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Abstract: From the point of view of classical electrodynamics, nano-optical and enantioselective
tweezers for single biomolecules have been routinely investigated using achiral and chiral localized
surface plasmons, respectively. In this work, we propose the use of interference of collective
plasmons (Fano-type plasmon) that exist in densely hexagonal plasmonic oligomers to design a
high-efficiency nano-optical tweezer to trap individual biomolecules with a radius of 2 nm. For
this purpose, we fabricated and simulated 2D hexagonal arrays of Au nanoparticles (AuNPs)
with sub-wavelength lattice spacing which support collective plasmons by near-field coupling.
Our full-field simulations show that densely hexagonal plasmonic oligomers can enhance the
Fano-like resonances arising from the interference of superradiant and subradiant modes. This
interference of collective plasmons results in a strong intensification and localization of the
electric near-field in the interstice of the AuNPs. The methodology can also be extended to
collective chiral near-fields for all-optical enantioseparation of chiral biomolecules with a small
chirality parameter (±0.001) with the hypothesis of the existence of strong magnetic near-fields.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical trapping of dielectric micro- and nanoparticles using only a highly focused laser beam
was proposed by A. Ashkin and collaborators in the 1980s [1]. This optical tool applied to health
science was very successful, especially in molecular biology to trap viruses and bacteria [2],
transport organelles along microtubules [3], and displacing simple DNA molecules in viscous flow
[4] as well as measuring forces associated with DNA transcription and replication [5,6]. Since
2012, many research groups have been extending the functionalities of this scientific instrument
by creating, for example, various capture configurations [7,8] and adding other spectroscopic (and
nanoscopic) techniques to analyze conformational changes in various macromolecules [9–11].
This integration led to the physical-chemical characterization of isolated biological micro- and
nanoparticles using a low-power laser beam. However, when attempting to capture nanoparticles
(< 10 nm), the gradient force was generally insufficient to overcome the destabilizing effect of
the scattering force and Brownian motion. In this sense, it was understood that the local stability
of an optical tweezer (OT) is strictly limited by the diffraction of classical optics. To overcome
this drawback, very significant advances in nano-optics have made it possible to design OTs
driven by near-fields (nano-optical tweezers, NOTs), which overcome the diffraction limit. The
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first theoretical conception of a NOT using localized surface plasmons (LSPs) was reported
independently by Novotny and Martin [12,13]. These researchers constructed an unconventional
optical trapping scheme for dielectric nanoparticles (5 nm radius) using evanescent fields generated
in the vicinity of an Au nanotip when light shines on it. After this proposal for nanoplasmonic
optical trapping, many other theoretical and experimental works (trapping of sub-30-nm particles)
were developed replacing metallic nanotips with more complex plasmonic nanostructures [14–19].
The first realization of an optical trap (plasmonic double-nanohole) for a single molecule (BSA,
Bovine Serum Albumin) was carried out in 2012 with the experimental work of Pang and Gordon
[20]. Also in that year, coaxial plasmonic apertures were proposed as NOTs for sub-10-nm
particles [21]. In 2018, it was theoretically demonstrated that asymmetric plasmonic bowtie
nanoantennas can trap nanoparticles up to 10 nm using a Fano interference process between dipolar
and quadrupole modes [22]. Hong et al. (2020) fabricated an opto-thermo-electrohydrodynamic
tweezer (conceived as a 2D array of plasmonic nanoholes interacting with light and an electric
field) to capture and manipulate sub-10 nm particles and BSA biomolecules [23]. In that same
year, many works were reported on the trapping of small particles with sizes up to 1 nm [24–28].
To achieve this feat of trapping such small objects, unconventional trap configurations were
used, such as the nanoplasmonic tweezer composed of a silver-coated fiber tip and a gold film
[24], strongly coupled plasmonic nanotips [25], a tip-enhanced Raman spectroscopy system
[26] and graphene’s Dirac plasmon in graphene nanoribbon driven by external source [27,28].
Very recently, other technologies (organic semiconductors, spectroscopic techniques and strongly
coupled systems) were implemented to overcome the limitations of plasmonic systems [29–33]. In
this sense, capture mechanisms in NOTs based on complex nanostructures are being investigated
to improve the efficiency of optical trapping. On the other hand, biomolecules are molecules
that make up living organisms. Many of them such as amino acids, sugars, and nucleotides
are inherently chiral. The concept of chirality is used to distinguish molecules that cannot be
superimposed, but are symmetrical with respect to a plane. While one of the enantiomers forms
an effective medicine, the other can cause serious side effects [34]. Therefore, studying and
designing passive processes to separate enantiomers as opposed to chemical methods (chiral
chromatographic methods and electrophoresis capillary) [35] would be an essential task for
the development of new products pharmaceuticals, agrochemicals, and food additives. It is
known that the figure of merit of an enantioselective process (using electromagnetic fields) is
the chiral dissymetry factor [36]. The definition provided by classical electrodynamics includes
chirality properties in electromagnetic fields [37]. The generation and manipulation of chiral
electromagnetic fields are possible in principle due to the interaction between light and carefully
designed meta-structures [38–43]. The chiral optical properties can be modulated by the incident
light, geometry, and material type of the meta-structure [44–46]. Optical enantioseparation of
chiral nanoparticles has been achieved using symmetric nanostructures such as coaxial plasmonic
apertures [44], nanoplasmonic triangle trimmers [45], and subwavelength slot waveguides [46].
On the other hand, the use of asymmetric nanostructures and nanoapertures made it possible to
intensify the optical chirality and thus improve the efficiency of enantioselective trapping for
sub-10 nm particles and globular chiral macromolecules [47–50]. Recently, other approaches
have also been proposed in order to detect [51] and sort chiral specimens [52]. Even considering
the chiral spatial structure inside the molecules to analyze its effect on the enantioselective force
[53,54]. However, chiral plasmonic tweezers for efficient optical capture and enantioseparation of
individual biomolecules with small chirality parameters still remain challenging. In this context,
we propose (theoretically) to use of highly dense plasmonic oligomers that support Fano-type
plasmons (collective plasmon interference) to design a high-efficiency nanoplasmonic tweezer
based on experimental transmission measurements. The engineered nanodevice that can trap
individual biomolecules of up to 2 nm radius (with linearly polarized light) can also passively sort
chiral spherical biomolecules with small chirality parameters by changing the light to circularly
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polarized. The hypothesis made for the latter case is that the hexagonal plasmonic oligomer
supports localized magnetic plasmons.

