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Plasmonic metamaterials can be used to enhance midinfrared sensors and detectors for immunosens-
ing applications. The major challenge with them is to integrate these technologies in low-cost, compact,
and promising platforms. As an emerging technique, we utilize toroidal resonant plasmonic metamate-
rials to develop an ultrasensitive label-free analytical platform for the detection of specific antibiotics
in the midinfrared spectra. Taking advantage of the unique sensitivity of robustly squeezed electromag-
netic fields in the toroidal plasmonic meta-atoms, we demonstrate that our proposed approach based on
toroidal metastructures provides recognition of extremely-low-weight (approximately 0.6 KDa) biological
targets at attomolar densities. We envisage that this understanding extends the capabilities of plasmonic
metamaterials to analyze the presence of specific biological molecules and organisms with ultrahigh

precision.
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I. INTRODUCTION

Plasmonic metachips have revitalized advanced and
sensitive label-free biomarker detection techniques by
enabling robust electromagnetic field confinement down
to extreme subwavelength scales, which has enabled the
detection of biomolecules at ultralow densities with high
precision [1,2]. This promising counterpart of nanopho-
tonics has promoted the development of cost-effective
multianalyte biosensors, tailored for ultrafast and real-
time recognition of diverse infection and diseases’ fin-
gerprints [1-3]. Considering the hype cycle profile of
plasmonic biosensors technology, these devices are cur-
rently well into a stable commercialization phase [4].
Plasmonic biosensing devices mostly operate based on
the spectral response of resonant nanostructures and are
very sensitive to the dielectric materials in contact with
the surface of the nanochips. While visible and/or near-
infrared wavelength-resonant structures are of particu-
lar interest for optic-based pharmacological applications,
the midinfrared (mid-IR) band width is particularly well
matched for nanometric biomolecule sensorics [5,6]. In
general, the mid-IR spectrum encircles the vibrations of
most of the biological objects including envelope proteins,

*aahmadiv@rice.edu

2331-7019/19/12(3)/034018(7)

034018-1

organisms, enzymes, DNA, and lipids [7]. Although the
vibration signals of biomolecules are dramatically weak,
as a promising technique in accessing these fingerprints,
mid-IR spectroscopy facilitates a noninvasive and nonde-
structive label-free biosensing methodology [8,9]. To this
end, resonant plasmonic metamaterials based on artificial
building blocks have been extensively exploited for mid-
IR biosensing by taking advantage of the displacements in
the position of the induced moments due to the variations
in the dielectric permittivity of media [8—11]. Tradition-
ally, Fano resonant plasmonic metamaterials have been
widely used for mid-IR detection due to showing substan-
tial sensitivity of the induced asymmetric line shape to the
environmental perturbations [10,12,13]. In spite of the fact
that Fano resonant sensors provide accurate detection of
low-weight biological targets at fairly low concentrations,
this approach does not efficiently address the identification
of ultralow-weight proteins (i.e., beta-amyloid, tau pro-
tein) and viruses (i.e., Zika, PRD1, MS2) at the early stage
of diseases due to the poor limit of detection (LOD) in
practical clinical assays.

Very recently, an alternative class of label-free, on-
site, selective, and extremely sensitive plasmonic biosen-
sors has been developed and introduced based on
toroidal multipole electrodynamics [14—16]. In the field
of theoretical physics, optically driven dynamic toroidal
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moments constitute an independent group of elementary
electromagnetic sources with dramatically weak far-field
radiation patterns [17,18]. The fundamental member of
toroidal multipoles is a toroidal dipole that can be cre-
ated by the polarization currents flowing on a surface
of a torus along its meridian [17-20]. From a more
applied perspective, due to possessing a spectrally nar-
row response and strongly squeezed local field enhance-
ment, a toroidal dipole manifests higher sensitivity in
practical applications. This makes toroidal metamateri-
als potential alternatives for conventional optical signal
transduction mechanisms. This can be better perceived
by considering the radiated electric field from the con-
ventional [E, = n?k3(f x £ x p/r)] and toroidal [Et =
n’k)(F x t x T/r)] scatterers, and their relation to the
refractive index (n) variations of the surrounding media
[21]. This feature enables quantitative fingerprinting of
extreme subwavelength multimolecular aggregates with
remarkable precision that cannot be achieved by existing
detection subwavelength systems.

