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Toward Plasmonic Neural Probes: SERS Detection of
Neurotransmitters through Gold-Nanoislands-Decorated
Tapered Optical Fibers with Sub-10 nm Gaps

Di Zheng,* Filippo Pisano, Liam Collard, Antonio Balena, Marco Pisanello,
Barbara Spagnolo, Rosa Mach-Batlle, Francesco Tantussi, Luigi Carbone,
Francesco De Angelis, Manuel Valiente, Liset M. de la Prida, Cristian Ciraci,

Massimo De Vittorio,* and Ferruccio Pisanello*

Integration of plasmonic nanostructures with fiber-optics-based neural
probes enables label-free detection of molecular fingerprints via surface-
enhanced Raman spectroscopy (SERS), and it represents a fascinating
technological horizon to investigate brain function. However, developing neu-
roplasmonic probes that can interface with deep brain regions with minimal
invasiveness while providing the sensitivity to detect biomolecular signatures
in a physiological environment is challenging, in particular because the

same waveguide must be employed for both delivering excitation light and
collecting the resulting scattered photons. Here, a SERS-active neural probe
based on a tapered optical fiber (TF) decorated with gold nanoislands (NIs)
that can detect neurotransmitters down to the micromolar range is presented.
To do this, a novel, nonplanar repeated dewetting technique to fabricate gold
NlIs with sub-10 nm gaps, uniformly distributed on the wide (square mil-
limeter scale in surface area), highly curved surface of TF is developed. It is
experimentally and numerically shown that the amplified broadband near-
field enhancement of the high-density Nls layer allows for achieving a limit of
detection in aqueous solution of 10”7 m for rhodamine 6G and 10> m for sero-
tonin and dopamine through SERS at near-infrared wavelengths. The NIs-TF
technology is envisioned as a first step toward the unexplored frontier of in
vivo label-free plasmonic neural interfaces.

1. Introduction

As the field of optogenetics has stimulated
the development of optical neural inter-
faces to deliver light into the brain,-% the
advent of genetically encoded fluorescent
indicators (GEI) of neural activity has
enabled cell-type-specific monitoring of
chemical compounds, including Ca?"-
and several types of neurotransmitters
including glutamate,*3 xaminobutyric
acid  (GABA),™  serotonin,®  dopa-
mine, '] acetylcholinel™ and nor-
epinephrine.’” These reporters have
achieved considerable success in unveiling
neurotransmitter dynamics, at synaptic
resolution,?*?!l and with neural probe
devices.l?"2%] However, the use of exog-
enous reporters is still an indirect way to
investigate biological systems, which adds
extra complexity or even alters the native
state of the system.?>?’l Thus, the neuro-
science field would highly benefit from
label-free approaches to optically probe
neurotransmitter dynamics.?82’
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To do this, surface-enhanced Raman spectroscopy (SERS)
represents a promising method for ultrasensitive, label-
free detection down to single-molecule level.3%32 However,
bringing SERS into the brain represents a challenge from the
substrate point of view, and the most convenient approach is
using plasmonic-enhanced optical fibers. Optical-fiber-based
neural probes are indeed widely employed to optically access
brain tissue, and they have been extensively used to reveal
neural activity by collecting fluorescence of GEI in a fiber
photometry configuration.?>2>3334  Among these, tapered
optical fibers (TFs) are particularly attractive to develop this
technology for two reasons: i) the tapered shape can minimize
the damage to the tissue, enabling extensive use in vivo;*>~7]
and ii) the photonic properties of the taper give access to
mode-division de-multiplexing strategies to deliver and collect
light over a large optically active area on the square millimeter
scale.®®! Therefore, integrating TFs with plasmonic structures
represents an important path to explore a novel generation of
neural implants for studying chemical signalling in the brain.

In this framework, an optimized plasmonic TF probe for
SERS would need to simultaneously: i) enhance excitation
yield, with high density hotspots distributed across a wide
taper surface, ideally operating with a wide range of polariza-
tion directions and wavevector components (including the
evanescent ones) supported by the fiber; ii) efficiently collect
scattered signal, providing the highest possible overlap between
a hotspot-confined electromagnetic field and modal functions
of guided modes; and iii) hold plasmonic resonances covering
both excitation and scattered wavelengths in the NIR to reduce
the influence of tissue fluorescence background.

