenna types, material properties, detection targets, plasmonic mechanisms, integration
strategies, and performance metrics. This holistic framework highlights the multifunctional
role of graphene-based nanoantennas, emphasizing their tunability, compatibility with
lab-on-chip platforms, and potential for highly sensitive, selective, and rapid biomolecular
detection.

Tunable permittivity
High conductivity
Chemical sensitivity
Material Properties
Lab-on-Chip Devices

Integration Options
CMOS-Compatible Platforms
DNA/RNA Strands

Biomolecules

Bowtie Structures
Dipole Antennas

Patch Antennas Antenna Types
Localized Plasmon Modes
Plasmonic Mechanisms

Surface Plasmon Resonance

Sensitivity

Graphene Nanoantennas in
Biosensing

Detection Targets

Performance Metrics
Selectivity Viruses & Bacteria
[voers ]

i

Scheme 1. Advantages of graphene-based plasmonic nanoantennas in biosensing applications.

Advanced designs of graphene antennas successfully achieve 85% radiation efficiency.
Research has optimized metrics, including radiation efficiency, gain, and return loss, leading
to maximum efficiency combined with directivity values exceeding 8 dB in both simulated
and experimental designs [104,105]. This conductivity determines the SPP propagation
constant (and thus losses), with higher mobility (long relaxation time, T) leading to re-
duced non-radiative damping [90,100]. The external voltage or chemical doping tunes the
dispersion and damping of SPPs, thus allowing the design of antennas with customized
response and quality factors [106]. Additionally, equivalent circuit models represent the
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graphene plasmonic nanoantenna as RLC resonators, enabling systematic optimization
of field enhancement, resonant frequency, and radiation efficiency by tuning antenna
geometries [107].

3. Graphene-Based Plasmonic Nanoantennas in Biosensing
3.1. Graphene-Gold Hybrid Structures

Graphene-based nanoantennas with noble metal plasmonics have emerged as a cutting-
edge technology for biosensing due to their exceptional ability to combine graphene’s
properties with the plasmonic resonance effect of noble metals such as gold [108]. This
integration yields hybrid nanostructures that provide enhanced signal detection, tunability,
and sensitivity mechanisms crucial for advanced biosensing applications [109]. This section
explores the fine details of the structural components of graphene-gold hybrid nanoan-
tennas, discusses the physical and chemical mechanisms of their signal improvement
as well as their enhanced sensitivities, and discusses the advanced fabrication thodolo-
gies and smaterials approaches that facilitate their development as well as integration
into optimized forms [110]. Graphene-gold hybrid nanostructures offer a class of plas-
monic materiwhere ultrathin grane layers are intimately interacting with metallic gold
nanostructures to create platforms with enhanced plasmonic and electronic performance
functionalities [111]. Owing to its exceptional electrical conductivity, optical tunability,
chemical stability, and mechanical strength, graphene serves as an active medium and
a structural interface in hybrid biosensing platforms. These attributes enable enhanced
field confinement, improved analyte interaction, and integration flexibility in nanoscale
sensor architectures [112]. Figure 7 presents the design, simulation, and performance eval-
uation of a graphene-based patch nanoantenna array. Panel (A) shows a schematic view
of a square graphene patch nanoantenna, including (a) a top view highlighting the patch
dimensions (Sx and Sy) and feed width, (b) a 3D model showing the antenna integrated on
a dielectric substrate, and (c) a side view detecting the material stack with a SiO, substrate
and nanostrip line feed. Panel (B) shows simulated far-field radiation patterns for antenna
arrays of varying sizes, (a) 2 x 2, (b) 3 x 3, and (c) 4 x 4, demonstrating both vertical and
horizontal polarization modes with strong directivity and polarization control. Panel (C)
presents a comparative performance analysis: (a) directivity and (b) gain of square-shaped
versus L-shaped antenna arrays as a function of array dimension, confirming improved
radiation characteristics with increased array size. These results highlight the antenna’s
potential for high-efficiency, frequency-reconfigurable applications in terahertz biosensing
and plasmonic signal modulation [110].

When gold nanoparticles (AuNPs) are merged with graphene, the resulting hybrid
material experiences an interplay between graphene’s delocalized electrons and the lo-
calized plasmonic fields of AuNPs [113]. The hybridization significantly enhances the
effects of localized surface plasmon resonance (LSPR), manifesting in strong confinement
of the electromagnetic field along with higher sensitivity within the visible to near-infrared
spectral regime [114-116]. For example, the development of freestanding single-layer
fabrication of large-area graphene-gold sandwich structures has allowed direct observation
of variations in localized electronic structure due to interactions of graphene-Au at the
nanoscale, revealed through scanning transmission X-ray microscopy, underpinning the
source of enhanced plasmonic activity within these systems [117].
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Figure 7. Design, radiation patterns, and performance analysis of graphene-based plasmonic nanoan-
tenna arrays. (A) Schematic views of a graphene square patch nanoantenna: (a) top view showing
patch dimensions and feed width, (b) 3D perspective view, and (c) side view indicating material
layering with SiO; substrate and nanostrip line feed. (B) Radiation patterns of graphene nanoantenna
arrays for different configurations: (a) 2 x 2, (b) 3 x 3, and (c) 4 x 4 arrays, showing vertically and
horizontally polarized field distributions. (C) Comparative analysis of directivity (a) and gain (b) for
square-shaped vs. L-shaped graphene nanoantenna arrays across increasing array dimensions [110].

