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Concurrent Contributions in Through-Fiber SERS Detection
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Abstract

Creating plasmonic nanoparticles on a tapered optical fiber (TF) tip enables a remote
SERS sensing probe, ideal for challenging sampling scenarios like biological tissue,
specific cells, on-site environmental monitoring, and deep brain structures. However,
nanoparticle patterns fabricated from current bottom-up methods are mostly random,
making geometry control difficult. Uneven statistical distribution, clustering, and
multilayer deposition introduce uncertainty in correlating device performance with
morphology. Here, we employ a tunable solid-state dewetting method to create densely
packed monolayer Au nanoislands (NIs) with varied geometric parameters, directly
contacting the silica TF surface. These patterns exhibit analyzable nanoparticle sizes,
densities, and uniform distribution across the entire taper surface, enabling a systematic
investigation of particle size, density, and analyte effects on the SERS performance of
the through-fiber detection system. The study is focused on the SERS response of a
widely employed benchmark Rhodamine 6G (R6G) molecule and Serotonin, a
neurotransmitter with high relevance for the neuroscience field. The numerical
simulations and limit of detection (LOD) experiments on R6G show that the increase
of the total near-field enhancement volume promotes the SERS sensitivity of the probe.
However, for serotonin we observed a different behavior linked to its interaction with
the nanoparticle's surface. The obtained LOD is as low as 10”7 M, a value not achieved
so far in a through-fiber detection scheme. Therefore, we believe our work offers a
strategy to design nanoparticle-based remote SERS sensing probes and provide new
clues to discover and understand the intricate plasmonic-driven chemical reactions.
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® Introduction

Molecular sensing based on surface-enhanced Raman scattering (SERS) has shown
promise as a powerful analytical tool in various fields, including biomedical diagnostics,
identification of chemical compounds, food safety, and environmental monitoring®.
A frontier for SERS is represented by the ability to perform label-free and chemical-
specific sensing in applications where sampling is difficult, including (i) probing
biological tissue®®, (ii) site-specific study for living cells”®, and (iii) on-site
environmental monitoring, such as detection for hazardous heavy metal and toxic gas®-
11 Integrating a SERS substrate on a fiber optic probe can create a compact and
multifunctional sensor that can be used as a point-of-care SERS amplifier or remote
sensing probe where the excitation laser and the resulting Raman signal are guided and
collected by the same waveguide (the through-fiber detection scheme). Additionally,
the ability to implement SERS in small-diameter optical fibers>!3 has the potential to
extend SERS applications to environments where sample perturbations need to be
minimized, such as brain structures. In the context of studying neurochemical dynamics,
vibrational spectroscopy enhanced by plasmonic nanostructures is of particular interest
by virtue of its ability to detect and identify neurotransmitters even at attomolar
concentrations, with the release of these molecules linked to both physiological and
pathological states, including Alzheimer’s disease, depression, schizophrenia, and
Parkinson’s disease'® 18,

SERS-active fiber optic probes have been mainly fabricated by covering the termination
of an optical fiber with metallic nanoparticles'®-3. Of specific significance is the case
of tapered optical fibers (TFs), which increase the surface area available for sensing but
require the structuring of a curved surface with a non-constant curvature radius. Only
bottom-up approaches have been demonstrated to successfully enable SERS sensing
capabilities on a TF probe, including electrostatic self-assembly%27:32-%  direct
nucleation reaction®®“3, dip coating, and laser-assisted evaporation?>*+4'. However,
plasmonic nanoparticle distributions on the surface fabricated by those approaches are
largely random. The morphologies show an uneven statistical distribution across the
large surface, cluster formation, and multilayer deposition, inevitably introducing
uncertainty and ambiguity on the correlation between the device performance and the
morphological status, limiting the understanding and design of the best-performance
remote sensing tapered SERS probe.

Here, we aim at uncovering the correlation between particle size and density versus the
probe’s SERS performance, to provide design principles for particle-decorated TF
remote sensing probes. A tunable solid-state dewetting technology was employed to
fabricate nanoislands (NIs) with varied geometric parameters. The monolayer densely
packed NIs are surfactant-free and in direct contact with the silica surface of TFs. The
formed patterns have analyzable nanoparticle sizes, densities, and statistically uniform
distributions through the entire extent of the taper’s surface. This allows us to
systematically study, for the first time, the effect of the particle size, density, and
analyte on the overall SERS performance of through-fiber detection system.