Possible fabrication strategies to achieve this aim include
top-down and bottom-up approaches, and our group recently
demonstrated the integration of cellular-sized curved plasmonic
structures on a TF to engineer the spectral and angular pat-
terns of optical emission and collection,?” using focused ion
beam milling at low fluences.*) However, scaling this top-
down approach will intrinsically result in unmanageable fab-
rication times when large surface area sensitivity is required.
High-throughput bottom-up strategies (such as deposition of
colloidal nanoparticles, direct synthesis, and electrostatic self-
assembly) have been reported to produce TFs decorated with
plasmonic nanoparticles for SERS molecular sensing,*->1
though the fabricated structures always result in either multi-
layer, uneven cluster assembly, wide interparticle separation
(tens of nanometers) or particles located far away from the
dielectric surface (tens of nanometers). Indeed, the deposition
of colloidal gold nanoparticles method has been used to realize
SERS nanosensors, and the enhanced neurotransmitters’
Raman signal close to cultured neurons were demonstrated,
but with light excitation and collection occurring from the
outside of the device.*>*}] Furthermore, TFs coated with silver-
doped poly(vinyl alcohol) (PVA) have been reported to detect
dopamine SERS signal through the fiber but this was done at
lower sensitivity (1073 M) in the visible region.*”] Overall, none
of them demonstrated the ability to achieve a neural probe
combining the above mentioned features (i-iii). Therefore, an
effective strategy of fabricating plasmonic neural probes able
to deliver excitation light while collecting SERS signal of neu-
rotransmitters at physiological levels remains a technological
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challenge, whose solution can pave the way toward the use of
plasmonic devices for neuroscience applications.

Here, we implemented a nonplanar repeated dewetting
(npRDW) technique to obtain uniformly distributed gold
nanoislands (NIs) with inter-island gaps <10 nm, decorated
along and around the highly curved surface of a TF neural
probe. The narrowing of metallic gaps obtained via consecu-
tive processes of dewetting redshifts the plasmonic resonance
of the system, and thus improves SERS determination under
785 nm laser excitation with a limit of detection (LOD) of 107 m
for R6G in aqueous solution over the wide sensitive surface of
the taper. Strikingly, the dewetted gold NIs-TFs devices show
a LOD of 10 m in the NIR region for neurotransmitters,
including aqueous solutions of serotonin and dopamine, over-
coming the current limits of other approaches employing exci-
tation and collection fields guided in the same waveguide,*!
and is compatible with the upper bound level of concentrations
for neurotransmitters, measured to be in the tens of micro-
meters range for both dopamine and serotonin.'>16:52-54 On
the strength of these results, we believe that the highly sensitive
SERS detection of the NIs-TFs platform offers opportunities for
further neural interfacing applications in monitoring neuro-
transmitters dynamics in vivo.

1.1. Nonplanar Repeated Dewetting for Plasmonic Tapered
Optical Fibers

Figure 1a shows a schematic representation of the plasmonic
TFs presented in this work, featuring highly packed gold NIs
with <10 nm nanogaps on the nonplanar surface of the fiber
taper. This is achieved by a npRDW method, with the fabrica-
tion steps depicted in Figure 1b. TFs were obtained by a heat-
and-pull method from commercially available core/cladding
step-index silica fibers (NA 0.22). The thinning of the wave-
guide gradually reduces the number of guided modes allowed
by the waveguide, and lets guided radiation couple with
photonic structures on the taper surface over a segment that
can be tailored from a few hundred micrometers to a few mil-
limeters.”® As the fibers have been locally heated above the
silica transition temperature of 1207 °C, the high temperature
results in a clean and smooth TF surface before the evapora-
tion. Thus, without the need for an additional cleaning step, a
layer of gold with initial thickness t; = 5 nm is deposited on
the curved surface of the taper with a rotational motor mount
in the chamber of an e-beam evaporator, to ensure conformal
gold evaporation over the entire TF surface. To obtain the first
layer of NIs, thermal annealing is then performed by raising
the temperature from room temperature to 600 °C with a rate
of 10 °C min™!, after which, the temperature is held at 600 °C
for 1 h. This thermal treatment is performed in standard atmos-
pheric conditions, which has been reported to increase the
bond between gold to fused silica by promoting diffusion of Au
into the silica, due to the presence of oxygen.l’®>”l A nonplanar
single dewetting (npSDW) procedure is completed after a cycle
of rotational evaporation and dewetting process. The second
cycle of gold deposition ¢, = 5 nm and thermal dewetting is
conducted successively to generate denser plasmonic active
NIs patterns with enhanced optical capability. The npRDW
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Figure 1. a) Schematic illustration of npRDW TFs for neurotransmitters’ SERS signal detection. b) Schematic illustration of fabrication procedures of
npRDW TFs.

