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Plasmonics on a Neural Implant: Engineering Light—Matter
Interactions on the Nonplanar Surface of Tapered Optical

Fibers
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Optical methods are driving a revolution in neuroscience. Ignited by optoge-
netic techniques, a set of strategies has emerged to control and monitor
neural activity in deep brain regions using implantable photonic probes. A
yet unexplored technological leap is exploiting nanoscale light-matter inter-
actions for enhanced bio-sensing, beam-manipulation and opto-thermal heat
delivery in the brain. To bridge this gap, we got inspired by the brain cells’
scale to propose a nano-patterned tapered-fiber neural implant featuring
highly-curved plasmonic structures (30 um radius of curvature, sub-50 nm
gaps). We describe the nanofabrication process of the probes and charac-
terize their optical properties. We suggest a theoretical framework using the
interaction between the guided modes and plasmonic structures to engi-
neer the electric field enhancement at arbitrary depths along the implant,

in the visible/near-infrared range. We show that our probes can control the
spectral and angular patterns of optical transmission, enhancing the angular
emission and collection range beyond the reach of existing optical neural
interfaces. Finally, we evaluate the application as fluorescence and Raman
probes, with wave-vector selectivity, for multimodal neural applications.

We believe our work represents a first step towards a new class of versatile
nano-optical neural implants for brain research in health and disease.

1. Introduction

The fields of photonics and neuroscience
are enjoying a virtuous circle, where break-
throughs in one field spur novel research
endeavors in the other. In particular, the
rise of optogenetic techniques in neuro-
biology ignited the growth of a vibrant
neurophotonic community!! that, in turn,
developed a technological platform cen-
tered on radiative optoelectronic interfaces
to stimulate and monitor neural activity.
These interfaces include photonic probes
integrated with waveguides, micro-LEDs
(light-emitting diodes), and recording elec-
trodes alongside implantable, multifunc-
tional optical fibers.[%3-1%]

After a decade of continuous innova-
tion,®l there is growing agreement that
next-generation probes should provide
access to neural dynamics in the elec-
trical, optical, biochemical, and mechan-
ical domains.[”] Recently, the field started
to explore optically confined systems at
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the sub-micrometer scale, aiming to establish new paradigms
based on light-matter interactions!!3-28]

Harnessing light-matter interactions at the nanoscale on
a neural probe would pave the way toward enhanced biomo-
lecular sensing, for example, surface enhanced Raman scat-
tering (SERS), refractive index sensing, metal-enhanced fluo-
rescence, and highly localized and ultrafast heat delivery. At the
same time, the modulation of the radiative field through sub-
wavelength structures has the potential to open new perspec-
tives for light delivery and collection in scattering tissue, for
example, through extraordinary optical transmission (EOT)2%3%
or plasmonic beaming.?32

Yet, neuroplasmonic technologies are still at their embryonal
stage, and the community currently lacks methods to incorpo-
rate plasmonic structures on implantable optical neural inter-
faces. To bridge this gap, we developed an all-optical implantable
plasmonic probe based on low-invasive nanostructured tapered
optical fibers (nTFs) to obtain controlled field enhancement in
arbitrarily deep brain regions, where the photonic approach is
sometimes hindered by intrinsically weak signals. nTFs exploit
the effect of the narrowing waveguide on the transversal compo-
nent of the wavevector of guided modes to excite a curved plas-
monic structure milled on the highly nonplanar surface of the
fiber taper. With theoretical modeling support, we show that the
field enhancement on the nTFs can be modulated in the visible
and near-infrared ranges acting on plasmonic structures with
footprints comparable to the dimension of brain cells.

Notably, the photonic properties of the nTFs shape the
emission and the collection geometry of the probe to enable
new classes of biological applications. The combination of
EOT effects with the mode-selective light-collection proper-
ties of nTFs allows for selective collection of highly directional,
25 um wide beamlets that can be tuned within a 120° span
(-70°, 4+50°) around the fiber. Accordingly, specific Raman
bands can be excited and collected through EOT at arbitrary
confined position along the fiber. These results make us envi-
sion that nTFs represent a promising strategy to explore versa-
tile nano-optical neural interfaces in vivo.

2. Results

2.1. Plasmonic Structures on the Curved Taper Edge

Neurons and other brain cells of 10-30 pum size are typically
scattered or arranged in spatially defined layouts. Thus, we
realized a plasmonic neural probe by milling metallic nanopat-
terns on a multimode tapered optical fiber using comparable
dimensions (Figure 1a). As a peculiar feature, the narrowing
waveguide directly acts on the transversal component k; of the
guided wavevector,13*34 enabling the combination of the super-
ficial component of the wavevector k, with the reciprocal lattice
vector of the nanopattern (Figure 1b). In the case of a curved
nanograting (cNG), slits arranged perpendicularly to the fiber
axis couple with the superficial tangential component of the
guided wavevector and generate a surface plasmon resonance
(SPR) following

ksew =k, +iG, 1)
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where kg, is the surface plasmon wavevector, k. is the com-

ponent on the taper surface of the light guided into the fiber,
2r

and |és| = is the reciprocal lattice vector for the nanograting
with period p.3*) While condition (1) is a first approxima-
tion that does not consider the fiber curvature, it clarifies that
the spectral position of the resonance depends on the curved
nanograting periodicity.