The efficacy of the hybrid structure is further exemplified through graphene stripes in-
tegrated with gold gap-ring nanoscale geometries, leading to ultra-narrow LSPR linewidths
and resonant intensity enhancements by over two orders of magnitude [118]. These en-
hancements translate to an impressive sensor sensitivity of approximately 1000 nm /RIU
and figures of merit reaching up to 383, which are critical for detecting subtle biomolecular
refractive index changes [119]. Additionally, combining metal-graphene hybrid nanoan-
tennas with golden ratio rectangular resonators enables near-perfect infrared absorption,
significantly enhancing the intensity of surface-enhanced infrared absorption (SEIRA).
This makes for efficient identification for detecting low-concentration explosive molecules,
testifying to the practical utility of graphene-Au hybrid materials [120].

Chemically, the decoration of graphene oxide (GO) or reduced graphene oxide (rGO)
with AuNPs induces localized plasmons that enable resonance energy transfer mechanisms
essential for photonic and electrochemical biosensing applications [121]. The functional
groups of the GOs, such as carboxyl, hydroxyl, and epoxy bridges, facilitate covalent,
along with non-covalent, interactions with AuNPs, leading to stable nanocomposites that
show localized surface plasmon resonance (LSPR) in resonance energy transfer routes for
effective biosensing. Such composites are compatible with label-free immunoassays for
protein detection from femtomolar levels of protein concentrations, with dynamic signal
responses indicating ultra-high selectivity as well as sensitivity and specificity, potentially
suitable for point-of-care diagnosis and clinical biomarker sensing purposes [122].



Nanomaterials 2025, 15, 943

15 of 33

Thus, graphene-gold hybrid structures represent a key element in plasmonic nanoan-
tenna biosensors, leveraging the electronic coupling and morphological tunability of
graphene and Au nanomaterials to enhance biosensing performance through stronger
electromagnetic confinement and chemical interactions [108].

3.2. Mechanisms of Single Enhancement and Sensitivity Improvement

Graphene-based plasmonic biosensors were achieved with high sensitivity and signal
enhancement through multiple interrelated physical and chemical mechanisms [123]. A
basic mechanism is the coupling of graphene plasmons with localized gold nanostructures-
supported surface plasmons. This generates intensified electromagnetic hot spots,
nanoscale regions with significantly enhanced electric fields that profoundly boost light-
biomolecule interactions with amplifying signal intensity [124,125].

Surface-enhanced Raman scattering (SERS) is epitomized by the most prominent
enhancement mechanism of such hybrids [126]. The 2D platform of graphene provides
a chemically active surface on which substrate charge transfer interaction of adsorbates
is facilitated by its two-dimensional system, a chemical mechanism (CM) supplementing
the electromagnetic mechanism (EM) offered by gold nanoparticles. The EM amplifies the
intensity of the local optical field while the CM allows Raman signal athe mplification by
the resonance through mixing of molecular orbitals and the redistribution of charge [123].
In crumpled three-dimensional graphene-gold hybrid nanostructures, the volumetric in-
crease of plasmonic hotspots enhances local field enhancement to higher values, providing
at least one order of magnitude improvement in SERS sensitivity over flat hybrids [127].
The three-dimensionality of these nanostouctures facilitates enhanced access of the ana-
lyte and multiple directions of plasmon coupling for optimum biosensing performance.
Nonlinear optical processes in graphene provide signal enhancement, as evident from the
plasmonic Stokes emission enhancement through resonance [128]. It is a phenomenon in-
volving resonant plasmonic excitation, amplifying inelastic Raman scattering beyond linear
absorption resonances, offering large cross-sectioains of vital interest for sensing of low-
abundance biomolecules. Inthe mid-infrared spectral range which is important for probing
biomolecular vibrational modes, graphene,-based hyperbolic metamaterials (HMMs) and
graphene-transition metal dichalcogenide (TMDC)-graphene hybrid metasurfaces have
been designed to confine plasmon resonance energy by extreme spatial confinement as
well as spectral tunability [129].

Figure 8 illustrates a graphene/Al,O3-based hyperbolic metamaterial (HMM) inte-
grated with a gold grating structure, designed to support tunable mid-infrared plasmonic
modes. The multilayer HMM stack enables broadband hyperbolic dispersion, enhanc-
ing field confinement and sensitivity, which is advantageous for high-performance SPR
biosensing applications.