procedure is completed after all the processes above, as sche- A representative fabrication output is reported in Figure 2.
matically shown in Figure 1b (detailed fabrication parameters  The optical images in Figure 2a show the overview of a non-
are reported in Experimental Section). coated (blank), 5 nm gold thin film covered, and NIs-covered
a c L=20um L =50 um L = 1000 ym

Au thin film 5 nm

Curvature (mm™")
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Figure 2. Morphology of TFs fabricated by npRDW. a) Optical images of noncoated (blank), 5 nm gold thin film covered, and npRDW TFs (from top
to the bottom). b) SEM images showing the morphology at the very tip of a npRDW TF; the bottom images are the corresponding enlarged views of
NIs on the taper (from left to right, images are taken at a distance away from tip L = 50, 20, 10 and 3 um, at the section highlighted by the red lines).
c) High-magnification SEM images used for the statistical analysis (from left to right, images are taken at L = 20, 50, and 1000 um respectively).
d) Statistical analysis for average NlIs diameters (orange bars with the standard deviation as error bars) and effective gap size (green bars) distribu-
tion starting from L = 50 pm to the taper end of L = 3.9 mm, the short-curved markers on the top graphically show relative curved surface together
with the curvature value.
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TF fabricated by npRDW (taper length > 3.5 mm in all cases).
As the uniform cover of gold plasmonic active NIs absorb the
majority of the blue and green light, the whole body of NIs
TF appears pink under direct illumination with broadband
light, making a prominent difference from the blank and gold
thin film covered TFs. SEM inspections (Figure 2b) indeed
show a homogenous distribution of NIs along and around
the taper, and the high-magnification images reveal that the
NIs are evenly spread over the whole body of the TF until its
very tip. To gain a quantitative picture of how NIs and inter-
islands gaps distribute along the taper, high-magnification
SEM images were taken through the entire narrowing region,
and the distribution of NIs was analyzed as a function of the
curvature of the waveguide. Figure 2c shows representative
SEM images used for statistical analysis, with images taken
from positions with a distance away from tip L = 20, 50 and
1000 um (from left to right). Systematic and quantitative mor-
phological analysis (see Experimental Section) displayed in
the bar graph in Figure 2d shows that the average diameter
(=50 nm) and the effective gap (<10 nm) of NIs are uniform
along the taper despite a large curvature difference between
the very tip region and the taper end.

www.advmat.de

1.2. Enhanced Optical Properties from Repeated Dewetting

The two consecutive treatments of dewetting have proved
effective to achieve very narrow gaps amongst NIs. More spe-
cifically, gold NIs formed during the first dewetting process
operate themselves as sites for the further nucleation of gold
originating from the second process of deposition/dewetting,
thus enlarging their sizes; additionally, a contemporary side-
nucleation forming new smaller NIs is also observed, resulting
thereby in a bi-modal NIs size dispersion and more densely cov-
ered surface. This behavior is displayed on a flat silica substrate
in Figure 3a. SEM images and the corresponding analysis of
NIs’ size distribution show the evolution from single Gaussian
to bi-Gaussian size distribution from the first to second dewet-
ting step, with a slightly reduced NIs" average diameter (from
51 to 46 nm) and prominently decreased effective gap size
(from =30 to <10 nm, see bar graph in Figure 3b; details on
statistical analysis are described in the Experimental Section).
The corresponding extinction spectra reported in Figure 3c,
show a direct dependance on the morphological properties. As
the packing density increases from single dewetting (SDW) to
repeated dewetting (RDW) samples, the enhanced interparticle
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Figure 3. a) SEM morphologies and corresponding NlIs diameter distribution of SDW t; =5 nm (top) and RDW t; + ¢, =5 + 5 nm (bottom), the left
panels are the corresponding Nls distribution histogram with single Gaussian fitting centered at 51 nm for SDW and two Gaussian fittings centered
at 53 and 28 nm, respectively, for RDW. b) Statistical analysis of average diameter (orange bars) with standard deviation as error bar and effective gap
(green bars) of SDW and RDW morphologies shown in (a). c) The extinction spectra divided by corresponding coverage rates of SDW (blue line) and
RDW (red line) samples. d) SERS measurements on flat substrates with 633 (top) and 785 nm (bottom) excitations, the curves within corresponding
to bare (gray curve), 10 nm gold thin film (blue curve), and RDW Nls (red curve) substrates. The dashed vertical lines indicate the molecular signature
peaks at 992, 1015, 1065, 1465, and 1567 cm™". e,f) Simulated near-field enhancement spatial map of hexagonal periodic model with 28.6 nm gap (e) and
10 nm gap (f) between the central disks and surrounding disks with the nonpolarized excitation at 633 nm (the diameter of central and surrounding
gold disks are 53 and 28 nm, respectively, and the thickness of the disks is 15 nm). g) The broadband spectral response of hexagonal periodic gold
disk models with 28.6 nm gap (blue line) and 10 nm gap (red line), respectively, reported with a coefficient (1— T), where T is the transmittance of the
system at normal incidence. h) Wavelength dependence for average near-field enhancement of periodic hexagonal model (blue and red curve corre-
spond to the model with a gap size of 28.6 and 10 nm, respectively, and the blue and red dashed lines indicate the experimental excitation wavelengths
at 633 and 785 nm, respectively).
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interaction redshifts the resonance position (from 529 to
583 nm), broadens the full width at half maximum, from 875 to
206.7 nm because of increased randomness both from size and
shape of NIs, and increases the extinction intensity.

