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Surface-Enhanced Raman Scattering and Photothermal

Effects on Optoplasmonic Nanofibers

Gregory Q. Wallace, Emilie Ringe, Karen Faulds, Duncan Graham,

and Jean-Frangois Masson*

When decorated with plasmonic nanopatrticles, pulled optical nanofibers are
compatible with plasmonic techniques enabling the ability to probe
microenvironments with high spatial and temporal resolution. Although the
nanofibers exhibit excellent compatibility for biological samples including
cells and tissues, the underlying interactions between the dielectric fiber,
plasmonic nanopatrticles, and the incident light have been minimally explored.
It is shown that the complex coupling of optical and plasmonic properties
within the nanofiber strongly influences both the surface-enhanced Raman
scattering (SERS) and photothermal capabilities. Through a combination of
experimental results and simulated electric field distributions and spectra it is
demonstrated that, although the nanofibers may be homogeneously decorated
with gold nanoparticles, the optical effects spatially differ. Specifically, the
SERS performance varies periodically based on the diameter of the nanofiber,
which is associated with ring resonator modes, while the photothermal effects
are more homogeneous over the same diameters, highlighting differences in
optoplasmonic properties at this length scale. Through understanding these
effects, it may become possible to control temperatures and SERS properties
to evaluate processes with micrometric spatial resolution, such as the
analytes secreted during temperature-induced death of single cells.

of metallic nanostructures.l!! Upon excita-
tion of the LSPR, nanoscale regions of elec-
tromagnetic (EM) enhancement, known
as “hot-spots,” form. When an analyte of
interest is located within a hot-spot, its
Raman signal undergoes remarkable en-
hancement. As a result, great effort is spent
developing means of improving the SERS
performance of nanoparticles (NPs) by in-
creasing the number of hot-spots or the
amount of EM enhancement. This is com-
monly achieved by preparing nanostruc-
tures that exhibit high intrinsic densities of
hot-spots,!>*! coupling NPs together to form
dimers,I*] chains,!®’] and ensembles;®*]
or simply aggregating the NPs.'1%!*l One
of the many ongoing challenges of using
these types of approaches is ensuring re-
producibility both in the batch-to-batch syn-
thesis as well as the SERS performance.[*]

As a result, alternative configurations in-
volving the use of spherical NPs have been
explored. One such design is the NP-on-

1. Introduction

Plasmon-mediated spectroscopies, such as surface-enhanced
Raman scattering (SERS), rely on interactions between inci-
dent light and the localized surface plasmon resonance (LSPR)

mirror geometry,'9] where a metallic NP
is added onto a metal-coated surface, and
a strong hot-spot is formed in the junction
between the metal film and the NP. This results in a more in-
tense SERS response for analytes within the junction. By chang-
ing the nature of the particle, it is possible to improve the SERS
signal. One such example is dielectric/metallic hybrid colloids
that are composed of a gold dodecahedral NP that subsequently
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has a SiO, sphere grown onto it.[2%) With this geometry, the sil-
ica sphere acts as a “nanolens,” focusing the incident light into,
and collimating the scattered photons out of, the hot-spot. The
coupling of photonic and plasmonic components is referred to
as optoplasmonics.

It is important to recognize that different types of photonic
and plasmonic components can be integrated into optoplas-
monic designs.?!l The photonic components, include dielectric
NP with high refractive indices, dielectric microcavities includ-
ing whispering gallery mode and integrated ring resonators,
dielectric waveguides, and photonic crystals. The principles of
these various schemes as well as optoplasmonics in general have
been discussed in greater detail in review articles.[?223] Relevant
to this work are instances where optoplasmonic systems are
used for SERS. One approach is to have the optical and plas-
monic components separated from each other in a dielectric-
on-plasmonic approach. Examples of this scheme include TiO,
spheres on gold NP (AuNP) clusters,?* SiO, microsphere on a
AuNP monolayer,!®] and SiO, microsphere on a deposited gold
film.[2%] Alternatively, the photonic component can be decorated
with the plasmonic component as was shown for the gold dodeca-
hedral NP-SiO, hybrid,[?°! polystyrene microspheres coated with
AuNPs that were subsequently deposited onto a thin gold film,[?’]
and more recently, SiO, microspheres decorated with AuNPs.!28]