These hybrid architectures facilitate ultrasensitive label-free biosensing by magnifying
the local electromagnetic density of states and the efficiency of light-matter interaction,
often by two or more orders of magnitude compared to bare metal substrates. For example,
gold-graphene hybrid structures could boost surface field localization [130]. The electronic
tunability of graphene plays a pivotal role in plasmonic antenna design. As reported [131],
electronic gating and chemical doping tune the Fermi level and carrier concentrsation of
graphene, which in turn alter its surface conductivity and plasmon resonance frequency.
This tunability allows real-time configurability of the resonance profile, an advantage not
found in conventional metallic antennas. All of these mechanisms orchestrate a synergy
that enhances biosensing signals by combining intense plasmonic confinement of, the
electric field, chemical affinity and charge transfer processes, nonlinear optical effects, and
dynamic tuning of plasmon resonance [126].
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Figure 8. Illustrates a graphene-based hyperbolic metamaterial (HMM) biosensor integrated with
a gold grating structure for mid-infrared plasmonic sensing. (a) Design overview showing the Au
grating coupled with a graphene/Al,O3 multilayer HMM stack under TM-polarized incident light.
(b) Three-dimensional model of the unit cell with alternating graphene and Al,O3 bilayers (N = 11).
(c) Top and side views highlighting the geometry of the grating and HMM layers. (d) Effective
permittivity analysis showing real and imaginary components, indicating a hyperbolic dispersion
regime beyond 3.58 pum [129].

3.3. Fabrication Techniques and Material Design

The fabrication of graphene-based plasmonic nanoantennas requires advanced
methodologies for integrating graphene’s delicate two-dimensional lattice into nanoscale
metal structures without preserving each material’s functional properties [132]. Several ap-
proaches have been developed for the realization of hybrid nanostructures with nanoscale
precision of size, shape, and spatial arrangement crucial for plasmonic functionality.

3.3.1. Chemical Synthesis and Surface Functionalization

Chemical synthesis represents a foundational technique in constructing graphene-
metal hybrid nanostructures for plasmonic biosensing. Graphene oxide (GO), commonly
used in biosensor fabrication due to its rich surface chemistry and aqueous processability, is
typically synthesized via the modified Hummers’ method [133]. This technique enables con-
trol over flake size and oxygen functional group density, both of which influence the optical
response and biocompatibility of GO-based plasmonic devices. Surface functionalization is
crucial for bioconjugation. Thiol-gold chemistry is widely used to attach biomolecules onto
AuNPs, while amine-carboxyl coupling enables GO binding to peptides, DNA, or antibod-
ies, offering robust, biocompatible interfaces [134,135]. These functionalized nanostructures
serve as key platforms for immunoassays, enhancing plasmonic signal specificity.

3.3.2. Self-Assembly and 3D Structural Engineering

Self-assembly techniques introduced scalable fabrication routes that exploit mechani-
cal deformation. For instance, hybrid graphene-gold nanostructures cleverly take advan-
tage of thermally induced shrinkage as well as strain engineering [136]. On substrates
that thermally shrink and elastic mismatch, initially planar graphene-AuNP films buckle
into crumpled structures, offering expanded plasmonic active volumes and mechanical
stability [97]. These 3D structures expand plasmonic active volumes, support increased
mechanical stability, and have demonstrated significantly enhanced SERS sensitivities,
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adopted complex geometries, and extended biosensing applications [137]. Strain-induced
assembly also supports integration on flexible and stretchable substrates, opening applica-
tions in wearable biosensors. These 3D constructs provide multi-angle light confinement,
increasing hot-spot density and sensitivity in label-free SPR platforms.

3.3.3. Lithographic Patterning and Photonic Integration

Photonic device integration involves stacking hybrid waveguides composed of sil-
ica (Si0,), graphene, and gold layers and optimizing light confinement and absorption.
The low-loss dielectric layer between graphene and Au reduces the non-radiative losses,
while the patterned nanoscale gold structures act as plasmonic nanoantennas, serving as
localized hotspots that enhance field confinement. Integrated electrical contacts enable
high-gain performance, wide bandwidth operation, and tunable spectral responses [138].
Advanced techniques such as electron-beam lithography (EBL) and focused-ion beam (FIB)
milling remain key techniques for creating graphene bowtie, dipole, and slit nanoantenna
structures with nanometer-e precision. These methods enable the precise control over tip
sharpness, interparticle gaps, and antenna orientation, all critical for tailoring localized
surface plasmon resonance (LSPR) responses [139].

3.3.4. Data-Driven Design and Simulation

Computational techniques, especially finite-difference time-domain (FDTD) simu-
lations, play a critical role in predicting the optoelectronic response of graphene-based
plasmonic nanoantennas. These simulations consider the complex dielectric properties of
graphene and gold, near-field localization, and the impact of geometry on resonance [139].
Recent advances have introduced deep learning and inverse design frameworks to rapidly
optimize antenna shapes for specific spectral performance. These tools reduce time and
accelerate material discovery for multifunctional biosensors [140].