By incrementally increasing the thickness of the deposited gold film, NIs patterns with
gradually increased average diameters, heights, and gaps, were obtained. These
increased NIs unit cells were numerically modeled to match with the statistically
analyzed non-planar NIs patterns, finding that increasing NIs unit cells corresponds to



increasing volume field enhancement (VFE) across the entire tapered fiber surface,
thereby resulting in a gradual increase in SERS signals. Experimental evaluations were
then performed with 785 nm excitation on four NIs-TFs configurations with gradually
increased NIs unit cells, with rapid through-fiber SERS experiments that do not require
a prolonged immersion in the analyte’s solution. Firstly, the commonly used Raman
reporter Rhodamine 6G (R6G) was used as the target analyte, due to its stable chemical
composition and distinct Raman peaks. Across 4 different patterns of NIs-TFs probes,
a stable limit of detection (LOD) of 10 M was obtained, while the spectral
amplification gradients show that the increasing NIs unit cell facilitates SERS detection,
aligning with the theoretical predictions on the VFE. Expanding the study to
monoamine neurotransmitter, the use of serotonin as a target analyte revealed a different
trend. The highest sensitivity (jointly considering the lowest LOD, number of detected
peaks, and peak prominence) was indeed obtained with the second smallest NIs unit
cells TF probes with a LOD of 10”” M, which is, to the best of our knowledge, the lowest
value to date in a through-fiber detection configuration. Unlike the neat and orderly
spectral response of ROG, the serotonin spectral response shows sensitivity
performance favoring small NIs unit cells. The notable attributes indicate that chemical
reactions involving serotonin, driven by plasmonics, are occurring at the interface.

® Results
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Figure 1 A schematic illustration of the fabrication and characterization for tunable
NIs-TF probes. The thicker the initial gold film deposition, the dewetting output
generates bigger Nls diameters and gaps. The through-fiber SERS sensing for R6G and
serotonin are analyzed from four different types of TFs with tunable NIs’ patterns, the
enlarged windows beside each tapered fiber illustrate the statistical particle size and
density in the same scale.

Figure 1 shows schematic steps for fabricating NIs patterns with different geometrical
parameters on the non-planar surface of the fiber taper. TFs were obtained by a heat-
and-pull method from commercially available core/cladding step-index silica fibers



(core diameter 200 pum, NA 0.22)®. The tapered waveguide gradually reduces the
number of guided photonic modes, and the guided and radiative modes can couple with
plasmonic structures in direct contact with the taper surface'>*°. During the pulling
process, the high temperature (above the silica transition temperature of 1207 °C)
results in a clean and smooth TF surface before evaporation. To obtain different film
deposition thicknesses, we implemented the following procedure for each batch. 40
silica fibers were mounted on a rotational motor in the chamber of an e-beam evaporator,
to ensure conformal deposition of a gold thin film over the entire TF’s surface®®. After
the first layer of Au had been deposited to a nominal thickness of thk;= 1.7 nm, 10 TFs
were removed from the chamber. Then a second layer of gold was deposited on top of
the first layer on the remaining TFs with a thickness increased to thk, = 3.3 nm and 10
TFs were removed from the chamber. The procedure was repeated to obtain two more
sets of TFs with film deposition thicknesses of thk; = 5.0 nm and thks = 6.7 nm. Thermal
annealing was then performed by raising the temperature from room temperature to
600 °C with a rate of 10 °C min’!, after which the temperature was held at 600 °C for
one hour. The thermal treatment was performed in standard atmospheric 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®°2. Further details on the
fabrication parameters are reported in Methods.
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Figure 2 Fabrication output for the tunable NIs-TFs set. (a) The optical images of a
representative tunable NIs-TFs set, the blank TF on the left is used as color contrast
reference, the following NIs-TFs from left to right are fabricated with initial Au film
coating of 1.7, 3.3, 5, 6.7 nm respectively. (b) SEM images show the representative
morphologies for NIs-TFs with initial Au film coating of 1.7, 3.3, 5, 6.7 nm respectively.
(c) The SEM images of an enlarged view at the NIs-TF tip (Initial Au film of 5 nm). (d)
The NIs average diameter distributions along the TF for a tunable NIs-TFs set. (e) The
statistical analysis shows the average diameter (ved bar) and the Nls density (blue bar)
with the step increased initial Au film thickness. (f) The coverage rate (red square) and



NIs height (light blue bar) for each initial Au film thickness.