2. Methods

2.1. Electrochemical nanofabrication

First, square pieces of Al (99.9995% purity, Plutatonic ALFA ZEAZAR) with a nominal thickness
of 0.035±0.007 mm were sequentially cleaned in trichloroethylene, acetone, and isopropanol
for 10 min each. Immediately, the Al foils (2 cm x 2 cm) were thermally annealed at 500 ◦C in
N2 for 3 hours and then electropolished (see Supplement 1, Fig. S1a-c). Self-ordered alumina
nanostructures (1 µm thick) grown on the Al surface were obtained by a two-step anodization
procedure [55,56] using a simple electrochemical cell with two electrodes in 0.5 M H2C2O2
at 25 ◦C and 45 V (see Supplement 1, Fig. S1d-i). After anodization, the synthesis of AuNPs
inside hexagonal alumina nanopores was carried out by AC electrodeposition of metals [57–59].
This process was conducted in an electrolyte containing 1g/L HAuCl4·3H2O + 30 g/L H3BO3,
with a pH of 1.5, AC voltage of 10 V (RMS) and a frequency of 200 Hz. In this case it was
not necessary to stir the electrolyte solution. Then, the remaining Al on the backside of the
nanostructured composite films (Al2O3@AuNPs) was chemically removed by immersion in
a saturated CuSO4·3H2O solution by adding 3 ml of HCl (37%). Therefore, the as-obtained
Al2O3@AuNPs films, suspended in water, were transferred intact to SiO2 substrates.

2.2. Morphology and structural characterization

The surface and cross-section of the nanostructured films on Al substrate (Al@Al2O3@AuNPs)
were characterized by scanning electron microscopy (SEM) and energy dispersive X–ray
spectroscopy (EDS) using a FEI Quanta 450 FEG. X-ray diffraction (XRD) of the nanostructured
films on SiO2 substrate (SiO2@Al2O3@AuNPs) were recorded in a Bruker diffractometer
(D8-Discover) by using Cu Kα radiation (λ = 1.5418A) anode operating at 40 kV and 30 mA.
XRD measurements were recorded using 2θ steps of 0.1◦, 2θ range of 30◦ to 110◦ and the
counting time for XRD analysis was 2s step−1.

2.3. Transmittance measurements

The SiO2@Al2O3@AuNPs films were optically characterized using a UV–Vis Spectrophotometer
(Shimadzu UV-2600) in transmittance mode. The incidence of light (unpolarized) was normal to
the plane of the AuNPs, wavelength from 300 to 800 nm, slit width 0.5 and accumulation time 1s.
For transmittance measurements of the nanostructured films in a water environment, we had to
transfer the Al2O3@AuNPs film to a quartz cuvette (handmade) with optical path length of 1mm.

2.4. FDTD simulations

Electromagnetic modeling of the nanoplasmonic systems was performed using the commercial
software FDTD Solutions 8.5 (Lumerical Inc., Canada). Gold nanoparticle clusters (hexagonal
hexamers and heptamers) were used in the simulations. In the computational domain, linearly
polarized (LP) and circularly polarized (CP) light was injected from bottom to top in the Z axis.
In the boundary conditions, seven perfectly matched layers were used in the Z direction to avoid
the reflection process. The dielectric constants of Au and SiO2 substrate were obtained directly
using the software database. The effective refractive index of the porous alumina nanostructure
(in air and water) was obtained from the effective medium theory [60]. The mesh used in all
simulations was 1.5 nm. The left (right) CP light was generated using two beams of overlapping
LP light with a phase difference of π/2 (-π/2). In the computational simulations, geometric
parameters obtained directly from SEM micrographs and transmittance measurements were used.

https://doi.org/10.6084/m9.figshare.24504058
https://doi.org/10.6084/m9.figshare.24504058
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3. Results and discussion