Figure 9 illustrates various graphene-based nanoantenna geometries, including bowtie,
rectangular, and circular designs, alongside simulation-driven analysis of electric and mag-
netic fild confinement. The data-driven modelling demonstrates how geometric parameters
directly influence plasmonic wavelength (A_sp) and near-field enhancement, offering a
predictive framework for optimizing biosensor sensitivity through structural tuning and
electromagnetic response analysis.
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Figure 9. (A) Schematic of different plasmonic nanoantenna geometries commonly used in SPR-
based biosensing: bowtie, circular, and rectangular antenna pairs positioned on a dielectric substrate.
Dimensions for each geometry are annotated, showing width, length, and interparticle gap. (B) Con-
ceptual illustration of localized surface plasmon resonance (LSPR) excitation and field distribution
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on a graphene surface. The electric (E-field) and magnetic (H-field) components of the surface
plasmon mode are shown, along with the propagation direction Asp and (|ns|) near-field intensity
decay [140].

3.3.5. Graphene Integration with Non-Metallic Materials

While noble metals dominate plasmonic antenna designs, combining graphene with
non-metallic nanomaterials such as oxides (e.g., ZnO, TiO,) and sulfides (e.g., MoS;, WS,)
has emerged as a route for enhancing biosensing functionality. These materials introduce
tunable band gaps, high surface area, and strong charge-transfer capabilities. For example,
graphene-ZnO hybrids exhibit stronger photonic—plasmonic interactions and increased
biomolecule absorption, improving both sensitivity and selectivity in biosensor applications.
Similarly, MoS;-graphene combinations provide mid-infrared tunability and increased
signal-to-noise ratio in label-free platforms [141]. Such heterostructures also demonstrate
improved biocompatibility and environmental stability, making them ideal for flexible or
wearable diagnostics.

In summary, the fabrication of graphene-based plasmonic nanoantesnna integrates di-
verse material design in biosensing, chemical synthesis, mechanical assembly, precise lithog-
raphy, and computational innovation to produce high-performance hybrid systems [142].
As plasmonic biosensing moves toward flexible, miniaturized, and reconfigurable systems,
these fabrication techniques offer precise control over optical enhancement, field confine-
ment, and molecular selectivity. Integrating graphene with both metallic and non-metallic
materials has opened new design paradigms for next-generation sensors, combining plas-
monic tunability with functional versatility.

4. Biosensing Applications of Graphene-Based Plasmonic Nanoantennas
4.1. Biomolecular Detection

Surface plasmon resonance (SPR) biosensors have emerged as powerful analytical
tools capable of investigating biomolecular interactions in real-time without the need for
labeling [143,144]. At the core of most SPR biosensors is the label-free detection mechanism,
which monitors intrinsic changes in the refractive index at the sensor surface as target
molecules bind [145,146]. This approach preserves the native biological activity of the
analyte and enables continuous, real-time measurement with high sensitivity, reaching
femtomolar levels for some proteins and nucleic acids [147].

In contrast, labeled detection methods employ external signal-generating probs such
as enzymes, nanoparticles, fluorescent tags, or radionuclides to amplify the response [148].
While these methods may offer lower detection limits in specific cases, they are generally
more time-consuming and complex, and incompatible with real-time analysis due to
the need for pre-labeling and multiple sample preparation steps. The choice between
label-free and labeled approaches for detection depends on various factors, including the
biomolecular compound utilized, analyte type, biological binding site, biosensor design,
sample volume, operational cost, analysis time, and required sensitivity [144]. Importantly,
the integration of advanced materials like graphene into SPR platforms has significantly
enhanced label-free biosensing by increasing the surface area for biomolecule adsorption
and improving signal-to-noise ratios through superior electronic properties [144].

Additionally, many SPR mechanisms incorporate electrochemical detection methods
such as voltammetry, potentiometry, impedance spectroscopy, and conductometry to
improve sensitivity and versatility [149]. For example, Voltametric procedures use redox-
active compounds like ferricyanide to produce detectable current upon analyte binding,
while impedance procedures track changes in the system’s response to alternating currents,
offering details insights into interfacial binding events [149]. Together, these developments
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highlight the growing distinction and synergy between label-free and labeled detection
techniques in modern SPR biosensor design.

4.2. Disease Biomarkers and Diagnostics

The detection of disease biomarkers by using SPR biosensors has transformed clinical
diagnostics by providing invaluable insight into disease progression and enabling timely
intervention [150]. Biomarkers are objective indicators of medical conditions that can be
accurately observed from outside the patient and are key to disease diagnostics and moni-
toring. The molecular indicators are divided into prognostic biomarkers, which provide
information about disease recurrence and disease detection using diagnostic biomark-
ers [151]. Rapid tracking of molecular interactions of SPR technology enables it to be a
means of real-time diagnostics [152].