To fabricate the nanostructures, the taper was coated with a
conformal coating of gold to establish a metal-confined optical
waveguide (Au thickness = 100-150 nm, 5 nm of Cr as adhe-
sion layer, see Materials and Methods). To ensure a uniform
gold coating, the fiber surface was homogeneously exposed to
a directional electron beam evaporation using a rotating motor.
To ease future testing of different geometries for neural appli-
cations, we patterned different arrays of plasmonic structures
along the taper using focused ion beam (FIB) milling. Figure 1c
shows a curved nanograting imaged with a scanning electron
microscope (SEM), while Figure 1d displays SEM close-ups
of the curved arrays to highlight nanoplatelets and nano-
holes, as well as the crossing lines at high milling resolution.
Milling at low currents (77 pA) and small Ga* beam diameters
(9.8 nm)B¢l enabled the realization of sub-50 nm features on
the curved fiber surface (Figure 1d). The repeatability of the fab-
rication process ensured a homogeneous onset of plasmonic
resonances on multiple structures milled on the same fiber,
as demonstrated by the dark field image of four neighboring
cNGs (Figure 1e).

2.2. Optical Characterization of Surface Plasmon Resonances on
the Taper Surface

To characterize the optical response of nTFs, we measured
the dispersion diagrams of a curved nanograting as a function
of the grating periodicity p using Fourier microspectroscopy
(Figure 2a). To this purpose, the nTF got excited with incoherent
broadband light from a butt-coupled fiber patch cord. The curved
nanograting was set at the center of the field of view in the focal
plane of a high numerical aperture (NA) objective (50 X, NA =
0.75), with the fiber axis being perpendicular to the objective axis
and emitted light modulated by the SPR. To image this modu-
lation, the back-focal plane (BFP) of the objective was relayed
on the slits of a spectrometer (Horiba, iHR320) using a Ber-
trand lens positioned behind the objective (f= 100 mm) and a
tube lens (f= 200 mm).’”! The polarization of the emitted light
was discriminated with a liner polarizer. Then, the fiber and the
objective were progressively displaced under the Bertrand lens in
order to image the full angular acceptance of the objective on the
thin spectrometer’s charge-coupled device (CCD) camera. Finally,
we reconstructed the dispersion diagram by stitching the images
of emission across the full angular acceptance of the objective.
Dispersion diagrams for cNGs with a radius of curvature, r =
30 um; longitudinal side, T'= 25 um; and arc length, L = 24 um;
slit width w = 100 nm, and periodicity p = 630, 700, and 750 nm
are shown in Figure 2b. These diagrams illustrate the complex
resonant patterns that arise from the combination of modal
propagation in the tapered fibers with the plasmonic modes on
the curved nanograting. In Figure Sla (Supporting Information),
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Not to scale

Figure 1. Plasmonic structures on the curved surface of nTF designed for neural applications. a) Conceptual diagram of a neural implant based on
a metal-coated tapered fiber hosting a plasmonic nanostructure with footprint comparable to the soma of a single neuron (the scale bar is 25 um).
b) 3D and side views of the excitation mechanism of surface plasmon resonances; when broadband light guided in the taper illuminates the nanograting,
the superficial component kg of the guided light couples with the grating periodicity. If the momentum matching condition in Equation (1) is satisfied,
an SPR is generated at the dielectric-metal interface. b-left) A 3D view where a plane P passing through the waveguide axis and the nanograting center
is used to define a representation of the guided wavevectors; the scale bars represent 25 um in the three spatial directions. b-right) A simplified view
of the effect, not to scale. ¢) SEM images of curved nanogratings (cNG) milled on Au-coated tapered optical fibers: (left) top view, (right) tilted view.
The scale bars are 25 um. Note that such a layout allows potential recording of signals from different cells. d) Close-ups of different nanostructures
milled on the fiber; (left) minimum feature size of 40 nm for a curved (top) and crossing curved lines on the taper surface; top left and bottom left scale
bars are 1 um. Middle: a 2D curved array of nanoplatelets (top) and a zoom on the nanoplatelets (bottom); top middle and bottom middle scale bars
are 1 um. Right: a curved array of nanoholes (top, inverted grayscale) and a close up on 100 nm diameter nanoholes on the fiber's surface; top right
scale bar is 2 um, bottom right scale bar is 2 um. e) A dark field image of four curved nanograting with p = 600 nm milled on the same tapered fiber.

the predicted energy dispersion SPR and the loci of Wood’s
anomalies (WA) are superimposed to the diagrams according to
the following equations (Equations (2) and (3)), respectively, cal-
culated at the silica—gold and gold-air interfacel*>!