3.1. Nanostructured films on Al and SiO2 substrates

Figure 1(a) shows a photograph of a square Al foil (L = 2 cm) with electrodeposited material
(circular region with an effective area of 1 cm2). Due to the reddish color in the circular region,
it is possible to affirm that the AuNPs were uniformly deposited without any agglomeration.
The SEM micrograph in Fig. 1(b) clearly shows the hexagonal nanostructure of nanopores and
confirms their partial filling. Note that, due to the initial anodization conditions (see methods),
the geometric parameters of this hexagonal alumina nanostructure are: interpore distance (w) of
110 nm, average diameter (d) of 90 nm, and thickness (h) of 1 µm. Thus, the nanostructured
composite film Al2O3@AuNPs on Al was prepared, where Al2O3 represents aluminum oxide (or
alumina with refractive index of 1.67) and AuNPs denote the gold nanoparticles. On the other
hand, Fig. 1(c) shows the chronoamperometric curves (current densities versus time) of the Au
electrodeposition process for three samples G1, G2, and G3, corresponding to deposition times of
60 s, 240 s, and 480 s. Note that these potentiostatic curves reveal that the electrocrystallization
kinetics of AuNPs follow an instantaneous nucleation mechanism followed by diffusion-controlled
growth [61,62].
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Fig. 1. (a) Photograph of a real sample with electrodeposited AuNPs. (b) SEM micrograph
of hexagonal nanopores partially filled with Au. The inset of this panel shows the histogram of
nanopore diameter distribution. The yellow scale bar is 500 nm. (c) Current densities versus
deposition time (td) for three samples G1, G2 and G3 with td = 60, 240 and 480 s, respectively.
(d) EDS analysis of the Al@Al2O3@AuNPs film. (e) XRD of the SiO2@Al2O3@AuNPs
film. The standard reference ICDD card. 40784 for Au is also shown (red vertical lines).

The chemical (EDS) and structural (XRD) characterization of the AuNPs within the nanoporous
are shown in Figs. 1(d) and 1(e), respectively. EDS analysis of the Al@Al2O3@AuNPs film reveals
the chemical composition of the materials present with their respective percentages: Oxygen
(10.98%), Al (66.48%) and Au (22.54%). Also, XRD analysis of the SiO2@Al2O3@AuNPs
film reveals the crystallinity of the AuNPs. The emergence of six peaks (red arrows in Fig. 1(e))
located at 2θ = 38.2◦, 44.7◦, 64.7◦, 77.6◦, 81.7◦ and 99.1◦ correspond, respectively, to the
crystallographic planes (111), (200), (220), (311), (222) and (400) of a face-centered cubic
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(FCC) structure for Au, with preferred growth direction in the (200) plane. The appearance of
these peaks in the X-Ray diffractogram is in perfect agreement with the standard ICDD Card No.
40784 for Au (vertical red lines in Fig. 1(e)).

3.2. Transmittance spectra for nanostructured films with sub-wavelength lattice spacing

Figure 2 shows the experimental (panel 2a-c) and simulated (panel 2d-f) normalized transmittance
spectra for three different hexagonal arrangements of AuNPs in air (dashed lines) and water
(continuous lines) environments. Each of the AuNPs arrays corresponds to the previously defined
G1, G2 and G3 samples with lattice spacing of 50 nm, 30 nm and 20 nm, respectively. It is worth
mentioning that each of these transmittance curves represents a statistical average of several
measurements carried out on the nanostructured films (see Supplement 1, Fig. S2). It is clear
to observe in G1 the formation of spherical AuNPs with an average diameter of 60 nm (SEM
image in panel 2a). In sample G2, there is formation of almost spherical AuNPs with an average
diameter of 80 nm (SEM image in panel 2b), and sample G3 revealed the formation of slightly
elongated spherical AuNPs with an average diameter of 90 nm (SEM image in panel 2c). Yellow
scale bars in all SEM images, 100 nm. Photographs of SiO2@Al2O3@AuNPs nanostructured
films are shown in the inset in panel 2a-c labeled by G1, G2 and G3.
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Fig. 2. Experimental (a-c) and simulated (d-f) normalized transmittance for three different
hexagonal arrangements of AuNPs in air (dashed lines) and water (solid lines) environ-
ments. Top-left panel: (a-c) SEM images (front view) and (d-f) hexagonal heptamers (top
view) of AuNPs are shown, respectively. Lower right panel: (a-c) photographs of the
SiO2@Al2O3@AuNPs films, labeled by G1, G2 and G3.

Although the AuNPs did not appear perfectly spherical, a sphere approximation can be made
without loss of generality, since we are interested in their collective behavior. With this, the
problem can be minimized so that the simulations fit well with the experimental data. Regarding
the transmittance simulations (panel 2d-f), 2D hexagonal heptamers (plasmonic oligomers) with
different packing factors, 27, 48, and 61%, corresponding to lattice spacings 50, 30, and 20 nm
were used. Transmittance spectra were obtained under unpolarized (experiment) and polarized
(simulation) light. In the latter case, the electric field was parallel to a linear chain of AuNPs,

https://doi.org/10.6084/m9.figshare.24504058
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normal to the plane of the AuNPs. The most important feature in the simulated and experimental
transmission spectra is the existence of well-defined bands (minima in the transmission spectra)
where the light drastically attenuates. These spectral positions (symmetric dips), coincide exactly.
It is in these bands where the AuNPs absorb the greatest amount of energy from the incident
light wave due to the plasmonic resonance of the AuNPs [63]. Although the experimental and
simulated curves do not fit exactly across the entire spectral range, due to imperfections in the
fabrication process and the finite number of AuNPs, the spectral position and broadening of these
plasmonic modes follow an increasing trend as the lattice spacing decreases. In this context, the
G2 and G3 nanostructured films (fabricated and simulated) capture the two main features of
the plasmonic lattice resonances by near-field coupling (or collective plasmon resonances) [64]:
redshift and broadening of the plasmonic resonance. The upper left part of Fig. 2(d-f) shows the
distributions of electric near-field intensity in the collective plasmonic resonances for each of the
plasmonic oligomers corresponding to their lattice spacing. Maximum near-field intensities (hot
spots) occur when AuNPs are immersed in water with λr = 535 nm (panel 2d), 539 nm (panel
2e), and 545 nm (panel 2f) whose field intensification factor (fE = |E|2/|Eo |