The SERS response of the NIs' was characterized by com-
paring the RDW sample to 10 nm gold thin film covered and
blank samples. All the samples went through the same func-
tionalization procedures of benzenethiol (BT) molecules
(Figure 3d), taking advantage of BT to systematically self-
assemble onto gold surfaces through gold—sulfur bonds.l>%>]
Although the resonance position for the RDW sample over-
laps better with the 633 nm excitation line, SERS measure-
ments on flat substrate show NIs operate efficiently at both 633
and 785 nm Raman excitation wavelengths (see Experimental
Section for technical details and BT molecules functionalization
procedures). SERS spectra from BT molecules exhibit enhance-
ments over 50 and 20 (with respect to thin gold film samples),
respectively, for the two wavelengths, showing the suitability of
RDW NIs for applications requiring a broadband response.

To explain how this peculiar NIs distribution results in the
plasmon resonance redshifting, the enhanced extinction and
the broadband SERS response behaviors, we have built a sim-
plified numerical model composed of a periodic hexagonal
array of gold disks (see Experimental Section). This model
allows us to isolate and appreciate the impact of the interpar-
ticle distances and to avoid otherwise computationally very
demanding calculations. Simulated near-field enhancement
spatial maps and transmission spectra for the SDW and RDW
representative models are shown in Figure 3e-g, respectively.
As expected from the experiments in Figure 3c, the increased
interparticle interaction redshifts the resonance position,
improves the near-field enhancement factor (Figure 3e,f) and
decreases the transmission intensity, with the theoretical extinc-
tion reflecting the trend of the experimental measurements
(Figure 3g). Interestingly, the narrowing of the gaps results in
a nearly two-times increase of the average near-field enhance-
ment factors. In addition, the hexagonal periodic model shows
that the average near-field enhancement at 785 nm is 80% of
the enhancement at 633 nm (Figure 3h). Such a strong tail in
the enhancement function toward longer wavelength can be
explained considering that gold interband transitions play a
minor role in this spectral range. This explains the broadband
SERS response observed in Figure 3d. The combination of the
redshift and increased near-field enhancement resulting from
the RDW shows that the RDW gold NIs provide enhanced
SERS sensibility toward the NIR region, an important feature
to reduce tissue autofluorescence background in biological
applications.[6061]

1.3. Through-TF SERS of Neurotransmitters in Solutions

To examine the detection capability of the fabricated npRDW
TF device, through-TF SERS measurements are carried out
with a custom Raman microscope operating at 785 nm wave-
length continuous laser excitation, as schematically shown in
Figure 4a (see Experimental Section for details). The SERS per-
formance of NIs-TFs is examined using several molecules: BT,
rhodamine 6G (R6G), serotonin, and dopamine.
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First, BT molecules are functionalized on NIs-TFs to
measure the resulting spectra collected by the TFs. Representa-
tive results are displayed in Figure 4b: the BT molecule signal
(peaks at 992, 1015, 1065, 1465 and 1567 cm™) collected through
the npRDW TF (red line) shows a clear enhancement compared
with the control samples consisting respectively of a bare TF
(gray line), a TF hosting a 10 nm-thick gold layer (black line),
and a plasmonic TFs with NIs obtained with a single dewet-
ting step (green line). The higher signal enhancement of the
npRDW tapers is due to denser nanogaps and stronger near-
field enhancement, as described in the previous section.