Owing to the use of planar substrates in their preparation,
these geometries are best suited for on-chip sensing. However,
considerable focus is now being placed on the use of SERS
for measurements involving biomaterials, such as live cells and
tissues.[??] Interestingly, even though a variety of approaches for
working with metallic NPs and biomaterials have been demon-
strated, few of these exhibit compatibilities across different sys-
tems as many rely on targeted delivery of NPs. In this regard, al-
ternative non-specific methods for positioning NPs are needed.
The addition of metallic nanostructures onto dielectric supports
with needle-like geometries offers such capabilities.*") Herein,
we refer to these as plasmonic nanofibers. The NPs are adsorbed
onto the silica nanofiber, with the position of the plasmonic
nanofiber controlled using an external device such as a piezoelec-
tric positioning system,*!l or a micromanipulator.3233! Further-
more, because the tip and taper dimensions can be controlled, it
is possible to insert plasmonic nanofibers into cells and tissues
without causing unnecessary damage, while also being able to
measure extracellular environments. As a result of this versatility,
plasmonic nanofibers have been used to explore a variety of appli-
cations including the detection of neurotransmitter secretion®!!
and metabolite gradients near cells,**) sensing the extracellular
and intracellular pH gradients of cancer cells**! and live mice
brains,[**] and the detection of heavy metal ions in breast can-
cer cells.’”] Interestingly, even with the various developments
exploring the applications of plasmonic nanofibers, the underly-
ing mechanisms behind the light-matter interactions of the plas-
monic nanofibers have not been thoroughly evaluated. Under-
standing these interactions can provide insights into where the
incident Raman light should be focused to maximize possible the
SERS signal, as well as future nanofiber geometries, including
the diameter of the taper.

Here, we investigate these interactions through a combina-
tion of 2D and 3D SERS measurements and finite-difference
time-domain (FDTD) calculations. A focus is placed on under-
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standing how these light-matter interactions influence the SERS
and photothermal responses. For a presumed homogeneous
distribution of NPs across a series of plasmonic nanofibers,
the obtained SERS results show periodic intensity distributions
across the length of the plasmonic nanofibers. This contrasts
with the estimated temperature at the surface of the plasmonic
nanofibers, which even though uses a temperature-sensitive Ra-
man reporter, shows a more homogeneous response. Given the
nano- to microscale diameters of the tip and taper of the plas-
monic nanofibers, aided by the FDTD calculations and dark field
measurements, we draw parallels to the phenomena described
in optoplasmonics to better understand the light-matter interac-
tions. Specifically, the strong relationship between the diameter
of the plasmonic nanofiber with respect to the diffraction-limited
spot size of the incident laser. Overall, this work provides new in-
sights into plasmonic nanofibers, especially the geometries that
may serve best for applications in SERS-based sensing.

2. Results and Discussion

2.1. Geometry and Structural Properties of Plasmonic Nanofibers

Plasmonic nanofibers are an optoplasmonic system composed of
a dielectric photonic component (borosilicate glass fiber), and a
plasmonic aspect (AuNPs). When using a laser-puller, the dimen-
sions of the nanofiber (i.e., tip diameter and taper length) can be
adjusted by varying the parameters used.*®! The introduction of
plasmonic nanostructures can be achieved by evaporating a thin
layer of metal onto the surface, or through the adsorption of NPs
onto the surface using either classical silane chemistry,*! or a
block-copolymer brush layer.[*] In this work, the latter approach
was used, the details of which are provided in the Experimental
Section.