2) are 23, 33 and
81, respectively. In this context, we see that there are simultaneous spectral changes in both
the far-field (symmetric drops in the transmission spectrum) and the near-field (distribution and
intensification) as the lattice spacing decreases (AuNPs closer together). This means that there
is an interaction between AuNPs due to the overlap of their near fields. Similar results were
recently obtained by R. Borah et al. [65] for hexagonal arrays of Ag and Au nanoparticles with
diameters of approximately 20 nm. The ripples in the transmission spectra for the case of AuNPs
arrays in air environment (dashed lines) are due to the presence of the alumina nanostructure
since the material contrast between air and alumina is approximately 1.7. In the case of AuNPs
arrays in water, this contrast drops to 1.3, which results in smoother curves.

Simplified modeling of the collective (plasmonic) interaction process that takes place in
samples G1, G2, and G3 can be extracted from the intensity distribution of the near fields
(inset of Fig. 2(d-f)). For example, for G1 film, the electromagnetic modeling that predicts
its transmittance spectrum is that of a simple AuNP (see Supplement 1, Fig. S3a) since the
AuNPs in the oligomer interact weakly. The modeling for the G2 film is that of a dimer, since
in this approach a pair of AuNPs begin to interact and their transmission spectrum fits well
with the experimental data (see Supplement 1, Fig. S3b). Similarly, for the G3 film (smallest
lattice spacing, 20 nm), the interaction of three collinear AuNPs to the incident electric field is
enhanced and its transmission spectrum also fits well with the experimental data (see Supplement
1, Fig. S3c). Note that these simplified models capture the effects of spectral shift and increase
in plasmonic bandwidth in agreement with experimentally observed spectral changes. The
near-field intensity distributions (see Supplement 1, inset of Fig. S3d-f) and their corresponding
intensification factors (fE) reveal how the near-field is intensified at λr = 550+6∆ nm (with
∆=0,1,2) and located in the spacing between AuNPs. The maximum value reached was for the
linear trimer (fE ≈ 250) which is five times greater than for a plasmonic monomer. Furthermore,
due to the linear polarization of light (electric field parallel to the axis that joins the AuNPs) the
near field (hot spot) is concentrated on the axis that joins the nanoparticles. Thus, the minima in
the transmission spectrum (and its spectral changes) of samples G2 and G3 (relative to G1) can
be explained by the dipole-dipole coupling model [66].

Figure 3 shows, quantitatively, the effect of the lattice spacing of the AuNPs arrays on the
position of the plasmon resonance wavelength (λr, panels 3a,b) and on the full width at half
minimum (FWHM) of the curve transmission (panels 3c,d). From Fig. 3(a), it can be clearly
observed that λr increases exponentially (redshift) as the lattice spacing decreases. In this
case, the numerical simulations (red circles) are in agreement with the experimental data (blue
triangles). For comparison purposes, λr was also plotted for an isolated AuNP (orange squares)
for both air (panel 3a) and water (panel 3b) environments. The redshift of the plasmon resonance

https://doi.org/10.6084/m9.figshare.24504058
https://doi.org/10.6084/m9.figshare.24504058
https://doi.org/10.6084/m9.figshare.24504058
https://doi.org/10.6084/m9.figshare.24504058
https://doi.org/10.6084/m9.figshare.24504058
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is therefore a confirmation of the interference effect of LSPs. Similarly, the effect of increasing
the size of the AuNPs (or decreasing the lattice spacing) exponentially broadens the FWHM of the
plasmon (panels 3c,d) in contrast to an isolated AuNP (orange squares). As already mentioned
previously, the experimental (blue triangles) and simulated data (red circles) for the FWHM
differ slightly (see Fig. 3(c,d)) due to the emergence of an asymmetric dip in the transmission
spectrum (see Fig. 2(c,f)). But both follow an exponential trend. In this context, it appears that
the plasmon existing in a hexagonal AuNP oligomer (and also in the fabricated samples) with a
lattice spacing less than 30 nm (packing factor greater than 48%) is strictly a collective plasmon.
In hexagonal samples with lattice spacings greater than 30 nm (packing factors less than 48%),
the lattice plasmon coincides with a LSP.
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Fig. 3. Effect of lattice spacing on the resonance spectral position (a,b) and on the FWHM
(c,d) of the plasmon for the different hexagonal arrangements of AuNPs in air (a,c) e water
(b,d) environments.