We then implement an experimental procedure to measure
the LOD of npRDW TFs for molecules in aqueous solutions,
using first the model dye R6G as a reference. The measure-
ments start from the lowest concentration solution and increase
toward the highest concentration in steps, using a single fiber
for each concentration ramp. Each spectrum is taken immedi-
ately after the fiber tip was immersed entirely into the aqueous
solution, and the fiber tip is kept in the solution during the
entire exposure time (details are described in Experimental Sec-
tion). Figure 4c shows the SERS spectra of R6G solution with
concentrations varying from 1071 to 10 m. The R6G signature
peaks at 1356 and 1504 cm™ are recognizable from the lowest
concentration of 107 M. This is also reflected in the analysis of
the integral of the peaks intensity after locally subtracting the
background (shown in the inset) which shows a rising point at
10”7 m as npRDW TFs LOD for R6G. Upon increasing the con-
centrations, more molecular signature peaks gradually appear,
including 1304, 1569 and 1643 cm™. The LOD is observed at
10~* M for the blank TF control experiment (see Figure S1, Sup-
porting Information).

Having established the approach, the LOD of the npRDW
TFs is then characterized for serotonin and dopamine aqueous
solutions. Figure 4d shows a set of spectra taken from sero-
tonin aqueous solution with concentrations varying from 1078
to 10~ M. The serotonin signature peaks (1335 and 1535 cm™)
start to appear from a concentration of 107 m, along with a
rising point in the slope of the integral intensities versus con-
centration (Figure 4d, inset), which marks the LOD of 107° m
for serotonin aqueous solution. The SERS signal collected
for dopamine, displays in Figure 4e, shows instead an overall
intensity increase in the region from 1400 to 1734 cm™, with
the strongest peak at 1476 cm™ distinguishable from a con-
centration as low as 107 M. To further identify the molecular
features in the overlapped spectra, all the original spectra in
Figure 4e are subtracted by zero concentration spectra (fiber in
water), as shown in Figure 4f. The dopamine signature peaks at
1476 cm™!, along with more peaks (1268 and 1323 cm™?) become
clearly distinguishable from a concentration of 107> M, which
marks the LOD for dopamine case. The subtracted background
is to be mainly ascribed to the silica Raman spectrum of the
waveguide, as it is employed for both excitation and collection.
The Raman response of the waveguide material indeed overlaps
with or even submerges the SERS molecular fingerprints. The
ability to identify molecule-specific spectral features depends
on the relative strength of the two signals (i.e., molecular SERS
versus silica Raman). Among all the molecules tested herein,
we have observed that the relative strength of molecular SERS
gradually decreases from BT to R6G, to neurotransmitters
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Figure 4. a) Schematic configuration for NIs-TFs through measurements with BT molecule functionalization, R6G, and neurotransmitters (dopamine
and serotonin) aqueous solutions. b) SERS response of BT molecule functionalized npRDW (red curve), npSDW (green curve), 10 nm gold film coated
(black curve) and blank (gray curve) TFs, the dashed vertical lines indicate the molecular signature peaks at 992, 1015, 1065, 1465 and 1567 cm™".
c) npRDW TF detection of R6G aqueous solutions with concentrations varying from 107° to 107 m (the solid curves from bottom to top); the spectra
were offset vertically for easier visualization. The inset shows the concentration dependence of the area under 1356 (blue points) and 1504 cm™ (red
points) after locally subtracting the background. d) npRDW TF detection of serotonin aqueous solution with concentrations varying from 1078 to 107 m
(the solid curves from bottom to top), the spectra were offset vertically for easier visualization. The inset shows the concentration dependence of the
area under 1335 (blue points) and 1535 cm™ (red points) after locally subtracting the background. e) npRDW TF detection of dopamine aqueous solu-
tion with concentrations varying from 107° to 10" m (the solid curves), the blue vertical dashed line indicates the dopamine peak at 1476 cm™. f) The
dopamine SERS spectra in (e) with silica background subtracted.

(serotonin and dopamine). As in the case of BT, the molecular
SERS dominates the overall spectra, and silica Raman becomes

colloidal metal nanoparticles deposited onto nanofiber tips
can function as nanosensors to enhance neurotransmitters’

a negligible background. With the decrease of the relative
strengths on the molecular SERS in the examples of R6G and
neurotransmitters, the molecular fingerprints overlap with
silica Raman background. The relative strength of R6G SERS
is slightly stronger than the two neurotransmitters, as it gives
a lower LOD. Serotonin and dopamine SERS are at the same
level of relative strength, resulting in the same LOD.