Protein biomarkers are particularly valuable in disease detection due to their presence
in various biological fluids and tissues [153]. These biomarkers are expressed differently
depending on the disease type, providing diverse information about disorders within
the body [154]. For diagnostics of cancer, a variety of protein biomarkers have been
identified, such as KRAS for pancreatic cancer, HER; for breast cancer, AFP for liver cancer,
and PSA for prostate cancer [155]. The detection of these cancer biomarkers using SPR
biosensors facilitates early diagnostics and improves treatment strategies [156]. For the
diagnostics of cardiovascular disease, SPR biosensors have also been successfully used
to detect biomarkers such as C-reactive proteins (CRP) and S100 beta proteins [157]. The
detection limits for these biosensors are detection limits as low as 10 ng/mL and enable
the earlier detection of cardiac conditions [157]. For the specific diagnostics of myocardial
infarction, biosensors targeting cardiac troponin T (cTnT) and cardiac troponin I (cTnl)
have impressive detection limits of 1073 ng/mL [158] and have proven to be useful for
rapid cardiac assessment in clinical settings [159]. Neurodegenerative diseases have also
benefited from the use of SPR biosensor technology and have had systems developed
for the detection of biomarkers such as tau-441 for dementia [160]. The biosensors have
detection limits of 4.6 x 1071® M and allow for the early diagnosis of conditions like
dementia disease [160]. Advanced SPR platforms that have used graphene-based materials
have shown exceptional performance at the detection of amyloid-beta oligomers (ABO), a
key biomarker of Alzheimer’s disease, and have detection limits as low as 1013 M [161].

Figure 10 demonstrates a practical implementation of graphene-based biosensing
for cardiovascular disease diagnostics, showcasing the fabrication and functionalization
of screen-printed electrodes (SPEs) for aptamer-based detection. In Part A, a multilayer
graphene oxide—polyethyleneimine (GO/PEI) interface is electrochemically deposited
onto the SPE and chemically activated using EDC/NHS coupling, followed by propargyl
functionalization. Part B highlights the selective integration of disease-specific aptamers
BNP-32 and cardiac troponin I (cTnl) onto the electrode surface via click chemistry. The
incorporation of PEG enhances biocompatibility and reduces nonspecific interactions. This
strategy illustrates how graphene-modified electrochemical sensors enable targeted, label-
free, and real-time detection of clinically relevant cardiovascular biomarkers, aligning with
the broader goal of developing sensitive, point-of-care diagnostic tools.
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Figure 10. Schematic of a graphene-enhanced biosensor for cardiac biomarker detection. (A) Func-
tionalize a gold screen-printed electrode (SPE) using electrophoretic deposition of graphene ox-
ide/polyethylenimine (GO/PEI), followed by EDC/NHS activation. (B) Site-specific attachment of
aptamers for BNP-32 and ¢Tnl detection through analyte-induced changes in the sensor response.
(I) Electrophoretic deposition of GO/PEI onto SPE. (II) Propargyl functionalization via EDC/NHS
chemistry (III) click conjugation of azide-modified aptamers for BNP-32 or ¢Tnl (IV) PEG modification
for antifouling surface treatment [144].

4.3. Pathogen and Virus Detection

Graphene-enhanced SPR biosensors have demonstrated exceptional capability in
the detection of various pathogens, including bacteria like Mycobacterium tuberculosis
(TB) and viruses such as SARS-CoV-2 and influenza [162]. The integration of graphene
with SPR technology creates sensing platforms that enable the identification of pathogens
at extremely low concentrations, making them valuable tools for the early diagnosis of
infectious diseases [145].

For the detection of tuberculosis, a label-free reflective index graphene-based sensor
using a machine learning approach has been developed that identifies the presence of
Mycobacterium tuberculosis bacteria with high sensitivity [163]. Additionally, a graphene-
based field-effect transistor (GFET) biosensor has also been designed for detecting the
MPT64 protein of the pathogen Mycobacterium tuberculosis with exceptional sensitivity as
a tool for the detection of TB diagnosis [143]. Such advanced sensing tools overcome the
limitations of traditional methods of TB detection by offering rapid and accurate diagnosis
without extensive sample preparation [143]. In the context of viral detection, graphene-
based enhanced SPR biosensors have shown results for SARS-CoV-2 identification [163]. It
has been shown by evidence that the presence of graphene in the SPR biosensors sharpens
the resonance dip and induces a slight shift of the angle of the SPR, improving the detection
sensitivity [164]. The functionalization of the graphene surface with specific recognition
elements further enhances the biosensor’s specificity for SARS-CoV-2 detection [97]. The
SPR biosensors designed for SARS-CoV-2 detection have demonstrated exceptional perfor-
mance, achieving angular sensitivities as high as 371.67° /RIU, where one RIU represents
a unit change in the refractive index of the sensing medium due to viral biomolecular
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binding, indicating exceptional performance in detecting the virus [165]. For the detection
of the influenza virus, a simple fluorometric device was designed using the application of
graphene oxide (GO) for the identification of influenza subtype viral genes [166]. The sys-
tem employs a fluorescent DNA probe that reacts with graphene oxide to enable sensitive
detection of influenza viral RNA [166]. Additionally, graphene metasurfaces-based SPR
biosensors designed for the THz regime have shown promise for virus detection, including
influenza [167]. These advanced biosensors can detect changes in the concentration of viral
biomolecules, providing a sensitive platform for influenza identification [145].