A very striking feature in the simulated transmission spectra for sample G3, which has not been
mentioned so far, is the appearance of a second asymmetric absorption band (second minimum
in the transmission spectra of Fig. 2(f)); most prominent for the G3 hexagonal heptamer (in
water) with lattice spacings of 20 nm (λa ≈ 650 nm). Note that an asymmetric band also appears
(and is hidden) in the experimental transmission spectrum (infinite hexagonal arrangement),
with only a slight inflection around 580 nm (see gray region in Fig. 4). Figure 4(a) shows ten
(normalized) transmission measurements performed on sample G3 (with 20 nm lattice spacing)
in contrast to the statistical average value (see Fig. 2(c)). The purpose of this set of measurements
is to experimentally observe the appearance of the asymmetric band (Fig. 4(b)) revealed in the
computational simulations. Note in the magnified spectrum in Fig. 4(b) (gray band) that the curves
have a gradual shape (from top to bottom) with the appearance of the asymmetric plasmonic
band (blue arrow). This subtle characteristic of the emergence of an asymmetric plasmonic
band can be understood a priori only by considering the lattice spacing. Due to imperfections
in the sample manufacturing process, the lattice spacing in the hexagonal arrangement is not a
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constant parameter. This parameter is approximately between 15 and 25 nm. When we carry out
transmission measurements, in a certain region of the sample, some AuNPs must have been closer
than others on a nanometer scale of 20 ± 5 nm (the non-sphericity of the NPs must have also
contributed). Therefore, when the AuNPs are closer (≈ 15 nm) the appearance of the asymmetric
band will be more prominent (blue arrow) and when the AuNPs are further apart (≈ 25 nm) the
asymmetric band will only be a slight inflection (red arrow). In this way, the hypothesis is that
the experimentally observed asymmetric plasmonic band is very sensitive to the lattice spacing.
The subtlety of the asymmetric profile observed in the transmittance spectra of sample G3 (and
almost imperceptible in G2), of being sensitive to the separation distance between nanoparticles
(gap), inspired the study to intensify and understand the mechanism of the asymmetric drop in
the transmittance spectrum.
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3.3. FDTD simulations of transmittance spectra for hexagonally dense plasmonic
oligomers

Figure 5(a–c) shows the simulated transmittance spectra for a plasmonic oligomer of AuNPs with
lattice spacing (g) varying between 5 and 50 nm. The computational simulations were carried
out in three environments with effective refractive indices n = 1 (panel 5a), n = 1.17 (panel 5b),
and n = 1.33 (panel 5c). Note that n = 1.17 is the effective refractive index of the Air@Al2O3
composite (air-filled nanopores). These transmission spectra show that when decreasing the
lattice spacing (g → 5 nm), in the three environments, the appearance of asymmetric dips is
more pronounced (see dashed black lines). The transition from isolated to collective plasmons is
clearly visible in the transmittance spectra when decreasing the lattice spacing. Particularly, in
the transmission spectra for air (Fig. 5(a)), the existence of two minima for g = 5 nm is observed.
One of the minima corresponds to the collective plasmon (symmetric dip at λc = 575 nm) and
another corresponds to the Fano-type plasmon (asymmetric dip at λa = 675 nm). When the
refractive index of the host medium increases (n>1), the Fano-type plasmonic resonance for
g = 5 nm (denser plasmonic oligomer) shifts to the red with sensitivity of S = ∆λ/∆n ≈ 500
nm/RIU. The same idea can be applied to the Fano-type plasmon with g = 10 nm. This high
sensitivity of the asymmetric profile with its surroundings is desirable to achieve a high figure of
merit in refractive index sensing and in the design of single-molecule optical biosensors. For
less dense plasmonic oligomers (g ≥ 30 nm), the optical properties of the oligomer (or infinite
hexagonal arrays of AuNPs) are dictated by the interference from LSPs (collective plasmon) using
dipole-dipole coupling of linear or circular chains of nanoparticles. While Fano-type plasmonic
resonances are a more complex phenomenon. It is well known that, in plasmonic systems, the
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Fano-type resonances are produced by the interaction between the system’s modes, a superradiant
mode, and a subradiant mode [67–69]. To qualitatively visualize the origin of the Fano-type
plasmon, the plasmonic heptamer of AuNPs can be decomposed, imaginatively, into simpler
subsystems (see Fig. 5(d)) consisting of a hexamer (circular ring of AuNPs) and a monomer
(simple AuNP). Such subsystems hybridize to create two modes, the superradiant optical mode
(collective plasmon in the hexamer in phase with the plasmon located in the monomer) and
the subradiant optical mode (collective plasmon in the hexamer out of phase with the plasmon
located in the monomer) [70]. It is these two modes that interfere destructively to produce the
Fano-type plasmonic resonance observed in the transmission spectra of Fig. 5(a-c) for plasmonic
oligomers with g ≤ 60n − 50 (nm) [66,71]. Therefore, the mechanism for Fano-type plasmonic
resonance is generated from the interference of collective plasmons.

400 600 800 1000
0,0

0,2

0,4

0,6

0,8

1,0

Tr
an

sm
itt

an
ce

Wavelength (nm)

n = 1.33

400 600 800 1000
0,0

0,2

0,4

0,6

0,8

1,0

Tr
an

sm
itt

an
ce

Wavelength (nm)

n = 1.17

400 600 800 1000
0,0

0,2

0,4

0,6

0,8

1,0
n = 1

 g=50 nm
 g=40 nm
 g=30 nm
 g=20 nm
 g=10 nm
 g=5 nm

Tr
an

sm
itt

an
ce

Wavelength (nm)

d)

a)                                       b)                                        c)1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

Fig. 5. (a-c) Simulated transmittance spectra for a plasmonic heptamer with lattice spacing
(g) varying between 5 and 50 nm. The simulations were carried out in three host media
with refractive indices (a) n = 1, (b) n = 1.17, and (c) n = 1.33. (d) Decomposition of the
plasmonic heptamer into a hexamer (circular ring of AuNPs) and a monomer (simple AuNP).
The parameter g represents the lattice spacing in the heptamer and the distance between
AuNPs in the hexamer.