In this work, we demonstrate the attomolar optic-based
sensing of ultralow weight (582.6 Da) antibiotic molecules
(kanamycin sulfate or Kantrex, C;gH3sN4O1; x H;SOy)
using our developed toroidal mid-IR plasmonic metama-
terial. The designed metachip consists of judiciously engi-
neered symmetric multipixel gold nanoresonators with the
ability to sustain a strong toroidal dipole at the mid-IR
spectral range around A~ 5250 nm (@~ 1904.7 cm™!).
The preliminary quantitative studies for the refractive
index variations (Supplemental Material [25]) verified the
unique sensitivity of the system to the minor perturba-
tions in the dielectric properties of the media. As a proof
of principle, we detect the presence of Kantrex molecules
attached to plasmonic metamolecules at very low concen-
trations of approximately 600 molecules in 200 pl.

II. METHODS

A. Numerical analysis

To accurately predict the plasmonic properties of the
proposed toroidal mid-IR metamaterial, we investigate
the excitation of the dipolar moment and its interference
using the finite-difference time domain (FDTD) method
(Lumerical 2019). In our simulations, to extract the plas-
monic response of the tailored metastructure, the following
parameters are used: The spatial cell sizes are set to 3 nm
in all three axes, with 28 perfectly matched layers (PMLs)
as the absorptive boundaries. The mid-IR light source is
a plane wave with a simulation duration of 600 fs. The
dielectric functions for the gold meta-atoms are taken from
empirically reported constants by Ordal et al. [22]. The
current density profile in the Supplemental Material [25]
was calculated using the displacement current simulation
module based on implementing the effective permittivity of
the system (D = gqE). Subsequently, the current density

is solved in FDTD simulations via the following equation:
J= —iw(ey — eo)E The opposite currents due to oppo-
site magnetic dipoles result in the excitation of a toroidal
dipolar (T) resonance, which can be described by the
right-hand rule (see Supplemental Material [25] for the
excitation of the toroidal feature in planar metamolecules)
[23,24].

B. Sample fabrication

The samples are fabricated on a 500-um-thick quartz
substrate using the electron-beam lithography (EBL) tech-
nique. The wafers are developed by a PMMA layer and
later 3 nm of chromium is deposited on the PMMA
layer to enhance conduction. The developed unit cells
have a patterned EBL system. Then a 70-nm-thick layer
of gold is deposited using an electron beam evaporator
with a vacuum pressure of 6.7 x 1077 Torr. Ultimately,
the metallized specimens are immersed in acetone for
approximately an hour for liftoff.

C. Sample preparation and characterization

The fabricated samples covered with kanamycin sulfate
solution and the reference substrate are mounted at nor-
mal incidence to the incident infrared light. The samples
are rinsed thoroughly using deionized water to remove
any possible organic substrate contamination, and later
dried with a nitrogen gas flow. Once dried, the trans-
mission spectra are measured and evaluated before and
after covering with a solution composed of phosphate
buffer solution (PBS) and antibiotic molecules (approxi-
mately 10 ul), with an approximate thickness of 5.8 nm.
This is done by collecting the transmitted beam using
a Fourier-Transform infrared (FTIR) spectrometer (spec-
tral resolution: 0.07 cm~! and power of up to 190 mW).
To prevent atmospheric absorption and remove possible
impurities, the data are collected under a dry air expurgate.
The thickness of the deposited solution on the samples is
defined from ellipsometry measurements.

II1. RESULTS

A. The spectral response of the plasmonic mid-IR
unit cell

First, we analyze the spectral response of the devised
plasmonic mid-IR unit cell by considering both numer-
ical and experimental studies. Figure 1(a) illustrates the
tailored symmetric plasmonic unit cell with the forma-
tion of a spinning closed-loop charge-current configuration
around the center of the meta-atom (not to scale). This
panel contains the judiciously defined geometries of the
unit cell based on FDTD numerical analysis (Methods).
A scanning electron microscopy (SEM) image of the fab-
ricated metallic aperture arrays is shown in Fig. 1(b) (for
fabrication details, see Sec. II). Considering the mismatch
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between the induced magnetic fields and subsequently
generated displacement currents (J) in proximal nanores-
onators under a normalized y polarized beam illumination
(Fig. S1, see Supplemental Material for the vectorial sur-
face current density [25]), we validate the excitation of a
toroidal dipole feature at A ~ 5250 nm (w ~ 1904.7 cm™!),
as shown in Fig. 1(c). In this profile, the blue and orange
solid lines explicitly show the numerically and experimen-
tally obtained transmission spectra, respectively, under y
polarized light illumination (solid line). Conversely, for
the x polarized beam (dashed line) excitation, the toroidal
feature vanishes due to losing the discrepancy between
the circulating magnetic fields and surface current densi-
ties in adjacent resonators. To show the influence of the
nanosize gaps on the excitation of oppositely rotating mag-
netic fields (m) in the unit cell, we depicte the distributions
of the electric field in a three-dimensional (3D) map in
Fig. 1(d). This profile clearly illustrates the intense con-
finement of plasmons at the capacitive gap spots, which
acts as a key parameter in defining the formation of a
toroidal dipole [26]. Moreover, the presence and accu-
mulation of proteins, enzymes, molecules, and so on at
these capacitive openings dramatically changes the spec-
tral response of a particular metasensor due to affecting
the induced magnetic field intensity and spinning prop-
erties of the toroidal moment. Our theoretical predictions
are confirmed by quantifying the near-field enhancement
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around the toroidal structure as a function of operating
band width. As plotted in Fig. 1(e), the maximum enhance-
ment of |E|? averaged over the meta-atom along the z axis
(E;) occurs at the toroidal dipole wavelength, giving rise
to the large spectrally selective enhancement of the plas-
monically boosted near field and holds strong promise for
biosensing applications.