The surface of the four sets of NIs-TFs at growing thickness shows a gradually
increasing pink color under the optical microscope (Fig.2a), generated by an increase
on NIs’ size as identified by scanning electron microscope (SEM) (Fig.2b). To
quantitatively extract the geometric parameters of the NIs patterns, SEM image batches
were taken along the entire extent of the fiber taper (a representative high magnification
image at the very tip of TF is shown in Fig.2¢). Image recognition methods (tracing
object boundaries and circular Hough transform) were implemented with custom code
(see Methods) and were used to compute the coverage rate, particle number and particle
density for each image. For the different Au film thicknesses, 2 TFs were included for
the analysis. For each fiber, the number of sampled images with different
magnifications along the taper was no less than 10. The measured average diameters at
different taper positions are reported in Fig.2d, showing that the different NIs patterns
distribute uniformly from the very tip to the taper end. The final geometric parameters
of NIs’ patterns were then extracted by averaging between two fibers, and each statistic
is an averaging of all the data points at different positions along the whole taper. Fig.2e
shows the average diameters and NIs’ densities calculated, the diameters are D; = 14 +
2,D2=16+2,D3=33 + 3 and D4+=49 + 3 nm, and the NIs densities are p; = 2895 £ 7,
p2=1872 £ 57, p3= 507 £ 93 and ps= 236 + 27 NIs/um?, for the i-th thk; (i = 1,2,3,4).
Fig.2f displays the coverage rates (C) for the four different patterns, found to be about
40% independent of initial film thickness, and the corresponding average heights (H;)
of the Nls are H; =4, 8, 12 and 16 nm (computed with H; = Thk; / C;).
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Figure 3 Electromagnetic simulations based on SEM morphologies. (a) The illustration
of periodic hexagonal Nls arrays with the red line indicating the gap. (b) The calculated
gaps are according to hexagonal NIs patterns. (c) The near-field enhancement
distribution for four morphologies and the relative sizes of four-unit cells correspond



with the real size ratio. (d) Plasmonic resonances are reported as I-T for four
morphologies of NIs patterns, where T is the calculated transmittance. (e) The
maximum near-field enhancement along with different wavelengths produced by each
morphology as a function of the incident wavelength under normal incidence. (f) The
volumetric near-field enhancement is calculated by integrating the near-field
enhancement over the hollow hexagonal prism surrounding the Nls as shown in the
inset. (g) The volumetric near-field enhancement is multiplied by the number of unit
cells that can occupy the whole taper fiber surface.

To understand the electromagnetic performances of the different NIs patterns, we
implemented a model with Au nanodisks arranged in a hexagonal periodic manner
(Fig.3a). One nanodisk of diameter D occupies the center of a hexagonal unit cell. The
diameters of the nanodisks are the average diameters for each pattern in Fig.2e. The
heights of the nanodisks are taken from Fig.2f as H; = Thk; / Ci. The ratio between
nanodisk’s occupied surface and the overall unit cell area in 2D plane defines the
coverage rates, which equal the coverage rates obtained from SEM image analysis
(Fig.2f). Given the experimental average values for D and C as a function of Thk, the
resulting effective gaps (G) in a hexagonal periodic arrangement can be computed to
be 7, 8, 16 and 22 nm (Fig.3b), details in Methods. These geometric parameters define
the NIs patterns and, hereinafter, we mark the patterns fabricated by initial film coating
of Thk; = 1.7, 3.3, 5 and 6.7 nm as D14H4G7, D16H8G8, D33H12G16 and
D49H16G22 respectively.

The electromagnetic behavior of the structures was simulated by a finite element
method (commercial implementation by COMSOL Multiphysics) with an unpolarized
plane wave excitation source. The spectral response was obtained by scanning the
source’s wavelength from 400 to 900 nm, while field enhancement maps were
generated at 785 nm, a widely employed wavelength for Raman inspection of biological
samples (details can be found in Methods). Representative field enhancement
distributions in one unit cell are displayed in Fig.3c. The plasmonic resonances are
shown as the complement of transmittance in Fig.3d: as each pattern has different
geometric parameters, the plasmonic resonances of the systems are slightly different in
terms of position, intensity, and spectral width. The maximum field enhancements as a
function of wavelength are reported in Fig.3e, showing that at above 595 nm the
smallest NIs D14H4G7 give the strongest field enhancement. Assuming that analytes
are distributed uniformly in the surrounding environment, the absolute amount of the
SERS signal for each unit cell correlates with the field enhancement integral in the
space with non-zero field distribution (i.e. everywhere in the unit cell apart for the
nanodisk). To better quantify the effect of electric field enhancement on the SERS
performance, we calculated the volume field enhancement (VFE) by integrating the
local filed enhancement E/E;, over the volume of one unit cell, taken as an extruded
hexagon around the nanodisk rising 10% over the nanodisks’ height (inset in Fig.3f,
cross-section in Fig.S2, VFE normalized to unit volume in Fig.S3). The calculated VFE
shows that at all analyzed wavelengths, D49H16G22 has the strongest VFE, followed