In order to elucidate the sensitive character of Fano resonance to the lattice spacing and
asymmetry of the hexagonal oligomer, Fig. S4 of Supplement 1 shows an asymmetric plasmonic
heptamer (in air) composed of a circular ring of AuNPs with diameter D = 105 nm (hexamer
with a distance of 5 nm between AuNPs) and a simple AuNP with diameter (d) varying between
0 and 108 nm. The parameter g, in this particular diagram, represents the distance between the
central AuNP and any AuNP in the hexamer. Note that when the central AuNP of the heptamer
disappears (d = 0), the transmission spectrum, which corresponds to the hexamer with g = 5 nm
(dashed line in Fig. S4b), shows no asymmetric dip. This occurs even for heptamers with d ≤ 100
nm (or g ≥ 10 nm). The asymmetric dip appears when the diameter of the central AuNP increases
above 100 nm or the lattice spacing decreases below 10 nm. The asymmetric dip becomes more
prominent and more sensitive to the gap between AuNPs. Furthermore, this Fano-type plasmon
is further intensified due to the asymmetry of the plasmonic oligomer with d = 108 nm (orange
color transmittance spectrum, g = 2 nm). Thus, the simple fact of nanometrically approaching

https://doi.org/10.6084/m9.figshare.24504058
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the AuNPs in a hexagonal configuration (plasmonic oligomer) induces an asymmetry in the
transmission spectrum related to the Fano-type plasmonic resonance.

In Figs. 6(a-c), the electric near-field intensification factors are graphically represented as
a function of the wavelength of the incident wave for a symmetric plasmonic oligomer with
g = 5 nm and diameters of AuNPs of 105 nm. Calculations were carried out for the three
environments with n = 1 (air), 1.17 (air-Al2O3) and 1.33 (water). In the three cases presented,
the maximum value of the field intensification factor (labeled by 1), which is f E ≈ 5500, remains
almost constant at each of the spectral positions λ1(n) = 165.8 + 493.6n. Note that these spectral
positions are related to the positions of the Fano-type resonances in the plasmonic oligomer
considered (g = 5 nm). Knowing the sensitivity of our plasmonic system, S = 494 nm/RIU, the
system’s figure of merit (FOM) can be found by applying the formula FOM = S/FWHM, where
FWHM now it is the full width at half minimum of the Fano-type profile (see resonance profiles
1 in Fig. 6(a-c)). The FWHM for the Fano profiles is approximately 30 nm for all environments
considered, thus the FOM = 17 RIU−1.
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Fig. 6. (a-c) Near-field enhancement factors as a function of incident wave wavelength for
a plasmonic oligomer with g = 5 nm (D = d = 105 nm). The calculations were carried
out for three environments with effective refractive indexes (a) n = 1, (b) n = 1.17 and (c)
n = 1.33. (d) Near-field intensity distributions for the plasmonic heptamer (plane Z = 0)
corresponding to resonance wavelengths λ1, λ2 and λ3. The heptamer is parallel to the XY
plane (Z = 0). The incident wave is in the Z direction and the polarization of the electric
field is shown in panel (d).

The plots of near-field intensification also reveal the existence of two dipolar plasmonic modes
labeled by λ2 and λ3 with intensification factors lower than 2000. According to the transmission
calculations carried out independently for the plasmonic subsystems, AuNPs hexamer and simple
AuNPs (see Supplement 1, Fig. S5), it is found that the emergence of the λ2 resonant plasmonic
mode belongs to a Fano-type resonance (relatively weak compared to λ1) intrinsic to the dense
plasmonic hexamer (g = 5 nm ). The λ3 plasmonic mode with the lowest enhancement factor
(≈ 500) corresponds to the collective plasmonic mode of the hexamer. Unlike the strong Fano
resonance λ1, the enhancement factors for the λ2 and λ3 resonances increase as the refractive
index of the medium changes from n = 1 to n = 1.33. Furthermore, the spectral positions of
these weak plasmonic modes also redshift.

https://doi.org/10.6084/m9.figshare.24504058
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Figure 6(d) shows the near-field intensity distributions (electric field) for the resonance
wavelengths λ1, λ2 and λ3 (see panel 6a-c) of the aforementioned dense plasmonic oligomer.
These distributions were calculated in the XY plane (Z = 0), parallel to the plane of the AuNPs.
The incident wave is parallel to the Z direction and the electric field is parallel to the XY plane in
the same direction of a linear chain of AuNPs. As observed in the AuNPs cluster, there are three
enhanced plasmonic coupling configurations (at different wavelengths λi) related to the three
maximum electric field intensification factors. First, the Fano-type plasmon λ1 which originates
from a strong coupling (interference) between the superradiant and subradiant collective plasmons
(see Fig. 5). The presence or absence of the central AuNP activates or deactivates the formation
of this Fano-type resonance. In superradiant mode, the oscillating plasmons in each monomer
are in phase, exhibiting a broadening in the plasmonic band due to radiative damping. For the
subradiant mode, the sum of plasmonic polarizations in the hexamer oscillates oppositely to
the plasmonic polarization in the central monomer. Note that in this resonance the points of
maximum intensification (hot spots) are located at the ends of the central AuNP in the same
direction as the incident electric field (with fE ≈ 6000). Second, the weakly asymmetric Fano-like
plasmon (λ2) originates from the strong coupling (g ≤ 10 nm) of the AuNPs in the dense
plasmonic hexamer. In this configuration, the hot spots (with fE ≈ 750) are located in the gaps
between the central AuNP and the hexamer (locations complementary to the Fano-type resonance
λ1). Third, the collective plasmon (λ3) originates from an interference of LSPs in the hexamer.
The hot spots (fE ≈ 250) are located in the upper and lower dimer spacings of the plasmonic
heptamer (locations complementary to the λ2 Fano-type resonance). From an experimental
point of view, all interparticle regions (interstices between AuNPs) are activated with localized
near-fields due to unpolarized incident light. In this sense, we show that a highly dense hexagonal
plasmonic oligomer supports a high sensitivity Fano-type resonance (≈ 500 nm/RIU) in the
far-field spectrum and high near-field enhancement factor (≈ 6000). Such resonance is very
sensitive to lattice spacing and arises from a collective plasmon interference mechanism.