2. Discussion and Conclusion

We proposed a novel approach to exploit in-situ nucleation
of gold NIs on the nonplanar surface of TFs, and to estab-
lish a technological platform to bring nanophotonic struc-
tures into the brain, with the aim of implementing label-free
SERS detection within. Previously, two works have shown that
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signal in the vicinity of neuron cells, but with excitation and
collection occurring from outside of the fiber.*>#3] TFs coated
with silver-doped PVA have also proven to detect dopamine
SERS signal at 1073 m in the visible region.*] Overall, the
optimization of the device performance is a crucial aspect for
neuroscience community moving toward in vivo studies, as
physiological sensitivity is required in the through-fiber meas-
urements. With the aim of simultaneously optimizing excita-
tion yield, collection of scattered photons and NIR spectral
coverage, we developed the npRDW strategy, which generates
a monolayer of densely packed gold NIs with narrow plas-
monic gaps (<10 nm) uniformly distributed on the entire opti-
cally active surface of the TFs. The plasmonic resonances can
be excited with a wide range of polarizations and wavevector
components supported by the fiber. In this way, the frac-
tion of excitation power that results in field enhancement is
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maximized. Efficient collection was instead obtained by the
ultrathin homogeneous NIs monolayer, that covers the full
taper extent despite its nonplanar surface with nonconstant
radius of curvature. This maximizes the overlap between the
field enhancement in the nanogaps and the maximum region
of light collection of the taper, therefore, the collection of
resonantly scattered signal is maximized. NIR spectral cov-
erage for both excitation and scattering wavelengths reduces
the influence of the tissue background. This led us to obtain
a plasmonic probe for SERS detection of neurotransmitters
down to a concentration of 10~ M working in the NIR range,
with both excitation and scattered photons guided in the same
waveguide.

The detection capability of our device is compatible with
higher level of physiological concentrations, which has been
reported in the range of nanomolar to tens of micromolar in
the mouse brain.10°2546263] To name a few examples, Patri-
archi et al.' have estimated a dopamine release in the range of
1to 3 x 10~ m by correlating DLight response (AF/F) to the con-
centration—response curves obtained in titration experiments,
and Beyene et al.’? also showed dopamine concentration in
brain tissue arising from the activity of a single dopaminergic
terminal can exceed concentrations of 1 x 10°® M from the
release site in a distance dependent manner. For serotonin,
fast-scan cyclic voltammetry approach has shown that extra syn-
aptic concentration can reach low micromolar range.’334 1t is
worth to note that achieving label-free detection of neurotrans-
mitters has remarkable translational potential not only with
respect to the mouse animal model, but also in larger models
such as nonhuman primates (NHPs), which will likely entice
higher concentrations of neurotransmitters.* Therefore, the
NIs-TFs show a promising sensing capability to identify neuro-
transmitter at physiological conditions.

Nevertheless, further steps are required to move this tech-
nology toward animal models. These steps include: i) under-
standing whether the mechanical interaction between the brain
tissue and the probe will introduce severe damages, since the
tissue is intrinsically different from liquid phase environments,
where nanoparticle-based SERS probes can be applied;/®>-¢7]
ii) testing the potential toxicity due to gold ions or NIs release
from the fiber surface; iii) boosting the temporal response of
the approach; and iv) developing a method to discriminate
across multiple chemical compounds, for example using bar-
coding data processing!®® or to functionalize the structured
fiber probes to be able to catch the target analyte.[8°]

In this view, we believe that the SERS-active TFs neural
probes have the potential to complement existing methods to
detect neurotransmitters, currently employing GEI or cyclic vol-
tammetry."®7!l Additionally, we are confident that our npRDW
approach can envisage further experimental applications
such as: i) plasmonic heating in the brain tissue as in cancer
therapy,>74 or for thermally triggering neural activity;” ii)
combining with the dynamic optical element for holographic
SERS endoscopic imaging;/® iii) perspective applications on
the study of neurotransmitters” crosstalk between nerves across
the central nervous system and peripheral tissues;””! and iv)
on-chip absorption overtone spectroscopy,”®-%% where the plas-
monic enhancement can be used to facilitate the weak overtone
transitions.
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3. Experimental Section