by D33H12G16, D16H8GS, and D14H4G7 (Fig.3f). Assuming that such patterns cover
the entire fiber surface, we have estimated the number of unit cells N that covers the
conical taper surface (see Methods). For a fixed surface area, the smaller NIs system
will contain more unit cells than the bigger particles. Fig.3g reports the unit cell VFE
multiplied by N for each pattern, showing that for most of the wavelength regions on
which the calculations were performed the bigger particle patterns experience the
higher absolute field enhancement (except for 570 to 620 nm). These results suggest
that if the electromagnetic effect is the main contribution to the overall SERS signal,
the larger particle pattern will generate the highest SERS scattered signal.
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Figure 4 Limit of detection experiment for aqueous solution of R6G with tunable Nls-
TFs set. (a to d) The SERS spectra sets for tunable NIs-TFs with four NIs patterns
(DI14H4G7, DI6HSGS, D33HI12G16 and D49H16G22). The spectra in the top panels
are the original spectra, and the spectra in the bottom panels are the silica background
subtracted spectra (the silica background was taken as the spectra measured in water).
The subtracted spectra have been vertically offset for clarity. The vertical lines mark
the 12 R6G peak positions. (e to h) The bubble chart of 12 R6G peaks, the size of the
blue bubbles corresponds to integrated peak areas, the small orange bubbles mark peak
absence.

To verify the correlation of the NIs-TFs’s performances with the 4 different NIs patterns
on the TF surface, we conducted through-fiber SERS measurements in analytes
solutions. We first used R6G as a chemically stable analyte to test the LOD of the probes.
Different concentrations (from 10 to 10> M) of R6G aqueous solutions were prepared,
then through-TF SERS measurements were conducted with a custom-built Raman
microscope operating at 785 nm wavelength continuous laser excitation (details in
Methods). For each NIs-TF, the measurements started from the lowest concentration
solution and increased towards the highest concentration in steps, using a single fiber
for each concentration ramp. Each spectrum was taken immediately after the fiber tip
was immersed entirely into the aqueous solution, and the fiber tip was kept in the



solution only during the exposure time. Four different patterns (D14H4G7, D16H8GS,
D33H12G16 and D49H16G22) of NIs-TFs set were tested, with n = 2 fibers for each
pattern. The measured spectra at different concentrations are reported in Fig.4a-d, in
the original spectra, they are clearly composed by a contribution from the analyte and
a Raman background generated by the probe itself. This latter is not the same for the
four NIs patterns (Supplementary Fig.S6) and it has been subtracted to generate the
analyte spectra reported in the bottom panels of Fig.4a-d (probe’s background for
subtraction was measured in water). For all types of NI-TFs, the R6G Raman signature
can be identified from 10 M, and the peak intensities increase as the NIs grow. Among
all the subtracted spectra, 12 R6G Raman peaks were identified (1018, 1048, 1092,
1128, 1188, 1275, 1314, 1364, 1513, 1579, 1607, 1653 cm™). In Fig.4e-h, a more
detailed data analysis is presented with the bubble charts, allowing a better comparison
between the different samples. The raw spectra were first normalized to the silica peak
at 1055 cm™!, then the silica background measured in water was subtracted from the
normalized spectra. Working on the subtracted normalized spectra set, the 12 peaks
were analyzed individually. A local linear baseline was removed from each peak, then
we integrated the area of each peak. The summation of the corresponding peak
intensities of the two data sets was used as a marker for the bubble sizes in the bubble
chart (see supplementary Fig.S5 for more details). For all 4 types of patterns, R6G
signature peaks start to appear at the concentration of 10"® M. Most of the peaks increase
in intensity concurrently as concentration increases, and the patterns comprised of
larger NI’s, result in a more intense R6G SERS signal with a direct correlation to the
VFE increase.

To verify if observations on R6G can be extended to other molecules with different
chemical properties, we have applied the NI-TFs to the detection of serotonin, which is
about 40% smaller than R6G and has a higher chemical affinity with gold. As an
important monoamine neurotransmitter, serotonin regulates mood, sleep, appetite,
cognition, pain sensation, and gastrointestinal functions, with imbalances linked to
various conditions including depression, anxiety, insomnia, and cognitive
impairments®*>4. To understand the SERS sensing ability for tunable NIs-TF set on
monoamine neurotransmitters, we performed LOD experiments with serotonin
solutions. Again, tunable NIs-TFs sets with n = 2 fibers per pattern were measured. The
representative spectra data sets and the corresponding subtracted spectra sets are shown
in Fig.5a-d. The same data analysis approach as R6G was adopted (details in Fig.S5).
There are 8 peaks identifiable across all the spectra data sets, at 908, 1036, 1115, 1339,
1420, 1482, 1538, and 1648 cm™'. The detailed analysis results are shown in the bubble
chart in Fig.5e-h. Interestingly, for serotonin, more peaks and lower LOD (107 M) are
obtained with smaller NIs patterns (D14H4G7 and D16H8GS). Additionally, from all
the data sets there is an obvious degradation of the detection capability (or even
vanishing) at high concentrations. Further tests on the probe that degraded at high
serotonin concentrations show that it is still able to detect R6G molecules but with less
peak intensity and one order of decreased detection sensitivity at 10 M (detailed data
presented in Fig.S6). Considering the lowest LOD, the peak numbers and the spectra