The nature of the optically driven transmission dip and
the scenario to explain the observed spinning moment are
explained and represented in the Supplemental Material
[25]. In this addendum file and Fig. S2 (see Supplemental
Material [25] for the multipolar decomposition), we theo-
retically calculate the radiated power from the multipoles,
verifying the suppression of the electric dipole and simul-
taneous superposition of magnetic quadrupole and toroidal
dipole around the resonance wavelength. The obtained
results are consistent with our computations for the dis-
placement current in Fig. S1 (see Supplemental Material
[25] for the surface current density). Furthermore, as an
alternative route to verify the formation of the head-to-tail
toroidal mode, we numerically calculate and plot the cross-
sectional (x-z plane) vectorial magnetic field map for the
spinning charge-current configuration in Fig. S3 (see Sup-
plemental Material [25] for the vectorial magnetic field at
the cross section). The exhibited graph strongly validates
the formation of a head-to-tail toroidal arrangement across
the metastructure.

(d)

ty

Intens
ol -

Wavenumber (cm-")

3333.3 2500 2000 1666.6 1428.5 1250
1 L L 1 n

0.8
o

0.6

0.4

Transmission (abs.)

0.2
1 [Solid line

(c)1 8000 33333 2500 2000 16666 14285 1250 (e) so00
: A ) : : %
d 5

(y polarized)| vl
[Dashed line (x polarized)

Enhancement of (|E|?) x10%

'2000 3000

FIG. 1.

4000
Wavelength (nm)

i
2000 3000 4000 5000 6000 7000 8000
Wavelength (nm)

5000 6000 7000 8000

The spectral response of the toroidal metamaterial. (a) Schematic of the proposed mid-IR plasmonic toroidal meta-atom

with the description of the judiciously defined geometries under longitudinal plane wave excitation. The circular spinning feature
artificially shows the direction and formation of the head-to-tail charge-current configuration around the unit cell. (b) SEM image of the
fabricated metamaterial. The scale base is: 2 um. (c) Experimentally (orange) and numerically (blue) obtained normalized amplitude
transmission spectra for the excitation of toroidal moment under longitudinal (solid) and transverse (dashed) polarization excitations.
(d) Three-dimensional (3D) electric field enhancement map for the excitation of the toroidal dipole, showing the strong confinement
of plasmons at the capacitive gap spots. (¢) Electric field enhancement (|E|?) as a function of incidence, validating significant intensity

of the confined fields at the toroidal dipole wavelength.
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FIG. 2. Principle of biomolecule detection using toroidal plasmonic metamaterial. (a) Schematic of the proposed mid-IR plasmonic
toroidal meta-atom with the presence of kanamycin sulfate molecules deposited on the surface. The inset shows the molecular structure
for the targeted kanamycin sulfate molecules. (b) Dark- and (c) bright-field images for the diffraction pattern and TEM images of
molecules. (d) The SEM image of an area of metamolecule with the presence and accumulation of kanamycin sulfate molecules at the
capacitive opening of the metastructure. (¢) The experimentally measured transmission spectra for various concentrations of targeted
antibiotic molecules. This panel shows a continuous and monotonic redshift in the position of the toroidal dipole by increasing the
density of biological objects. (f) Toroidal dipole position value as a function of the kanamycin sulfate molecules’ concentration. The
shaded red region shows the starting point for the reaction of the toroidal mode to the presence of antibiotic molecules.