4.4. Multiplexing and Point-of-Care (PoC)

The integration of graphene-gold hybrid SPR biosensors with microfluidic systems
has enabled significant advancements in multiplexed detection and point-of-care (PoC) ap-
plications [168]. These integrated systems allow for the simultaneous detection of multiple
biomarkers or pathogens in a single assay, enhancing diagnostic efficiency and reducing
analysis time [169]. The combination of microfluidics with SPR technology facilitates
the handling of small sample volumes, minimizes reagent consumption, and enables
automated sample processing, making these systems ideal for PoC applications [170].
Graphene’s versatile functionalization potential makes it particularly valuable for mul-
tiplexed biosensing applications [170]. The material can be utilized across a variety of
single or multiplexed point-of-care biosensing devices, offering high-sensitivity detection
with minimal sample preparation [171]. Graphene-based PoC diagnostics eliminate the
need for signal amplification and require minimal sample preparation to provide accurate
results, significantly reducing time-to-result from days or hours to minutes. This rapid
turnaround is crucial in a clinical setting where timely diagnosis can significantly impact
patient outcomes [172]. Recent developments include a portable fiber-optic surface plasmon
resonance (FO-SPR) device enhanced with graphene for real-time detection of infectious
pathogens. This system combines the advantages of fiber-optic technology with graphene-
enhanced sensitivity, creating a compact platform suitable for field applications [173,174].
Such portable SPR devices enable real-time monitoring of biomarker levels or pathogen
presence without requiring sophisticated laboratory equipment, making them valuable
tools for remote healthcare settings [175,176]. The application of graphene-gold hybrid SPR
biosensors in multiplexed systems has been demonstrated for various clinical applications,
including the simultaneous detection of cancer biomarkers such as CEA and AFP. These
multiplexed systems show excellent sensitivity, specificity, and minimal cross-reactivity
between different target biomarkers, with detection limits in the picogram per milliliter
range. Additionally, researchers have developed a 32-plex graphene biosensor chip that is
100 times more sensitive than conventional lateral flow devices, providing results within
5 min for applications like biotoxin detection [170].

4.5. Comparative Performance Analysis

A comprehensive comparison of various SPR biosensor configurations reveals signif-
icant sensitivity, detection limits, and specificity variations under different designs and
target applications [144]. Sensitivity, expressed in degrees per RIU (° /RIU) or nanometers
per RIU (nm/RIU), is a fundamental parameter for the assessment of the performance
of the SPR biosensors [176]. It was reported that the peak sensitivity of a monolayer
graphene-enhanced SPR biosensor based on a silver layer was up to 300.26° /RIU, 119% or
200% higher than the conventional SPR biosensors without graphene enhancement [176].
For the detection of disease biomarkers, SPR biosensors have been applied to various
biological species relevant to human health, including nucleic acids, proteins, viruses,
bacteria, and circulating tumor cells [177]. The performance of these biosensors varies
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depending on the target biomarker and the specific configuration employed [178]. For
example, gold electrode-based biosensors focused on the targeting of phosphoglucose
isomerase from rabbit muscle for cancer detection in human plasma can detect limits as
low as 6.6 x 10715 M [179]. Similarly, the cardiac markers cInT and cTnl biosensors can
detect limits of 1073 ng/mL for the detection of myocardial infarction [151]. The inte-
gration of graphene with various materials and configurations has yielded impressive
performance improvements in SPR biosensors [180,181]. A graphene/CaF2 multilayer-
based laba el-free SPR sensor has demonstrated sensitivity of up to 9000 nm/RIU for
first-order resonance and 38,000 nm/RIU for second-order resonance [145]. The sensor
detects material concentration changes of gases and biomolecules at a detection accuracy
of 0.001 refractive index units (RIU). The sensor capabilities extend to detecting cancers
with sensitivity in the range of 6000-7000 nm/RIU and various viruses with sensitivities
up to 38,000 nm/RIU [145]. A comparative study evaluating noble metal-graphene-WS,
hybrid SPR structures revealed that Ag/Graphene/WS; achieved the highest sensitivity of
240.7° /RIU, followed by Au (200.6° /RIU), Cu (180.4° /RIU), and Al (168.1° /RIU) config-
urations at 632.8 nm. While Cu and Al-based sensors offer cost-effective platforms, they
exhibit lower sensitivity and higher susceptibility to oxidation, confirming that Ag and
Au remain optimal choices for achieving high-performance, stable SPR biosensors [182].
A graphene-MoS;-Cu hybrid SPR biosensor achieved a resonance angle shift of 76.94°,
outperforming both MoS,-Cu (74.82°) and graphene-Cu (73.56°) configurations. This en-
hancement highlights the synergistic optical properties of the graphene-TMDC interface
and confirms the superior sensitivity of graphene-based hybrid multilayer systems over
conventional or single-material designs [183]. Complementing these findings, recent inno-
vations in metal-dielectric-graphene heterostructures using Al,O3, ZrO;, and SizNy4 have
demonstrated spectral sensitivities exceeding 30,000 nm/RIU, attributed to strong field con-
finement at the dielectric-graphene interface [184]. Similarly, metal-ITO-graphene/TMDC
hybrid multilayers have shown enhanced phase-sensitive SPR performance, while optically
active nanomaterials, especially carbon-based and composite systems, are increasingly
employed in fiber-optic sensing to improve response time, biocompatibility, and detection
limits [185,186].