prominence, D16H4G8 NIs patterns show the best performance.
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Figure 5 Limit of detection experiment for aqueous solutions of serotonin with tunable
NIs-TFs set. (a to d) The SERS spectra sets for tunable NIs-TFs with four NIs patterns
(DI14H4G7, DI6H8GS, D33HI2G16 and D49H16G22). The spectra in the top panels
are the original spectra, and the spectra in the bottom panels are the silica background
subtracted spectra (the silica background was taken as the spectra measured in water),
The spectra sets have been vertically offset for clarity. The vertical lines mark the 8
serotonin peak positions. (e to h) The bubble chart of 8 serotonin peaks, the size of the
blue bubbles corresponds to integrated peak areas, the small orange bubbles mark peak
absence.

Comparing the spectra responses of R6G and serotonin, there are both common aspects
as well as differences. The common aspects mainly relate to the probe’s background
behavior, which is summarized in Supplementary Fig.S7. The peak at 1055 cm! is
relatively constant, while the signal at higher wavenumbers (above 1100 cm™) increases
with the increase of the NIs’ size. This shows that the different NIs patterns on the
tapered tip can do wavelength selective modulation on the ratio between reflection and
transmission of the total generated Raman signal (both the silica waveguide Raman and
molecular SERS contributions). In the case of differences instead, they can be listed as
follows: (i) Within one set of spectra collected from the same fiber, when the
concentration increases, the peaks’ intensities of R6G increase, while for serotonin the
peaks’ intensities start to decrease at 104 M, and this degradation of peaks is stronger
at increasing concentrations; (ii) For R6G more peaks are appearing along with
increased total VFE, while for serotonin this happens for samples with nominally lower
VFE (D14H4G7 and D16H8GR). (ii1) The smaller NIs with narrower gaps (D16H8GS)
can achieve a lower LOD for serotonin with no main changes in peak intensity
compared with higher VFE patterns, while for R6G peaks prominence is increased



along with increased VFE.

® Discussion and conclusion

In a through-fiber detection configuration with plasmonic NIs-TFs, several factors can
influence the ability to detect SERS signals from a target analyte. These include: (1)
The ability of NIs patterns to generate near-field enhancement, (2) the relative strength
between molecular SERS signal and the Raman background generated by the fiber
when the excitation laser goes through, (3) the interaction between analytes and gold
NIs, in terms of potential chemical reactions on the surface, and (4) the spatial overlap
between analytes and the near-field enhancement. In our study, we have observed that
these factors differently influence the commonly employed R6G molecule used to
benchmark SERS performances and the neurologically relevant neurotransmitter
serotonin.

For R6G our experiments show that total VFE of the tunable NIs patterns on the taper
surface mainly dominates the spectral response. The higher SERS signals can be
obtained along with gradually increased total VFE. The modulation on the background
reflection does not affect the intensity of characteristic peaks significantly, since R6G
has a big Raman cross-section which can provide high relative strength when mixing
with the silica Raman background from the fiber. R6G does not possess functional
groups with a strong affinity to gold (therefore it is unlikely that R6G will bond on NIs
and generate surface chemical reactions), and the spectral response is stable with well-
recognized molecular vibrations®>®°. Additionally, the molecular size of R6G (~1
nm°"°8) is well below the narrowest investigated gap (~7nm). This latter consideration,
along with the low affinity with gold, let us hypothesize that the spatial overlap between
R6G molecules and the near-field enhancement can be considered uniform, matching
well with the assumption made in electromagnetic simulations.

For the more complex spectral response of serotonin, its small Raman cross-section
results in a weak relative strength when mixing with the fiber’s Raman signal, which
makes the modulation on the background have more impact on the detection of
serotonin peaks. Thus, the increasing background observed as a function of the NI's
size is more likely to diminish the peaks’ prominence at low concentrations. This could
be one reason explaining the lower LOD obtained for samples D14H4G7 and
D16H8GS8 compared to D33H12G16 and D49H16G22. Also, the smaller serotonin
molecules (roughly 60% of R6G in size) with the amino functional group have been
reported able to bond on gold surfaces®* 3. Therefore, serotonin molecules have a better
chance to bond at the very narrow gap region and the very vicinity of the gold surface
even when concentrations are low, resulting in better spatial overlap between molecules
and more intense ‘hot spots’ generated by the narrower gaps of the smaller NIs patterns
(D14H4G7 and D16H8GS8). Along with concentration increase, the increased density
of serotonin bonded on the gold surface might induce a polymerization reaction®
forming a Raman inactive dielectric layer dampening the SERS sensitivity for serotonin
molecules at high concentrations (>10"* M). The interplay of all those factors results in