‘ESPR‘ =% % (2)
] =2 Vea 3

where o is the frequency, & is the dielectric constant of silica
or air, &, is the dielectric constant of gold, and k,, is the
wavevector of grazing light that originates the Wood’s anomaly.
The data shown in Figure 2b are reported also for transverse
electric (TE) polarizations in Section S1 and Figure S1b (Sup-
porting Information).

Adv. Optical Mater. 2022, 10, 2101649 2101649 (3 of 11)

As expected, we observed that resonances shifted according
to the grating periodicity. Interestingly, we detected light emitted
from the curved nanograting toward the larger part of the taper
cone, pointing away from the taper tip. This is a peculiar fea-
ture with respect to previous observations of light emission
from smooth optical apertures of metal-coated tapered optical
fibers.3%401 It arises from the interaction between both forward-
and backpropagating light with the grating, i.e., introduced by
light confined by the metal layer and back-reflected at the taper
tip,[*!l as testified by the signs of the impinging wavevector and
the vectorial momentum matching relation (1) (see Section S2
in the Supporting Information). The spectral positions of
maxima and minima of transmissions were consistent across
experiments and simulations, obtained by rigorous coupled
wave analysis (RCWA) for a planar grating (see Section S3 and
Figures S2-S6, Supporting Information). At the same time, the
moderate deviations of the measured resonances with respect

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUOWILIOD BARERID 8 el jdde auy Aq peusenob a1e 9P VO ‘85N JO S3|NI 0} ARIgITBUIIUO AB]1W UO (SUORIPUOD-pUR-SWRYL0D A8 | 1M AReIq1eU UO//SARU) SUORIPUOD PUe SWHB L 8U) 885 *[7202/20/.2] uo Ariqiaujuo As|im ®iBojouse ] 1a ouelell mnins| 31 Aq 679T0TZ0Z WOPe/Z00T OT/I0P/W00" A3 ImAfe1q 1 pul|uo//Sdny woj pepeojumoq ‘Z ‘Z20z ‘TLOTS6TE



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Bertrand

! lens
A

v Polarizer

xcitation

periodicity=630 nm

(o)}
o
o

600

[e)}
wv
(]

650

700

~N
w
o

750

Wavelength [nm]
2

o]
o
o

800

periodicity = 700 nm

www.advopticalmat.de

Tube
lens

Relay

lenses
A

periodicity = 750 nm

600

650

700

750

800

-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50 50 -40-30-20-10 0 10 20 30 40 50
Angle[’] Angle[] Angle[°]
C d 0=30° —S —p 6=0° 6=-30°
Excitation 1 1 i
l 0.8 0.8 0.8
0=0°
/;-\ 0.6 0.6 0.6
050° 0<0° 0.4 0.4 0.4
: 0.2 0.2 0.2
‘/\ \

0
500 550 600 650 700 750 800
Wavelength [nm]

0
500 550 600 650 700 750 800

0
500 550 600 650 700 750 800
Wavelength [nm]

Figure 2. Spectrally tunable surface plasmon resonances on the curved fiber surface. a) Diagram of the Fourier microscopy system used to measure
the dispersion diagrams for curved nanograting at several periodicities. Incoherent light is launched in the tapered fiber and gets emitted from the
cNG. The Fourier plane of the emission is imaged on a spectrometer, displacing the fiber-objective system to cover the full angular collection range.
b) Dispersion diagrams for curved nanograting milled with periodicity of (left) 630 nm, (center) 700 nm, and (right) 750 nm. c) Schematic of the
optical arrangement for the transmission measurements. The nTF with a curved nanograting is progressively tilted under a low-NA objective while a
loosely focused spot impinges on the grating. The transmitted light is collected through the fiber. d) EOT through the curved nanograting at periodicity
p =630 nm for light impinging at —30° (left, tip pointing down), 0° (center), and 30° (right, tip pointing upward). The spectra for s- and p-polarized

illumination are shown in red and black lines, respectively.

to the expected positions were consistent with the simulations;
so, we attribute them to discrepancies in the actual and mod-
eled refractive indices.