Table 4 summarizes key advancements in biosensing platforms targeting disease
biomarkers, highlighting the use of various working electrodes, bioreceptors, and materials,
including graphene-based hybrids, for enhanced detection sensitivity. The listed examples
span applications in cancer, cardiovascular, neurodegenerative, inflammatory, and viral
diseases, with detection limits reaching as low as the femtomolar range. This compara-
tive overview emphasizes the diagnostic potential of graphene-integrated plasmonic and
electrochemical sensors in clinical settings.

Table 4. Performance comparison of SPR biosensors for disease biomarker detection.

Working . . Disease . .
Electrode Bioreceptor Target Biomarker Application Detection Limit  Reference
Gold electrode D-fructose Ph(?sphoglucose Cancer in human 6.6 x 10-15 M [148]
6-phosphate isomerase plasma
Screen-printed Molecularly . Cardiovascular 21 %1073
gold imprinted polymer Myoglobin disease ng/mL 1511
Gold disk Anti-tau antibody Tau-441 Dementia 4.6 x 1071 M [130]
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Table 4. Cont.

Working . . Disease . -
Electrode Bioreceptor Target Biomarker Application Detection Limit  Reference
: : 6.9 x 1073
Gold electrode EGEFR antibody EGEFR antigen Breast cancer [152]
ng/mL
Gold electrode TNT-o antibody TNT-« protein Inflammation 10712 M [153]
a-cInT and a-cTnl . Myocardial _3

ZnO antibodies Troponin Té& I infarction 107° ng/mL [128]

Graphene-gold Th1olated f:ellulalrc amyloid-beta Alzheimer’s 10~ 13 M-10~H1
rating prion protein (PrP™) oligomers (ABO) disease M [131]

& peptide probe
Titanium foil Co-TiO2 nanotubes SARS-Cov-a SARS-CoV-2 7x1071M [154]
S-RBD protein
Graphene/ CaF2 oA 21 aptamer MicroRNA-21 Breast cancer 23 x 10715 M [155]
multilayer

The integration of graphene and other nanomaterials has consistently improved
sensitivity and lowered detection limits across different applications [145]. For SARS-
CoV-2 detection specifically, SPR biosensors have demonstrated exceptional sensitivity,
with some configurations achieving sensitivities of 371.67° /RIU. These biosensors can
detect minute amounts of viral proteins or antibodies, making them valuable tools for
COVID-19 diagnosis [187]. Similarly, for cancer biomarker detection, graphene-enhanced
SPR biosensors have achieved detection limits as low as 2.3 x 10715 M for microRNA-21, a
biomarker for breast cancer [188].

Figure 11 demonstrates the electrochemical performance of a stepwise modified biosen-
sor platform based on miRNA-functionalized aptamer/PEDOT/Pep/AuNP composites.
The differential peak currents reflect each modification stage, with the highest current
observed for the fully assembled miRNA /Apt/PEDOT /Pep/AuNP/GCE system, indicat-
ing enhanced electron transfer and target detection capability. This comparative analysis
underscores the cumulative impact of each component, especially the synergistic effect of
AuNPs and conductive PEDOT, on improving biosensor sensitivity

250 4 — GCE
AuNP/GCE
b Pep/AuNP/GCE
200 d ——— PEDOT/Pep/AuNP/GCE
a ~—— Apt/PEDOT/Pep/AuNP/GCE
e
i f miRNA/Apt/PEDOT/Pep/AuNP/GCE
~ 1504
-
=
%)
St
5 1004
Q
c
50
0

=02 00 02 04 06 08 10
Potential / V

Figure 11. Electrochemical detection of miRNA-21 using various modified electrode configurations.
The DPV curves demonstrate signal enhancement from bare DCE through successive functionaliza-
tion, with the final configuration miRNA-21/Apt/PEDOT/Pep/AuNP/GCE showing the highest
current response, indicating superior sensitivity. This graphene-integrated platform enables efficient
and label-free detection of microRNA biomarkers relevant to cancer diagnostics [188].
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5. Challenges and Future Perspectives

The integration of graphene plasmonic nanoantennas has demonstrated significant
promise in advancing the sensitivity, selectivity, and tunability of surface plasmon resonance
(SPR)-based biosensors. However, the transition of these innovations from proof-of-concept
designs to real-world deployment remains constrained by several critical technical and
practical challenges.