the serotonin spectra response shown in Fig.5. It is important to highlight that the
detected serotonin SERS bands are slightly different in the available literature reports,
in terms of both the obtained number of peaks and their positions, as affected by the
excitation wavelength, dissolving environments and employed nanometal
materials’*%%". The peak disappearance and the downshifts of peaks associated with
in-phase breathing and stretching modes of the indole ring were also reported %. For
more informative studies about surface chemical reactions on metal-bound reactants,
the focus is mainly on thiol molecules®® 2, which are well known to be able to strongly
bond with Au surfaces. In a nanoparticle-molecule-gold film junction, 4-
nitrobenzenethiol (NBT) has been reported dimerized into 4,4’-dimercaptoazobenzene
(DMAB) under laser radiation, and the SERS spectrum shows multiple new peaks after
reaction®®. A similar phenomenon has also been reported in an Au nanoparticle on
microsphere system’2.

In summary, within the bottom-up methods to decorate nanoparticles on the tapered
fiber tip, the tunable solid-state dewetting technology offers an effective and robust way
to fabricate surfactant-free, well-defined, uniformly distributed, and densely packed
monolayer NIs with controllable geometric parameters. Together with potential
applications in remote detection schemes, the unique geometrical tunability helps in
better understanding the correlation between particle size and density versus the
electromagnetic performance of the probes, showing the electromagnetic part of the
SERS performance of the probe can be optimized by maximizing the total VFE, other
than the maximum field enhancement within the gaps. With the analyzable
electromagnetic performance of the probe, the potential plasmonic-driven chemical
reactions concerning monoamine neurotransmitters can be recognized. Thus, we
believe that our work introduces a broad-reaching methodology for designing remote
SERS sensing probes based on nanoparticles, along with providing an experimental
paradigm for novel insights into the intricate surface interactions propelled by
plasmonic resonances.

® Methods

Tunable NIs-TFs set fabrication.

The tapered fibers (TFs) were fabricated from the standard multimode silica optical
fibers (FG200LEA, 0.22 NA, Low-OH, ¥200 um Core). To start with, the silica fibers
were cut to a fixed length of 12 cm, then all the fibers were put in an acetone bath for
30 mins to remove the acrylate jacket. Using the puller system (Sutter P-2000), the
silica fibers were pulled rapidly, after laser heating, with very small taper angles. After
the silica TFs were prepared, all the TFs were sent to an e-beam evaporator for Au thin
film deposition (Thermionics Laboratory, inc. e-GunTM). During the evaporation, all
the TFs were mounted on a rotational motor to ensure conformal gold evaporation over
the entire TFs’ surfaces. The evaporation rate of 0.2 A% was used for all the depositions,
with chamber pressure < 8 x 107 mbar. For a batch of the tunable NIs-TFs set
fabrication, around 40 blank silica fibers were placed in the chamber for the thin film
deposition. Once the first layer of gold with a nominal thickness of thk1 = 1.7 nm was



deposited, 10 thin film-deposited TFs were extracted from the chamber. Subsequently,
a second layer of gold was deposited on top of the remaining TFs, contributing to a
combined thickness of thk2 = 3.3 nm. After this deposition, another 10 TFs were
withdrawn from the chamber. This process was iterated to generate two additional
batches of TFs, each with deposition thicknesses of thk3 = 5.0 nm and thk4 = 6.7 nm,
respectively. For the film thickness control, the TFs were linked to flat surface
evaporation with relation Ttrs= 1I/nXTriat, thus, for Thk = 1.7, 3.3, 5, and 6.7 nm gold
film deposition on TFs, the film sensor of the evaporator monitors 5, 10, 15, 20 nm of
Au deposition. 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 muftle furnace (Nabertherm B180). The furnace was set to gradually ramp up from
room temperature (RT) to 600 °C with a rate of 10 °C min™!, and held at 600 °C for 1h,
then allowed to cool ambiently to RT. Eventually, the non-structured side of fabricated
fibers was connected to metallic ferrules with a diameter of 1.25 mm, and went through
a manual polishing process.

The morphological analysis of tunable NIs patterns.

For the morphological analysis, SEM images were acquired with the FEI Helios
Nanolab 6001 Dual Beam system. The SEM image acquisitions were conducted after
sputtering a thin layer of gold on all the NIs surfaces to provide sufficient conductivity.
The sampling of the images was done through the entire extent of the fiber, and the
number of samplings is no less than 10. Home-developed MATLAB programs were
used for morphological analysis. The NIs number count and the coverage situations are
obtained by a combined method of tracing object boundaries and circular Hough
transform. Eventually, the coverage rates (C) and the average areas of physical
occupation () were extracted, thus the average diameters can be determined by D =

2 X 4/S/m. The average height (H) of the NIs can be computed by H = Thk/C, where

Thk is the initial film deposition thickness. We have included section S1 in the
supplementary for a detailed description, and the analysis program is available on
reasonable request.