To corroborate the description of SPR on the taper edge,
we measured the collection spectrum of light collected by the
curved nanograting when illuminated at near-normal incidence
from the air side. To do this, we positioned the fiber at an angle
under a low-NA objective (5 X, NA =0.16) and we illuminated the
curved nanograting with a spot of linearly polarized, incoherent
broadband light, with the electric field being perpendicular

Adv. Optical Mater. 2022, 10, 2101649 2101649 (4 of'l'l)

to the grating slits (s-polarization) (Figure 2c). To obtain a
spot matching the curved nanograting size, the illumination
was spatially filtered with a pinhole, whose image was then
relayed on the curved nanograting (see Experimental Section).
The collection spectra for s-polarized light indicated a strong
spectral modulation that depends on the impinging angle,
while p-polarized light did not (Figure 2d). A residual modula-
tion on the p-polarization can be explained with an imperfect
alignment of the polarizer. As expected from the dispersion
diagrams in emission (Figure 2b), we observed collection
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of light impinging on the nanograting at positive angles
(Figure 2c) and found an overall consistency of the spectral fea-
tures observed in the two experimental configurations (Figure S8,
Supporting Information), such as the more efficient collec-
tion of light that impinges on the nanograting at a negative
angle (Figure 2¢; Figure S9, Supporting Information). Also
in this case, this behavior was not present when light is col-
lected with smooth optical apertures in metal-coated tapered
fibers.3%4042] The asymmetry in the spectra acquired at +30°
and —30° can be attributed to the nontrivial combination of
EOT on the nanogratings with the mode-dependent light col-
lection properties of tapered optical fibers (see Section S5 in the
Supporting Information). The results summarized in Figure 2
demonstrate that it is possible to excite SPR on tapered fibers’
neural implants and that the spectral behavior can be tuned
acting on simple geometrical parameters such as the grating
periodicity.

2.3. Wavevector-Encoded Fluorescence Collection

As shown above, nTFs can be tuned to work at a desired
spectral range. Intriguingly, the combination of wavevector
selectivity of curved nanograting with the mode-selective col-
lection properties of tapered optical fibers*!l can be exploited
to impose a spectral modulation on narrow angular ranges of
light emitted or collected by the probe depending on its spectral
content. Such distinctive features of curved nanogratings could
ease unique biological applications of nTFs.

Fluorescence
filters

Two-Photon
excitation

Objective

Nanostructured Jp” Patch cord
TF

Fluorescence emission

www.advopticalmat.de

To assess this, we fabricated an nTF with a curved
nanograting tuned to collect visible fluorescence light in a
homogeneous fluorescent solution (RI = 1.33) (p = 475 nm,
w = 100 nm, and h = 130 nm). We built a collection map of
the curved nanograting using a two-photon scanning system
to generate fluorescent point-like spots near the nanostruc-
tured fibers immersed in a homogeneous fluorescent solution
(Figure 3a).3%4%%2 Then, we used a second detector at the fiber
output, synchronized with the scanning beam, to detect the
fluorescence collected by the grating. This generated a high-
resolution collection diagram covering the —90°:90° angular
range around the normal to the curved surface. To measure
the dependence of the collection diagram on the impinging
wavelengths, we alternatively placed fluorescence filters in the
collection path to discriminate the contribution of neighboring
spectral ranges (Figure 3a).

We found that the EOT properties of the cNG, combined
with the modal selectivity of the fiber, generated a collection
diagram with three well-distinct, directional beamlets, labeled
as o, B, and yin Figure 3b,c. As expected, the angular direc-
tion of the beamlets depended on the spectral content of the
transmitted light (Table 1). Figure 3b shows the collection dia-
gram for fluorescence at 510-560 nm, while Figure 3c shows
the case for 570-640 nm. The collection diagram of the curved
nanograting was markedly different from that of a smooth
optical window in a metal-coated fiber, which exhibited a single
lobe oriented toward the fiber tip (Figure 3d). These three qua-
sicollimated beamlets of the curved nanograting collection,
instead, rotate according to the incidence wavelength. As the

d .

mii

Figure 3. Wavevector-encoded light collection. a) Diagram of the two-photon scanning system used to characterize the collection diagram for cNGs.
A two-photon spot is scanned next to the curved nanograting when the fiber is immersed in a fluorescent solution. The fluorescence collected by the
curved nanograting is transmitted by the fiber and filtered with two alternative fluorescence filters before reaching the detection PMT. b) Collection
diagram for fluorescent light in the range of 510-560 nm. The three collection lobes are labeled as i), ii), and iii). The white line is the fiber surface.
c) As in panel (b) for 570-640 nm light. d) Collection for a smooth optical window milled on a metal-coated tapered fiber. Scale bar is 50 um. e) Sum-
mary of the preliminary directions of collections observed in the 510-560 (cyan) and 570-640 (magenta) channels.
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Table 1. Direction of the collection lobes with respect of the normal to
the taper surface. Positive angles are inclined toward the fiber tip.

o B 14
Green filter (510-560 nm) 69° 7° -35°
Red filter (570-640 nm) 84° 3° -51°

collected wavelength increases, beamlets o and yincrease their
angle with respect to the normal to the fiber surface, while beamlet
[ closes in on the normal (Figure 3e). We attribute this effect to
the combination of multiple orders in the momentum matching
that underlies the curved nanograting EOT (see Section S5
and Figures S7 and S10 in the Supporting Information).