B. Detection of antibiotic molecules by toroidal
plasmonic unit cell

The detection performance and sensing properties of
the developed mid-IR toroidal metamaterial will now be
explained. To verify the sensitivity of the fabricated meta-
materials, we qualitatively evaluate the variations in the
plasmonic response of the metasensor by varying the
refractive index of the medium, as demonstrated in Fig.
S4 (see Supplemental Material [25] for the effect of refrac-
tive index perturbations). In general, the line shape of a
toroidal dipole is very narrow, which allows for a highly
accurate measurement of small shifts in resonance wave-
length induced by variations in the dielectric permittivity
of the unit cell environment [15,16]. Conventionally, the
ratio of the plasmonic resonant moment energy shift per
refractive index unit perturbation in the surrounding ambi-
ence defines the precision of an optical biosensor [27,28].
To explore the sensitivity of the toroidal-resonant meta-
atom, we perform a set of experiments by embedding the
mid-IR metamaterial in different dielectric liquids (water,
acetone, paraldehyde). Figures S4(a) and S4(b) (Supple-
mental Material [25]) show a substantial and continuous
redshift in the position of the toroidal dip by increas-
ing the refractive index of the media [(Al7~950 nm
(Awr~304.7 cm™") for An~0.405)] (see Supplemental
Material [25] for the effect of refractive index variations on
the spectral response). These significant variations in the
toroidal dipole wavelength stem from its higher sensitivity
to environmental perturbations. Taking advantage of this

exquisite feature, we utilize the fabricated plasmonic meta-
material for the detection of ultralow weight (approxi-
mately 582.6 Da) antibiotic molecules (Kantrex).
Recognition of the presence of these antibiotic
molecules around the toroidal meta-atoms is performed
by using the transmission difference between two differ-
ent regimes (the absence and presence of biomolecules)
as: |AT(@) = [ (@)]* — [t7o°"*(@)|?, in which t,, is
the tensor correlating with the transmitted and incident
electric fields through the metamaterial under y polar-
ized light exposure. In Fig. 2(a), an artistic picture of the
toroidal unit cell in the presence of a targeted biomolecule
is depicted, showing the Kantrex molecules on the metade-
vice (the inset is the molecular structure of kanamycin
sulfate). By mixing the kanamycin sulfate molecules PBS
[see the associated dark- and bright-field images for the
diffraction pattern and transmission electron microscope
(TEM) images of molecules, shown in Figs. 2(b) and
2(c), respectively], we introduce the prepared solution
(with approximately 10 ul) to the plasmonic metamate-
rial specimens, as shown in the magnified SEM image
in Fig. 2(d). The accumulation of Kantrex molecules at
the capacitive openings dramatically changes the measured
transmission spectra, as shown in Fig. 2(e). Following the
same route as the earlier studies in Fig. S4 (see Supple-
mental Material [25] for the refractive index variations of
the media), and considering water as the reference point,
we observe a significant redshift in the position of the
toroidal dipole in the range of 5400 nm < A7 < 6600 nm
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(1515.1 em™! < wr < 1851.8 cm™!), while the concentra-
tion of targeted Kantrex molecules continuously increases
from 0.1 to 10 fmol. Figure 2(f) shows the toroidal
dipole shift as a function of the concentration of Kantrex
molecules, where the slope of the redshift of the asym-
metric line shape is remarkably sharp from 0.1 to 1 fmol
concentrations (green region), and confirms a LOD of
approximately 0.85 fmol (850 amol) for the metasensor.
This trend is observed for much denser concentrations of
kanamycin sulfate molecules with a moderate slope (red
region) due to the destructive influence on the formation of
toroidal moment, which cancels the mismatch between the
rotating magnetic fields and induced surface current densi-
ties. To investigate the origin of the resonance shift due
to the presence of biomolecules, one should apply both
the permittivity variations and near-field coupling in the
corresponding computations [29]

Arr 1 [ [y Er(r).(e —1).Eq(r)dr
G 2 M
T

- [ [Ex(r)Pdr

where ¢ is the thickness of the dropped liquid layer on the

surface of the metachip, ¢ is the permittivity, and |Ey(r)|
is the near field at the gaps. It should be emphasized that to
introduce the Kantrex molecule to the system, we employ
the conversion of its experimentally measured refractive
index (n=1.67) to the permittivity. The extrapolated per-
mittivity possesses a nondispersive term (n?), leading to an
absorption peak or transmission dip along the mid-IR spec-
tra. In addition, the thickness (approximately 5.8 nm) of
the dispersed layer of molecules is defined using the values
obtained by ellipsometric data.