3.4. Optical trapping and enantioselectivity of individual biomolecules using Fano-type
plasmons

Applications of Fano-type plasmonic resonance (or collective plasmon interference) existing in
hexagonally dense plasmonic oligomers will be given to improve the efficiency of nano-optical
and enantioselective tweezers for individual chiral molecules. Single-molecule optical trapping
uses the optical interaction potential (U) between the biomolecule and the near-field created by the
plasmonic oligomer. In the case of small achiral particles (r<<λ) the quasi-static approximation
can be considered due to the physical conditions of the problem. Thus, the biomolecules can be
modeled phenomenologically as isotropic dielectric spheres whose interaction potential is given
by

U = −
3
4

Vεon2
(︃
m2 − 1
m2 + 2

)︃
|E|2 (1)

Here V = 4/3πr3 is the volume occupied by the molecule, εo is the electrical permittivity
of the vacuum, n is the refractive index of the environment and m is the relative refractive
index of the molecule. The near-field intensity distribution |E|2 was calculated using the FDTD
simulations (see Fig. 6(d)). Figure 7(a) shows the optical potential of the trap in the Z = 0 plane
for a spherical molecule (r = 2 nm) with refractive index n = 1.59 (gelatinous protein) [72],
immersed in an environment that can be air (n = 1) or water (n = 1.33). The nano-optical tweezer
was designed using a hexagonal plasmonic oligomer with a lattice spacing of 5 nm (or AuNPs
diameter of 105 nm). Note that the trap is very stable with Umin< − 10 kT/100mW, FWHMx
= 3 nm and FWHMy = 8 nm (see Figs. 7(b) and 7(c)). In this case, the biomolecule has zero
chirality parameter (k = 0) since we are simply interested in its capture. Figure 7(b,c) shows the
cross-section of the transverse trapping potential (Uxy) along Y = 0 and X = ± 52.5 nm for two
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different cases: when the particle is in air (left Y axis ) and when the particle is in water (right Y
axis in blue). Note that when the biomolecule is in the air, the trapping potential depth is -58.7
kT/100mW. Therefore, only 17 mW is needed to confine the molecule in the interstice of the
AuNPs. When the molecule is in water, the potential depth is reduced to 39.5 kT/100mW due to
the reduction in refractive index contrast between the molecule and the surrounding medium. As
a result, the minimum power required to confine the molecule is increased to 25 mW.
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Fig. 7. (a) Transverse optical potential (plane Z = 0). (b,c) Cross sections of the optical
potential (Uxy) for a 2 nm biomolecule with refractive index (n) of 1.59 placed in air (n = 1)
and water (n = 1.33). Cross sections were obtained along (b) Y = 0 and (c) |X | = 52.5 nm.
The FWHM of the potential along the X and Y directions is 3 and 8 nm, respectively.

In this context, the proposed nanoplasmonic tweezer is highly efficient with the ability to trap
individual biomolecules induced by the high near-field intensification factor. The interference
of collective plasmons (or Fano-type resonance), the product of a "gap" of a few nanometers
between AuNPs, induces a highly localized confinement of the electric field in the interstices of
the AuNPs in the same direction as the incident electric field (Fig. 7(a)). In contrast to the work
reported by Saleh and Dionne [21], and Hong et al. [23], the optical potential generated by the
oligomer no longer acts on a thin layer of a few nm above the surface of a nanostructure. Thus,
the separation efficiency was increased. One of the advantages of using symmetrical plasmonic
oligomers is that these support Fano-type plasmons with high field enhancement factor and,
therefore, deep optical potential for stable and efficient trapping.

Enantioselective nano-optical tweezers emerged in order to seek an optical alternative to
chemistry problems to separate chiral compounds. Figure 8(a) (8(b)) shows computational
simulations of the optical potential between the S (R) enantiomer and the chiral near-field (chiral
Fano-type plasmon) created by a hexagonally dense plasmonic oligomer (g = 5 nm). This chiral
Fano-type plasmon is induced by the interaction of a CP light with the plasmonic oligomer.
The interaction potential of the S(R) enantiomer, US,R, randomly oriented and immersed in an
arbitrary chiral electromagnetic field is given by [47,73]:

US,R = −
α

4
|E|2 −

β

4
|H|2 + −

γ

2
|E| |H|θiE,H (2)

where α, β represent the real part of the electric and magnetic polarizabilities of the enantiomer,
respectively. The quantity γ is the imaginary part of the chiral polarizability and its sign depends
on the choice of enantiomer S(+) or R(-). The E, H fields are generic and can represent chiral
near-fields (localized and collective) created by complex metallic and dielectric meta-structures.
The angular variable θiE,H is the angle between the vectors iE and H, and measures the degree of
asymmetric twist of the electromagnetic fields. Due to the symmetry of the plasmonic oligomer,
the E, H fields represent enantiomorphic chiral fields [47]. With regard to enantioselectivity,
the plasmonic oligomer is also capable of selecting small enantiomers (biomolecules) whose
chirality parameter (numerical value) depends on the magnetic field intensification factor in
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contrast to asymmetric structures that require a symmetry break in the nanostructure to improve
optical chirality [47,49].
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Fig. 8. (a,b) Enantioselective optical potentials in the Z=0 plane for the S and R enantiomers
with incident LCP light. (c,d) Cross sections of the enantioselective optical potential for
a 2 nm enantiomer with refractive index (n) of 1.59 ± 0.001 placed in water (m = 1.33).
Cross sections were obtained along the (c) diagonal and (d) |X | = 40 nm. The FWHM of the
potential along the diagonal and Y axis is 3.5 nm, respectively.

For the design of an enantioselective nanoplasmonic tweezer, non-magnetic enantiomers
(in water) with a radius of 2 nm and refractive index n± = 1.59 ± |k| will be considered,
where k = ±0.001 is the chirality parameter with S(+) and R(-). Thus, α = 1.97 × 10−37 m3,
β = −6.94 × 10−39 m3 and γ = ±9.78 × 10−38 m3, which correspond to the polarizabilities
of biomolecules (protein material). Note that no dual-symmetric conditions were used. Dual-
symmetric conditions were used to maximize the optical chirality [47]. Only one crucial
hypothesis should be mentioned for the enantioselective nanodevice to work efficiently is that
the hypothetical plasmonic oligomer, in addition to intensifying the near electric field, also
intensifies the near magnetic field (existence of magnetic plasmons). This can be accomplished
with SiO2-Si nanoshells, hollow Au nanocylinders, and metal-insulator-metal oligomers [74–76].
The investigation of these types of meta-structures is beyond the scope of this manuscript and
only the effect of the phenomenon on the selectivity of enantiomers will be considered.

It is known that the electric near-field intensification can be defined with fE = |E|2/|Eo |
2, so it

is also possible to define the magnetic near-field intensification as fH = |H|2/|Ho |
2. Plasmonic

systems are generally non-magnetic so that fH ≈ 1. However, for large values of fH it compensates
for small values of γ. Thus, under the hypothesis that fH = 5000, maintaining the intensification
of the electric near-field as reported in Fig. 6(c) (λ1), the enantioselective trapping selects one
enantiomer from the other. In other words, the S enantiomer (Fig. 8(c)) would be trapped with
US< − 10 kT/20mW, when the incident light is LCP; however, the R enantiomer would be weakly
attractive due to thermal effects (-10 kT) since UR> − 10 kT/20mW (Fig. 8(b)). Figure 8(c)
shows the cross-section of the transverse trapping chiral optical potential (S-enantiomer) along
the diagonal (see dotted line in Fig. 8(a)). Note that the minimum value of the trapping potential
is -17 kT/20mW with FWHM = 3.5 nm. That is, only 20 mW is needed to stably confine
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the biomolecule in the diagonal interstice of the AuNPs. Regarding the R-enantiomer, the
potential depth is reduced to -8 kT/20mW with the same power of the incident light. As - 8KT is
lower than the minimum energy required to trap the R-enantiomer, Brownian motion causes the
R-enantiomer to escape the trap. The inset of Fig. 8(c,d) shows schematic representations for the
enantioselective process. While the S-enantiomer (black circle) is stably trapped in a potential
well, the R-enantiomer (red circle) is free (potential barrier) from any attractive chiral force effect.
Therefore, the designed enantioselective nanoplasmonic tweezers demonstrate high efficiency
with the ability to select only an individual enantiomer using LCP light (see inside Figs. 6(c) and
6(d)). By changing the handedness of the incident field (RCP light) it is possible to reverse the
process, that is, trap the R enantiomer, while the S enantiomer is weakly repelled.

4. Conclusion

In summary, we have fabricated and simulated hexagonal arrays of AuNPs with lattice spacings
smaller than 60 nm. Transmittance measurements and simulations (in air and water environments),
at normal incidence, showed small plasmonic redshifts with a considerable increase in plasmonic
bandwidth. Such far-field spectral changes, sensitive to lattice spacing, were attributed to near-
field coupling. A careful observation of the transmission spectrum for the hexagonal arrangement
with smaller lattice spacing (20 nm) indicated that in addition to the presence of the collective
plasmon, a very weak asymmetric resonance (Fano-type plasmon) emerged. Computational
simulations for hexagonal plasmonic oligomers with lattice spacing less than 10 nm showed strong
Fano-type resonances originating from the interference of superradiant and subradiant modes.
Such interference of collective plasmons resulted in a strong intensification and localization
of the electric near-field. Using these results, a high-efficiency nanoplasmonic tweezer was
designed to stably trap individual molecules with a size of 2 nm. An optical enantioselectivity
nanodevice was also designed for chiral molecules with a small chirality parameter (± 0.001) with
the hypothesis of the coexistence of electric and magnetic collective plasmons in a hypothetical
plasmonic oligomer, that is, with strong enhancement of the electromagnetic near-field. From an
experimental point of view, dense plasmonic oligomers could be candidates to manufacture (by
advanced lithographic techniques) the nanodevices proposed in the manuscript.
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