NIs Functionalized SERS Fiber Probe Fabrication: The standard
multimode silica optical fibers (Thorlabs, FGO50LGA, 0.22 NA, Low-
OH, @50 um Core and FG200LEA, 0.22 NA, Low-OH, @200 um Core)
were used for flat fibers (FFs) and TFs fabrication. As a preparation
step, all the fibers were put in an acetone bath for 30 min to remove
the acrylate jacket. For the FFs, the fibers were cut with a fixed length
of 7.5 cm. Then, a manual fiber cleaver (Thorlabs, XL411) was used
to cut one side of the fiber to obtain a smooth top flat fiber facet.
For the TFs, the fibers were cut with a fixed length of 12 cm to fit the
puller system (Sutter P-2000), then TFs were pulled rapidly, after
laser heating, with very small taper angles.®l During the evaporation
process, the FFs were fixed on a batch mount printed with the 3D
printer (Ultimaker S3) to align the top surfaces of fibers normal to
the gold source in a crucible of an e-beam evaporator (Thermionics
laboratory, Inc. e-GunTM). TFs were mounted on a rotational motor to
ensure conformal gold evaporation over the entire TFs surfaces. For
all evaporations, the evaporation rate was kept the same as 0.2 A s,
with chamber pressure <6 x 107 mbar. The thickness control for
evaporation on TFs was linked to flat surfaces evaporation with
relation Trg, = 1/ X Tig, thus, for npRDW TFs, the actual gold film
thickness of twice evaporation were controlled as t; +t, =15 + 15 nm.
When the evaporation procedure finished, the fibers were detached
from the mount and arranged in a ceramic bowl without any adhesive
for thermal annealing in a muffle furnace (Nabertherm B180).
The furnace was controlled to gradually ramp up the temperature
from room temperature (RT) to 600 °C with a rate of 10 °C min',
and held at 600 °C for 1 h, then allowed to cool in ambient to RT.
Eventually, the nonstructured side of fabricated fibers was connected
to metallic ferrules with a diameter of 1.25 mm, and went through the
same manual polishing process to ensure stability during the optical
characterizations.

In the fabrication process, the initial film deposition was crucial for
the final NIs morphology, and the initial film status (the nominal film
thickness and the structure of the voids at the metal-ambient and
metal-glass interfaces) was the main parameter contributing to the final
NIs’ size and distribution variations. Thus, plasmonic fiber fabricated
within the same batch show stable appearance. As displayed in Figure
S2.1a—c, Supporting Information, LOD experiments for three different
fibers (randomly selected within the same batch) with nominally identic
fabrication parameters, show stable optical response.

Extinction Spectra Measurement: The extinction spectra were measured
with a transmission configuration using a home-built microscope;
the schematic illustration of the setup can be found in Figure S5.1,
Supporting Information. Briefly, a halogen lamp with a SMA connector
was used to excite the fiber through a fiber patch-cord connection,
which delivered the broadband light through the NIs functionalized fiber
facet. The transmitted light was collected with a 4x objective (Olympus
XLFluor 4x/340, NA = 0.28), and then directed to a spectrometer (Horiba
iHR320) with an achromatic doublet (&25.4 mm, f = 100 mm). The
spectrometer was equipped with a 300 Ip/mm grating and synapse
EMCCD for the spectra acquisition. To subtract the actual extinction
spectrum of Nis-FF (Exty,s), the transmission spectrum of NIs-FF (Ty;s)
was corrected by a blank FF transmission spectrum (Ty,,) With relation
(Extnis = (Tolank — Tais)/ Thlank), to exclude the systematic response.

BT Molecule Functionalization: Benzenethiol (BT, C¢HsSH) molecules
were purchased from Sigma-Aldrich (99%). The fabricated Nls fiber facet
along with reference fibers were immersed in BT molecule methanol
solution (6 mm) for 6.5 h, then the fibers were rinsed by stirring them
in a cup of clean methanol solution for 10 min. The rinsing process was
repeated three times with a clean methanol solution each time to ensure
a successful monolayer functionalization.

Raman Measurements with 633 nm Excitation: The Nls annealed
tip of the flat fiber acted as a flat substrate for SERS measurements
and was placed perpendicularly to the objective. The detailed optical
setup can be found in Figure S5.2, Supporting Information; in short,
the collimated laser beam fully filled the back aperture of the objective
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(40x, 0.65 NA, AMEP4625, ThermoFisher), resulting in a light spot of
1.5 um. The back-scattered Raman signal was collected through the
same objective and transmitted by a long-pass dichroic mirror (DC,
Semrock, LPD02-633RU) toward the spectrometer. A notch filter
(NF, Semrock, NF03-633E-25) was used to remove the residual laser
excitation and the resulting signal was focused onto a round to linear
fiber bundle using a lens (f= 50 mm). The linear facet of the bundle
was imaged on the entrance slit of a spectrometer (iHR320, Horiba).
The Raman measurements were performed with slits at 200 um and
a grating of 600 | mm™' (blaze 750 nm). Spectra were recorded on a
SYNAPSE CCD cooled to =50 °C with 30 s acquisition time and T mW
excitation power. The raw spectra were treated with baseline correction
(ALS). Since the excitation spot was much smaller than the fiber core
(350 um), eight spectra were acquired at different positions for one
sample, and the final spectrum was the average spectrum of the eight
times measurements.