These results suggest that the nTFs can collect light (and
reciprocally emit) from tunable, highly directional beamlets
across an enhanced angle of =120°. Potentially, this will enable
establishing a link between the direction and the spectral con-
tent of fluorescence light collected through a fiber implant,
a feature that is beyond the reach of existing optical neural
interfaces.

2.4. Engineering the Field Enhancement on the nTFs for
Plasmon-Assisted Raman Spectroscopy

Next, we evaluated whether nTFs allow engineering both field
enhancement and optical transmission at multiple wavelengths.
This capability is particularly relevant for label-free biochemical
sensing applications, such as Raman spectroscopy, where the
excitation wavelength and the scattered signal have a significant
spectral separation. To do this, we focused on the detection of
Raman signal in the lipid bands, a ubiquitous spectral signa-
ture in biological samples, which has recently been shown to
play a pivotal role in discriminating healthy from cancerous
tissue during surgical procedures.3] As a convenient phantom
to mimic the Raman response of brain lipid bands, in both the
fingerprint and the high-wavenumber region, we used olive oil.
This is because olive oil shares many lipid signatures with bio-
logical tissuel*#! (for example strong peaks at 1441 cm™! and in
the 2800-3000 cm™ regions), and its optical properties are well
known (e.g., refractive index and third-order nonlinearities).
We therefore used a 3D finite-difference time-domain (FDTD)
model to simulate the electric field on the curved nanograting
for an excitation wavelength of 785 nm and a scattered signal of
885 nm (1441 cm™) and 1015 nm (2887 cm ™)l (see the Experi-
mental Section). As detailed in Section S6 (Supporting Infor-
mation), and Figure S11 (Supporting Information), we modeled
the excitation electric field as a plane wave impinging at = 60°
on the nanograting.

To ensure a relevant field enhancement while maximizing
optical transmission, we used a curved nanograting with perio-
dicity p = 600 nm, gap size w = 470 nm, height h = 130 nm, arc
length | = 24 um, and radius of curvature r = 30 um. Figure 4
shows the squared intensity of the electric field components on
the curved nanograting slits. The field enhancement is shown
as a color bar next to every panel. In particular, Figure 4a dis-
plays the cross section of the curved nanograting slit when
receiving 785 nm illumination at 60°, while Figure 4b,c focuses
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on the center of the slit and on the corner of the slit. Similarly,
Figure 4d—f is dedicated to the field enhancement for 885 nm
light impinging on the curved nanograting from the sur-
rounding medium. Lastly, Figure 4g—i shows the magnitude
of the field when 1015 nm light illuminates the grating from
outside the waveguide. We observed that the predominant field
enhancement was located at the silica—gold interface for all
these three wavelengths. Hotspots on the top edge of the slit
edges arose at the center of the slit for 785 nm (Figure 4b) and
on the corner of the slit for 1015 nm (2887 cm™). In addition,
there was a sizeable field enhancement (8-10) in the dielectric
area for 785 nm (Figure 4a) and 885 nm (1441 cm™!, Figure 4e).

2.5. Plasmon-Assisted Raman Endoscopy

Encouraged by the strength of the numerical model described
above, we investigated the possibility of exploiting the field
enhancement to employ the nTF as enhanced Raman endo-
scopes. To do so, we fabricated nTFs with four cNGs following
the parameters described in the previous paragraph. Then, we
immersed the nTFs in a bath of the olive oil phantom, and we
injected 785 nm light from the back-facet of the fiber. To do
this, we held the probe with a 5 axis manipulator in the focal
spot of a custom confocal Raman microscope, with the polished
back-end facing the objective (Figure 5a; see the Experimental
Section). The 785 nm excitation, released through the curved
nanograting via EOT, generated a Raman signal that was col-
lected through the same curved nanograting and propagated in
the fiber toward the objective. The Raman signal was discrimi-
nated from the 785 nm pump using a dichroic mirror and long-
pass filter before being detected with a spectrometer (Horiba,
iHR320).

Figure 5b,c shows the Raman signal of the lipid bands of
olive oil at 1441 cm™ (Figure 5b) and 2887 cm™ (Figure 5c). For
comparison, the Raman signal collected through the nTFs is
plotted against a reference Raman spectrum acquired with an
objective and normalized to the nTF signal. Using =50 mW of
illuminating power, corresponding to 40 uW emitted by the pat-
terned area, we detected 3 counts s™' on the Raman peaks after
subtracting the silica background (Figure 5b).