A primary limitation lies in the reproducibility of high-quality graphene and plasmonic
metal films, paramount to achieving consistent SPR responses. Variations in thickness, grain
boundaries, and surface roughness directly impact plasmonic resonance behavior, leading
to inconsistent sensor performance. Moreover, the scalable and cost-effective fabrication
methods, such as large-area CVD-grown graphene and template-free nanostructuring, are
still under refinement to maintain structural integrity while preserving optical quality [189],
while preserving optical and plasmonic characteristics remains a substantial bottleneck
in sensor manufacturing [190-192]. Moreover, the integration of graphene with diverse
materials such as metal oxides, sulfides, or perovskites has emerged as a route to overcome
the limitations of noble-metal-only designs. These heterostructures offer enhanced stability,
broader plasmon tunability, and improved biocompatibility [141]. The performance of
the SPR sensor is highly dependent on the efficient and reproducible immobilization of
biomolecules onto the graphene or gold surface. However, controlling surface chemistry
across large batches presents challenges. Functionalization methods must ensure specificity,
prevent nonspecific adsorption, and remain stable over time and under physiological
conditions [193].

The biofunctionalization of graphene and gold surfaces, critical for selective analyte
detection, suffers from issues like nano-specification binding, inconsistent molecular orien-
tation, and long-term instability. The 7-7 stacking capabilities of graphene, while beneficial,
can complicate the control of the orientation and density of the capture molecules [194].
Furthermore, in complex media like blood serum or saliva, signal interference, fouling,
and low signal-to-noise ratios continue to reduce assay performance. Although graphene
enhances local electromagnetic fields and signal amplification, maintaining sensitivity and
selectivity in these environments remains a major challenge. Background interference,
nonspecific binding, and fouling can diminish sensor performance, while temperature and
pH fluctuations can alter graphene’s electronic properties, affecting the fidelity of signal
transduction [195].

To enable point-of-care diagnostics, graphene-enhanced SPR sensors need to be in-
tegrated with compact, CMOS-compatible, and wearable platforms. This involves over-
coming challenges related to optical alignment, real-time signal coupling, and mechanical
stability under miniaturization. Integrating graphene-based SPR sensors with microfluidics,
flexible substrates, and on-chip readout systems is a major ongoing direction [138]. Fur-
thermore, the combination of graphene with metamaterials, 3D heterostructures, and smart
materials (e.g., phathe se-change compounds like GST) holds potential for creating adaptive,
tunable SPR platforms [196-199]. Looking forward, several transformation research direc-
tions are actively redefining the landscape of graphene-based plasmonic biosensing. One
avenue involves the application of artificial intelligence (AI) and machine learning (ML)
for design optimization and data processing. Algorithms are increasingly being trained to
automate the development of nanoantenna geometries, interpret complex biosensing data,
and supp-ess background interference in real time, thereby accelerating both design cycles
and analytical accuracy by identifying subtle signal patterns and structural-performance
relationships [200]. Another innovative approach centers on tunable plasmonics through
intercalation, where species such as tin (Sn) or chlorine (Cl) are introduced beneath the
graphene layer. This process allows dynamic modulation of graphene carrier concentration
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and dielectric environment, thereby tuning its plasmonic response in the mid-infrared and
THz domains [201]. Additionally, as the field pushes towards real-world deployment, there
is increasing emphasis on eco-sustainable fabrication. Researchers are exploring green
synthesis methods, low-energy processing, and biodegradable substrates to reduce envi-
ronmental impact while mgintaining device performance [142]. Together, these directions
offer a roadmap for the next generation of sensitive, adaptable, and environmewhile also
providingasmonic biosensors, adjusting plasmonic ding a dynamic means of adjusting
plasmonic behavior.

In summary, while graphene-enhanced SPR sensors have unlocked new levels of
performance in label-free biosensing, realizing their full potential demands interdisci-
plinary advances in materials engineering, bio-interface chemistry, device integration, and
data analytics. Continued development in these areas will accelerate the translation of
laboratory-scale innovations into clinical, environmental, and portable diagnostic plat-
forms.

6. Conclusions

Significant progress has been made in enhancing surface plasmon resonance (SPR)-
based optical biosensors’ sensitivity through the integration of graphene—-metal hybrid
plasmonic structures. However, key challenges remain before their widespread application
can be realized. These include the lack of scalable and reproducible fabrication methods,
instability in complex biological environments, and limited clinical validation. Surface
functionalization still lacks standardization, and integration with portable systems faces
hurdles in optical miniaturization and long-term reliability.

Future efforts should focus on addressing these limitations through interdisciplinary
strategies, combining nanomaterials, microfluidics, and Al-driven data processing. Re-
alizing robust, low-cost, and real-time graphene-based SPR platforms will depend on
closing these gaps and translating lab-scale advances into clinically and commercially
viable technologies.
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