Technically, AL possesses a direct influence on the
dephasing time and resonant wavelength position of the
toroidal metasensor. To exhibit the notion of structure-
specific biological detection [30], we consider the depen-
dency of the spectral peak on the wavelength discrepancy
between the toroidal resonance moment wavelength and
the biological vibrational modes, including the dephasing
time of modes, the dipolar mode strength, and bond orien-
tations. Figure 3(a) illustrates the impact on the induced
toroidal resonance line shape and the corresponding
dephasing time due to the modified transmission tensor.
This panel indicates the dephasing time as a function of
antibiotic concentration, showing the decay in the toroidal
resonance lifetime for both numerically (shaded curve) and
experimentally (circles) recorded line shapes (computed
by t = 2h/FWHM) [31]. Although by increasing the con-
centration of molecules, the toroidal dipole continuously
and monotonically decays, the induced moment reason-
ably retains its quality for higher concentrations. In Fig.
3(b), we plot the experimental results for before and after
the binding of the antibiotic to the metallic meta-atoms,
indicating the variations in the transmissivity ratios (A7/T)
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FIG. 3. (a) The lifetime of the toroidal dipole as a function
of antibiotic molecules’ concentration. (b) Experimentally mea-
sured functional change of transmission spectra before (dashed)
and after (solid) binding of kanamycin sulfate molecules to the
meta-atoms.

of the toroidal moment. Ultimately, Table I compares the
LOD and sensitivity of the recently proposed trending mid-
IR biosensing technologies with the current study. Notice-
ably, the proposed approach in this context provides a
remarkable detection performance due to taking advantage
of strong electromagnetic field confinement by the toroidal
dipole, allowing to access attomolar concentrations of the
targeted molecule.

IV. DISCUSSION

Here, we first conduct a numerical refractive index sens-
ing analysis, as a proof of principle, to demonstrate the
enhanced sensitivity of the tailored mid-IR metasensor.
The detection of ultralow-weight molecules at extremely
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TABLE I. Comparison of the current toroidal plasmonic metasensor performance with those of other mid-IR plasmonic biosensors.

Sensing mechanism Targeted object Sensitivity Limit of detection Ref.
Gold island Pathogens 10? cfu/ml [7]
functionalized
chalcogenide films
All-semiconductor Dispersionless ~900 %+ 20 nm/r.i.u. [32]
plasmonic gratings material
Graphene-mediated Glucose 200 pM (36 pg/ml) [9]
hybrid
metamaterial
Nanoplasmonic Amide 220 nm/ r.i.u. [33]
structure I/Monomers/Fibrils
and Oligomers
Gold nanoantenna Glucose and fructose 10 g/ 55 mM [34]
array solutions
Graphene-mediated Secondary structure 30 pM [35]
hybrid of protein
metamaterial immunoglobulin
(IgG)
Toroidal plasmonic Kanamycin sulfate ~2500 nm/r.i.u. 850 amol Current study

metasensor

low densities is the most important advantage of the
toroidal metasensor. Although the conventional resonant
subwavelength structures, such as Fano and electromag-
netically induced transparency resonant plasmonic sen-
sors, are famous for supporting ultrasharp resonances,
and enhanced FOMs and sensitivities, they fail in detect-
ing molecules at extremely low-level concentrations (e.g.,
amol, fmol, etc.). The proposed approach in this under-
standing bridges this gap in the field of plasmonic biosens-
ing via toroidal metastructure technology. In addition, the
influence of the capacitive gaps is another vital parame-
ter with which to precisely address this. We employ the
direct coating of the solution on the surface of the spec-
imens similar to the method developed by Ref. [36]. As
depicted in the SEM image in Fig. 2(d), we observe the
biological targets at the capacitive openings. Then the con-
trol experiments are done by changing the concentration of
kanamycin sulfate in the solution between 0.1 to 10 fmol
to monitor the effect of the density of the molecules on the
plasmonic response. Given that the coating process is per-
formed by introducing the molecules to the substrate, we
do expect to have a nonuniform distribution of molecules
on the samples.

V. CONCLUSION

In conclusion, we demonstrate an alternative applica-
tion of toroidal resonant plasmonic metamaterial to detect
ultralow-weight antibiotic molecules at attomolar concen-
trations along the mid-IR spectra. As a proof of prin-
ciple, we obtain detection of Kantrex molecules with
significant LOD down to 0.85 fmol. By validating the
excitation of toroidal dipoles in the mid-IR band, we

qualitatively investigate the sensing performance of the
tailored metasensor for several concentrations of the tar-
geted biological molecules. The significant LOD of the
developed metadevices stems from the remarkable sensi-
tivity of toroidal meta-atoms to the minor variations in the
dielectric permittivity of the media. We envision that the
proposed toroidal metasensor technology possesses strong
potential to be employed for practical and modern on-chip
biosensing applications.
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