Electromagnetic simulations.

The geometric parameters obtained from morphological analysis, including average
diameters (D), height (H), and coverage rate (C), were used to build up a simplified
numerical model with COMSOL Multiphysics, to emphasize the effect of the
interparticle distances and reduce the computational cost. Thus, each pattern is
represented with Au disks arranged in a periodic hexagonal array, with Au disks (all
with diameter D) in the center of the hexagonal unit cell. To mimic the droplet-like
shape of the fabricated sample, we have rounded the top edge of the disk with a radius
of curvature » = H x 10%. In the 2D plane of the hexagonal unit cell, C is defined as
the ratio between the gold disk area and the hexagonal unit cell area. In this picture, we
can deduce the effective gap (G) as:



G=Dx(/%—1)

By simulating three-dimensional time-harmonic Maxwell’s equations, we obtained the
results in Fig.3. The particle sits on an infinite dielectric substrate with a refractive index
n = 1.4. Optical constants of gold were obtained from Ref.”. The mesh resolution is
chosen so that transmittance results are converged to < 0.1% at resonance.

To determine the number of unit cells (N) occupying the whole TF surface for 4 patterns,
the tapered fibers were considered as a right circular cone with the diameter of its base
d = 220 pm, its height # = 2.2 mm, thus we can calculate the surface area s =

2
X /hz + (g) = 761215 um?2. The NIs densities are 2895, 1872, 507, and 236

NIs/um? for four patterns obtained from SEM image analysis in Fig2e, thus N =[2.2037,
1.4250, 0.3859, 0.1796] x 10°.

Through-fiber SERS characterizations.

The optical setup for the home-built Raman microscope is shown in Fig.S4. briefly, the
linear polarized free space laser of 785 nm continuous wavelength was coupled into a
meter-long fiber patch cord to launch the laser into the excitation path of the Raman
microscope, the resulting excitation laser delivered to the sample was scrambled into a
speckle pattern.

The collimated laser beam 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, which matches the
fiber core size. 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 Raman signal, collected by the TF, was then 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). Then, the signal was
routed to a spectrometer (Horiba iHR320). The Raman measurements were performed
with a slit at 200 um and a 600 I/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). In the through-TFs SERS measurements. The laser power used for
all measurements is 68 mW, the spectra acquisition time ranges between 30 s to 180 s,
and for analyzed data sets, all spectra intensity were normalized to 60 s exposure time.
R6G (Rhodamine 6G, C28H31N203Cl), dopamine (3-hydroxytyramine hydrochloride,
C8H12CINO?2), and serotonin (5-hydroxytryptamine, CI0HI2N20O) were all purchased
from Merck KGaA.
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® S1 Tunable nanoislands (NIs) morphology analysis

As the initial Au film thickness increases, the diameter and inter-NIs distances of
fabricated patterns also increase. To quantitatively analyze the SEM images of different
patterns, we developed our custom software, the user interface is shown in Fig.S1b. The
software allowed us to load the SEM image (Fig.Sla is an example of NIs patterns
fabricated with 5 nm Au film deposition), automatically read the scale bar for each
image, and display the gray-level histogram. we first examine the gray-level histogram
of the imported image, the distribution is usually two peaks (Fig.S1b). By choosing the
proper gray-level threshold between the two peaks, we transfer the SEM image into
binary images with the shape of the NIs occupation. For the patterns fabricated with
initial Au film thickness of 15 nm and 20 nm, the shape of the NIs is less round, and
the featured dimensions of the structures can be well resolved in the SEM images, so
the particle count and the coverage rate can be obtained by tracing object boundaries.
The parameter of the minimal area was set to exclude the boundaries that are too small
to be NIs. For the NIs patterns fabricated with 5 nm and 10 nm Au film coating, the NIs
are mostly round, and the featured dimensions of the nanostructure are small, especially
since the inter-Nls distances are approaching the limit of SEM resolution. Thus, the
particle count obtained by tracing object boundaries (Fig.S1d) can underestimate the
actual number of the NIs under analysis, as the method cannot reliably distinguish the
NIs located very close to each other (gap <10 nm). For the reliable count of the particle
numbers, we use the circular Hough Transform to recognize the subround objects, the
circle radius range (MinRdii, MaxRadii) was finely adjusted to optimize the accuracy
of the particle count, as shown in Fig.S1c. For all types of patterns, the coverage rate
was analyzed by tracing object boundaries (Fig.S1d), and then using the summation of
the areas of the boundaries divided by the total surface that had been analyzed. For each
fiber, the SEM images included for analysis are no less than 10 and have different
magnifications. The extracted geometric parameters, such as average diameter and the
coverage rate were the mean results of all the images that have been analyzed.
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Figure S1 The morphological analysis of the tunable NIs-TFs. (a) Representative
morphology of Nls fabricated with 5 nm Au deposition. (b) The user interface of the
custom software that has been used to analyze Nls patterns. (c) The NIs analysis with
circular Hough transforms methods. (d) The NIs analysis with tracing object
boundaries methods.