Raman Measurements with 785 nm Excitation: The optical setup
for the home-built Raman microscope is shown in Figure S5.3,
Supporting Information. Briefly, the collimated Laser beam fully
filled the back aperture of the focus lens L1 (aspheric, @25.0 mm,
f =20 mm), resulting in a light spot of 200 pm in diameter. The
Raman signal was separated from the pump laser using a dichroic
mirror (DC: Semrock, LPD02-785RU-25) and a long-pass razor-edge
filter (F1: Semrock, LP02-785RU-25). The signal was then routed to
a spectrometer (Horiba iHR320). The Raman measurements were
performed with a slit at 200 um and a 600 | mm™ (blaze 750 nm)
grating. Spectra were recorded on a SYNAPSE CCD cooled to —50 °C.
All the raw spectra were treated with baseline correction (ALS). Two
different measurements were based on this setup, list as follows: i)
SERS measurements on flat substrates. After 633 nm measurements,
the same set of FFs was configured with the facet facing the focus
lens. The laser spot fully covered the whole fiber facet, and the spectra
were taken with 77.7 mW laser power and 5 s exposure time; and ii)
through-TFs SERS measurements. The fibers were configured with
the distal end facing the focus lens, the laser was injected over the
full angular acceptance of the fiber (NA 0.22) to recruit most of the
propagating modes. The signal, collected by the taper, was then routed
to a spectrometer for spectra analysis. For different molecules, the
measurement parameters including laser power and exposure time
were listed as follows: BT molecules (24 mW, 5 s), R6G (68 mW,
30 s), serotonin, and dopamine (68 mW, 60 s). R6G (Rhodamine
6G, Cy3H3N,05Cl), dopamine (3-hydroxytyramine hydrochloride,
CgH1;,CINO,), and serotonin (5-hydroxytryptamine, CyoHi;N,O) were
all purchased from Merck KGaA.

Statistical Analysis of NIs Morphology: For the statistical analysis, high-
quality SEM images were acquired with the FEI Helios Nanolab 600i
Dual Beam system. The SEM image acquisitions were conducted after
sputtering a thin layer of gold on all the Nls surface to provide sufficient
conductivity. On the TFs, the large curvature near the taper tip results
in a tilted image and less contrast between NlIs and the background,
making the statistical analysis difficult when L < 50 um. The Image|
software was used for the morphology analysis. The areas of physical
occupation (S) of each Nls were extracted from the binary formats
of each SEM image, along with the overall coverage rate (C). The
diameters of each NIs were obtained by assuming Nls as circular, thus
D=2x.[S/x. For the effective gap (g.s) size evaluation, all the Nis were
assumed to be the average size, occupying unit cells with an occupation
rate of coverage rate (circular and one-modal periodic approximations),
thus geg :\/SAVE,/C —ZX\/SAVQ,/E, where S, is the average area of all
the extracted Nls areas.

It is worth noting that the bimodal distribution of RDW morphologies
induce wider Nls size distribution, the above g.¢ evaluation method that
depends on circular and one-modal periodic approximations could be
less representative. Thus, a more generalized computational method
to analyze the effective gap size of the RDW bimodal distribution
morphologies, which relies on finding the minimal distances for each
Nls to its’ nearest neighbor through point-to-point computation using
NIs’ boundaries, was developed. The detailed analysis shows the
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generalized computational method gives a slightly smaller value of
effective gaps size, and the gap distribution appears stable along the
curved taper surface under both analysis approaches (Figure S3.3,
Supporting Information). The detailed comparison is included in Section
S3 in the Supporting Information, and the analysis program is available
on reasonable request.

Electromagnetic Simulations: The results in Figure 3e—h have been
obtained by simulating 3D time-harmonic Maxwell's equations using
COMSOL Multiphysics, a commercially available software based on
the finite element method. To emphasize the effect of the interparticle
distances and reduce the computational cost a periodic system
characterized by a hexagonal lattice in which a larger gold disk was
surrounded by smaller ones was considered. In order to mimic the
droplet-like shape of the fabricated sample, the top edge of the disk
was rounded with a radius of curvature r = 6 nm. The particle sits on
an infinite dielectric substrate with a refractive index n = 1.4. Optical
constants of gold were obtained from Ref. [82]. The mesh resolution
was chosen so that transmittance results were converged to <0.1% at
resonance. The unpolarized field map distribution has been obtained
by summing up the local fields obtained by exciting the array with a
vertically and horizontally polarized plane wave impinging at normal
incidence as |Eynpo| = (|En| + |E])/2, as shown in Figure 3e(f. The
average field enhancements were obtained by averaging the field maps.
The transmittances of the systems were used to compare with the
experimental extinction spectra as they were measured in a transmission
configuration.

Supporting Information

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