To determine if the signal we measured arose from volu-
metric Raman signal of from surface-enhanced Raman, we
simulated the intensity of lipidic Raman bands excited and col-
lected through the curved nanograting from a thin layer of olive
oil (0.5 um) encapsulating the fiber (Figure 5c) while tuning
the nonlinear optical response using an FDTD method (see the
Experimental Section). The oil was modeled through dispersive
third-order nonlinear properties y* using a Lorentz-like oscil-
lator for a given resonance with

3 a3 ZgwRAMAN
X (w)_alo—'_(l_a) 2 , 2
Oranan — 2 jO0 — @

(4)

In Equation (4) the o parameter splits the third-order nonline-
arity into a Kerr and Raman effect, and sets the relative strength of
each interaction, wgapay is the Raman resonance frequency, %
is the third-order electric susceptibility of the 0il,*) and & is the
damping factor, which controls the line width of the resonance
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Figure 4. Electric field enhancement on the cNG. a) Transversal view of the electric field intensity on a ctNG slit at 785 nm impinging from the silica side
at 60°. b) Longitudinal view of the electric field intensity on the central portion of a cNG slit for 785 nm impinging from the silica side at 60°. c) As in
panel (b) for a portion at the edge of the ctNG. d—f) As in panels (a) and (b) for 885 nm light that illuminates the cNG from the surrounding medium
(olive oil) at 60°. g—i) As in panels (d—f) for 1015 nm light. The colorbars beside each panel represent the field enhancement calculated as E2/E%cident-
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Figure 5. Plasmon-assisted Raman spectroscopy with nTFs. a) Sketch of the experimental measurement. The nTF, immersed in olive oil, receives
illumination from the back facet. The 785 nm light is emitted from the curved nanograting that, in turn, collects the Raman signal and couples it
with the waveguide. The signal emerging from the fiber is routed to a spectrometer (not shown). b) Raman spectra of olive oil collected with the
nTF (blue) and with a standard objective lens (green) around the 1441 cm™ (top) and 2800-3000 cm™ (bottom) bands. The intensity counts of the
reference signals have been normalized to the nTF measurements for the ease of comparison. c) Schematics of the 3D model of the cNG, with an
inset detailing the presence of the analyte. d) Simulated Raman spectrum in reflection (blue) and transmittance (magenta) for an input electric field
of 1x10°V m™.

Adv. Optical Mater. 2022, 10, 2101649 2101649 (7 of 11) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

5UB01] SUOWILIOD BA .0 3|1 [dde 3} Aq PoUBAOB 312 SOOI YO ‘95N JO AN 10} AIRIG1 BUIIUO AB]1M IO (SUOIIPUOD-PUE-SWLBIALICD"AB I A0 1jBU 11U0//'SchU) SUOIIPUOD PUB SIS | 8u) 89S *[7202/20/22] U0 AIdI auIluo A8]1m *e1B0joude 1 1 ouelfe| nis| 11 Ad 6v9TOTZ0Z WOPe/Z00T OT/I0p/wiod™ /3 1w AIeIqpuliuo// SNy Woly papeojumod ‘Z ‘2202 “TLOTS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(see the Experimental Section).®! The Raman spectra in reflec-
tion and transmission configurations for 885 nm (1441 cm™)
are shown in Figure 5d for an input electric field of 10° V m™,
the minimum pump at which a sizeable surface enhancement
of the Raman signal kicks in. As shown in Section S7 and
Figure S12 (Supporting Information), lower intensities do not
trigger an enhancement. This implies that we cannot reach the
enhancement regime as our current experimental system can
deliver up to =10° V m™ on the curved nanograting through
the fiber. Importantly, pumping the structures with such a high
electric field would result in intensities beyond the ablation
threshold of gold films,“**% endangering the integrity of the
structures. Such an experimental limitation can be circumvented
using structures with higher field enhancement; for example,
gold bow-ties with nanometric gaps.”! This would be instru-
mental in making spectrally specific SERS available in deep
tissue regions, opening the way for label-free molecular moni-
toring of biochemical events, such as neurotransmitter release.
Interestingly, we also noted that when a Raman signal at 885 nm
(1441 cm™) impinges on the cNG, a Raman overtone appears in
the high-wavenumber region. This property can potentially be
exploited in fiber-based Raman application to mirror a signal in
the fingerprint region, which is strongly affected by the silica
background, to the high-wavenumber region, where the silica
background is practically absent.

3. Conclusion

We proposed an approach to incorporate nanoplasmonic struc-
tures with cellular-size footprints along a minimally invasive
optical neural implant. Our work is rooted on establishing,
understanding, and controlling the interplay between the
photonic properties of tapered optical fibers and the nano-
optical phenomena arising on periodic subwavelength metallic
structures realized on the taper surface.

Our achievements are focused on the following main out-
comes: i) nanopatterning the nonplanar surface of the taper
at high resolution (sub-50 nm); ii) characterizing the surface
plasmon resonances induced on the tapered surface when
light guided in the fiber illuminates the gratings, leveraging on
the effect of the taper on the transversal component of guided
modes; iii) engineering the field enhancement using a numer-
ical model of curved nanogratings; iv) demonstrating the poten-
tial exploitation of nTFs for resonant collection of fluorescence
and endoscopic Raman spectroscopy using structures compa-
rable to brain single cells (25 pm x 25 pm).