® S2 The electromagnetic simulations
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Figure S2 The cross-sections of field-enhancement distributions for the hexagonal
periodic arrays (D14H4G7, D16H8G8, D33H12G16, and D49H16G22). The field
enhancement is mainly distributed at the edges and within the gaps, the black lines
outline the regions integrated into volume field enhancement for each unit cell pattern.
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Figure §3 The summation of near-field enhancement normalizes to integrated volume
along with different wavelengths produced by each morphology as a function of the
incident wavelength under normal incidence.

® S3 The optical setup for the limit of detection measurements
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Figure S4 The optical setup for Raman measurements with different sample
configurations at 785 nm. DC (dichroic mirror, Semrock, LPD02-785RU-25), focus lens
L1 and L1’ (aspheric @25.0 mm, = 20 mm), collection lens L2 (Thorlabs, TTL200MP,
f = 200 mm), image lens Ling (Thorlabs, WFA4100), F1 (long pass filter, Semrock,
LP02-785RU-25), F2 (laser line filter, Semrock, LL0OI1-785-25), BS (beam splitter with
T:R=50:50), CCD (Thorlabs CMOS camera, DCC1545M).



® S4 Spectra data analysis for R6G and serotonin

In Fig.S4, we show a representative data analysis on the R6G limit of detection (LOD)
SERS spectra set measured from a D49H16G22 NIs-TF. All the other spectra sets were
treated the same way. In the manuscript, we show the original spectra and the substrate
spectra, to obtain the bubble chart, and make the peak area integral intensity comparable
across different fibers with different patterns, the normalization procedure was used.
We first normalized the original spectra set to the silica peak at 1055 cm! (Fig.S4c),
and then we subtracted the normalized silica background (spectra measured in water)
within the normalized spectra, obtaining the subtracted normalized spectra in Fig.S4d.
Eventually, the peak area integral was calculated from Fig.S4d. For each peak, a local
linear baseline was used to remove the background. For each set of spectra data
measured from one fiber, we can obtain a set of peak area integral data shown in Fig.S4e.
Each bubble chart in the manuscript is the union results from two data sets obtained
from two fibers with the same NIs patterns. The intensity thresholds of 0.19 for R6G
data and 0.06 for serotonin data were first used to roughly eliminate the analyzed
positions without peak, then a logic mask was applied to the matrix data for accurate
elimination of the positions without peak. The logic masks were obtained by carefully

examining the subtracted spectra and original spectra manually across the data sets.
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Figure S5 Spectra analysis of an R6G limit of detection SERS spectra set measured
from a D49H16G22 NIs-TF. (a) Displays the original spectra, ranging from 0 to 1073



M. (b) Subtracted spectra obtained by eliminating the silica background measured in water.
(c) The normalized spectra were obtained by normalizing the original spectra to the
silica peak at 1055 cm™. (d) Subtracted normalized spectra, further refined by
subtracting the silica background in (c), all spectra have been vertically offset for
clarity (e) Integrated peak areas were calculated from the spectra in (d), and plotted
against concentrations.

In the manuscript, we demonstrate that the NIs-TFs measured with serotonin exhibit
degraded sensitivity as the concentration increases. Following this degradation, the
same fiber depicted in Fig. 5d was utilized to conduct the LOD experiment for R6G.
The results, presented in Fig. S5, indicate that the fiber is still capable of detecting R6G
molecules, albeit with a reduced peak intensity compared to the fresh sample (refer to

Fig. S4e), and with a one-order decrease in detection sensitivity.
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Figure S6 Spectra analysis of an R6G limit of detection SERS spectra set measured
with D49H16G22 NIs-TF after serotonin measurement. (a) Displays the original
spectra, ranging from 0 to 10-3 M. (b) Subtracted spectra obtained by eliminating the silica
background measured in water. (c) The normalized spectra were obtained by normalizing
the original spectra to the silica peak at 1055 cm™. (d) Subtracted normalized spectra,
further refined by subtracting the silica background in (c), all spectra have been
vertically offset for clarity (€) Integrated peak areas were calculated from the spectra



in (d) and plotted against concentrations.
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Figure S7 The silica backgrounds for tunable NIs-TF set. (a) The silica backgrounds
for fibers in R6G LOD measurements in the manuscript and (b) the corresponding ALS
baseline subtracted spectra. Each spectrum is an average between two backgrounds
from two fibers with the same pattern. (c) The silica backgrounds for fibers in serotonin
LOD measurements in the manuscript and (d) the corresponding ALS baseline
subtracted spectra. Each spectrum is an average between two backgrounds from two
fibers with the same pattern.