The resonant collection of fluorescence with directional
beamlets, whose angle depends on the spectral content, is an
intriguing capability, which complements recent works that
used diffractive elements to fabricate implantable probes for
light-sheet fluorescence imaging.”” The plasmonic approach
not only proves that this can be accomplished with a lossy
material, but also allows using the zeroth order to impose or
retrieve a spatial modulation, on the strength of the wavevector-
dependent momentum matching.

At the same time, the versatility offered by integrated plas-
monic beam forming holds promising potential for endoscopic
Raman spectroscopy applications. In fact, controlling the
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volume of tissue that interacts with the probe and the direc-
tion of light emission and collection across a broad angle, at
an arbitrary depth, are all desirable features to investigate the
biochemical or cytoarchitectonic alterations linked with physi-
ological (i.e., brain development or aging) or pathological condi-
tions (i.e., brain metastasis).

While we are confident that our approach can represent a first
step toward next-generation plasmonic neural probes, we also
outline potential improvements linked with the optical perfor-
mances of the nanostructures. For example, it would be desirable
to increase the field enhancement on the plasmonic structures
by improving the interfacing of the fiber modes with plasmonic
structures.l In this direction, previous works have proposed the
integration of noble metal plasmonic nanoparticles on tapered
fibers for SERS applicationst*>*"] (reviewed in ref. [58]). How-
ever, these structures respond as a random or quasirandom
ensemble and do not offer an immediate strategy for beam
forming. Alternatively, the growing interest on using nanograting
resonances to launch surface plasmons on metallic tips for scan-
ning near-field optical microscopy (SNOM)P®2 might offer
novel insights into the optimization of optical coupling of fiber
modes and plasmonic structures in the multimode regime.

From the fabrication point of view, FIB milling may have
relevant drawbacks. Despite being advantageous to pattern
the curved surface of the taper, the ion milling prevents from
obtaining sharp edges on the grating slits, resulting in a lower
field enhancement.®¥] While this drawback can be circum-
vented using structures with high enhancement factors such
as bow-tie antennas,/®*®! jon implantation might diminish the
optical transmission of exposed areas of glass, although this
has been observed at higher fluencies.**%?1 While traditional
methods such as electron beam lithography are hardly suitable
to pattern the taper surface, other strategies such as two-photon
polymerization lithography,*”] self-assembly,®®%% or nanostencil
lithography”” might allow obtaining high lateral resolution and
relevant field enhancement. In this direction, we will devote our
future work to alternative design that can offer the same degree
of tunability of ¢cNGs while also providing for a stronger field
enhancement. This would be instrumental in exploiting non-
linear light-matter interactions at moderate pumping intensi-
ties, in order to preserve the integrity of the metallic layer.

Looking at the evolution of the neurophotonic field, we
believe that the combination of nanostructures with guided
modes in fiber optics is optimally set to benefit from the pro-
gress in the broader optics community. This is particularly rel-
evant when considering the increasing maturity of holographic
techniques to control modal propagation in turbid medial’*7?
together with the booming interest in optical metasurfaces,
metamaterials, and their application to biological research,’’!
also using dielectric materials.” We therefore envision that
controlling the interplay between electromagnetic modes and
resonant nanostructures will represent a novel frontier to study
neural functions in deep brain regions.

4. Experimental Section

Fabrication of Tapered Optical Fibers: Tapered fibers were obtained
from OptogeniX (www.optogenix.com) using fiber cords with NA = 0.22
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and core/cladding size = 200/225 um; NA = 0.39 and core/cladding =
200/225 um; and NA = 0.66 core/cladding = 200/230 um. Details of the
fabrication procedure were provided in previous works./]

Fabrication of Curved Nanostructures on Tapered Fibers: Tapered fibers
were coated with an adhesion layer of Cr (5 nm) and a thin layer of Au
(100-150 nm) using thermal or electron beam evaporation. During the
evaporation, the fibers were rotated with a stepper motor to obtain a
uniform coating. The curved nanostructures (Figure 1) were milled
on the taper surface using a dual-beam FIB-SEM system (FEI Helios
Nanolab 600i Dual Beam). The Ga* ion beam current was set to
7.7 pA with an accelerating voltage of 30 kV. The beam spot (9.8 nm in
diameter) was scanned sequentially with minimal line overlap (5-10%)
and 1 us dwell time.’¥) The morphology of the nanostructures was
characterized via scanning electron microscopy.

Optical Characterization for Dispersion Diagrams: A custom-made
Fourier spectroscopy system was used to image the angular distribution
of the spectral components modulated by cNGs when broadband
incoherent light was injected into the fiber. The probe was set in the focal
plane of a high-NA objective (50 %, 0.65 NA), with the fiber axis being
perpendicular to the objective’s one and the nanostructure at the center
of the objective field of view (FOV). The back-focal plane of the objective
was imaged on the spectrometer slits using a system composed of
a Bertrand lens positioned behind the objective (f= 100 mm), a tube
lens (f= 200 mm), and an image relay. To collect a wide angular range
on the thin spectrometer’s camera with high angular resolution, the
fiber and the objective were progressively displaced under the imaging
system. For each of these positions, the image on the full CCD of the
spectrometer (Horiba iHR320, Syncerity) was recorded. Finally, the
dispersion diagrams were obtained by stitching together images at all
positions using FIJI.78 To calibrate the dispersion diagram, the spatial
displacement of the fiber-objective system was measured that covered
the full emission of a fiber optic of known NA excited with a laser beam
injected at the maximum acceptance angle.

Optical Characterization for Collection Properties in Air: The
nanostructured area was placed in the focal point on a low-NA objective
(50 %, 0.16 NA) with a 5D control on the position of the structure: the
three spatial dimensions, the tilt angle with respect to the objective axis,
and the rotation angle of the fiber around its axis. The orientation of the
probes was aligned across experiments using an imaging camera. The
low-NA objective delivered incoherent white light (500-800 nm) under
a small focusing angle (+3°). Transmission spectra were measured for
increasing values of the tilt angle, as shown in Figure 2, by routing the
fiber patch cord output to the spectrometer input.

Collection Properties with Point-Like Fluorescent Sources: The light
collection properties of the nanostructured probes were measured
using a custom-built optical system described in previous works.[*27778]
Briefly, a two-photon microscope equipped with two detection paths was
used; a standard “microscope” path with a photomultiplier tube (PMT,
Hamamatsu) receiving fluorescent light from the excitation objective,
and a “fiber” path, where a PMT received fluorescence light guided by
the probe and the attached fiber patch. The focal spot generated by a
water immersion high-NA objective (20 X, NA = 1.0) was raster scanned
next to the nanostructured probe submerged in a homogeneously
fluorescent solution. The PMTs on the “microscope” and the “fiber”
paths simultaneously detected fluorescence light. While the microscope
path served as an imaging reference, the fiber path provided information
on the structures collection diagrams. The collected light was filtered
using bandpass filters (510-560 and 570-640 nm). Images were
processed using FlJI by subtracting background noise and applying a
moving Gaussian filter over 2 pixels. The collection angles were extracted
following the predominant directions on the image.

Raman Spectroscopy with nTFs: To acquire Raman spectra with the
nTFs, a custom Raman microscope was built. The probe was held,
immersed in the analyte, in the focal plane of the microscope, with the
back of the taper facing the lens, and 785 nm laser light, filtered with
a laser line filter (785 + 12.5 nm) was injected over the full angular
acceptance of the fibers (typically, 0.22 NA). When the probe was
immersed in oil, the Raman signal was discriminated using a dichroic
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mirror and a long pass razor-edge filter. The spectra were detected using
a Horiba iHR320 spectrometer with a 600 I[p mm grating.

Ray Tracing of Light Propagation in Tapered Optical Fibers: The angle
at which light guided in the tapered portion of the nTF impinges on
the curved nanograting depending on their position was simulated by
a ray-tracing method (Zemax). Details on the application of ray tracing
to simulate optical propagation in tapered optical fibers were reported
in previous works.l Briefly, the propagation of a coherent source light
covering the whole fiber NA in the tapered section was simulated. To
measure the angle formed with the curved nanograting normal, a
detector stack was placed where the taper radius matched the cNG’s
radius of curvature. The numerical estimation was then confirmed
experimentally by measuring the angular intensity profile of 785 nm light
emitted from a smooth optical window, opened at the same diameter.

Theoretical Modeling of Curved Nanostructures: The curved structures
were modeled using a 3D FDTD) model using commercial software
(FUllWAVE by RSoft). The tapered fiber was assumed to be locally
cylindrical.33 In fact, considering a taper angle of 4° and a nanograting
longitudinal side of t = 25 um, the diameter change Ad along the width
of one nanograting is, approximately Ad =tan(2°) - L = 0.8 um. So for
A=785nm, Ad= A.

The refractive index of glass is taken as 1.45. For gold, a Drude-
Lorentz model was used given by the following equation

wZ k=
gm(w)=8°=_ 2 > -2
0+ joyp, 2

5ka),f
0?-w?+2jwy,

)

where €., is the metal dielectric constant at the high-frequency regime in
the Drude model, @p and y, are the plasma and collisions frequencies
of free electron gas related to the Drude model, whereas &, @, and %,
i =1, 2are amplitude, resonant angular frequency and damping
constant of each Lorentz-like oscillator, respectively. As described in the
main text, the model supported the simulation of nonlinear interactions
through the dispersive third-order () nonlinear properties.
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