A schematic representation of a AuNP decorated plasmonic
nanofiber is shown in Figure 1A. Here, four distinct regions have
been highlighted, though depending on the tip geometry and
the wavelength of the excitation light, these regions may or may
not be present. Region i) corresponds to the area closest to the
tip. Within this region, the diameter of the nanofiber is smaller
than the diffraction-limited spot of the incident light, whereas in
region ii) the diameters are comparable to and slightly greater
than the diffraction-limited spot of the incident and Raman scat-
tered photons. Moving further up the tip, the domains iii) and
iv) have fiber diameters that are larger and much larger than
the diffraction-limited spots for the wavelength of light used, re-
spectively. Representative SEM images of a plasmonic nanofiber
across domains i-iii) are shown in Figure 1B-D. As demon-
strated in the inset of Figure 1D, the AuNPs are well distributed
across the surface of the nanofiber with minimal aggregation.
For the purposes of better understanding the light-matter inter-
actions of the plasmonic nanofiber, spherical AuNPs were used,
though other structures can be readily added to the surface.

Extending across the plasmonic nanofiber, the geometry of the
taper can be observed, (Figure S1, Supporting Information), with
a cone angle of 2° to 3° being estimated. With an intact tip, it takes
tens of microns of lateral movement to reach a tip diameter of
~1 pm. As mentioned, this is the initial region of the nanofiber
most relevant for measurements inside cells. For cell secretion
experiments, given the angle of the fiber when mounted onto
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Figure 1. A) Schematic representation of a plasmonic nanofiber com-
posed of a SiO, nanofiber decorated with AuNPs. The plasmonic nanofiber
is subdivided into different regions corresponding to diameters i) below,
ii) comparable to, iii) larger than, and iv) considerably larger than the
diffraction-limited Raman laser spot. B-D) SEM images of a plasmonic
nanofiber decorated with AuNPs. These images highlight the AuNP distri-
bution in regions i-iii. The scale bars in (B-D) are 1 um and the scale bar
in the inset of (D) is 500 nm.

a micromanipulator or piezoelectric positioner, the range of ap-
plicability extends a bit further down the plasmonic nanofiber.
Given the challenges of detection in tissue, having a wider por-
tion of the nanofiber is advantageous as it becomes easier to fo-
cus once inserted into the tissue.’?] For context, the span cov-
ering 1-3 ym in diameter, which covers a range of ~#3-10 X the
diffraction-limited spot size of a 633 nm excitation, spans alength
of ~35 um.

2.2. Surface-Enhanced Raman Scattering Performance of
Plasmonic Nanofibers

With an aim to better understand the SERS performance of
the nanofibers, including where it is best to focus the incident
laser light, plasmonic nanofibers were functionalized with 4-
mercaptobenzonitrile (4-MBN). 4-MBN was chosen as the probe
molecule because it has a series of intense vibrational modes
that span from 550 to 2250 cm™! (Figure 2A). Therefore, for the
633 nm excitation wavelength used throughout this work, the
Raman scattered photons will have wavelengths ranging from
656 to 738 nm. This broad spectral range of vibrational modes
is ideal for evaluating optical coupling that may occur when us-
ing nanofibers as opposed to planar surfaces.

SERS maps were taken with a step size of 0.5 and 1 um in the
x and y axes respectively (Figures 2B,C). Though a shorter step
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size may be beneficial, overexposure of the plasmonic nanofiber
becomes a risk as the incident laser had a spot size of &1 pm.
To account for the varying diameters potentially influencing the
ideal focus, SERS maps were acquired at different z depths. Fur-
thermore, to ensure that the various regions of interest were eval-
uated, the length of the SERS maps was at least 100 um in length.
SERS maps were generated by plotting the intensities for the five
main peaks of 4-MBN. Although it is possible to readily distin-
guish where the plasmonic nanofiber is with respect to the map,
the SERS response is far from uniform. In fact, it appears as
if there are distinct bands of high and low intensity across the
length of the nanofiber.

Previous mapping at the tip of a plasmonic nanopipette, made
of a SiO, capillary as opposed to a SiO, rod, showed a hetero-
geneous response, !l but those were prepared using aminosi-
lane chemistry as opposed to the block-copolymer method. Given
that the block-copolymer approach yields a more homogeneous
coating of the AuNPs and improved SERS sensitivity compared
to the aminosilane approach,*] the presence of periodically
varying SERS intensities across multiple nanofibers is counter-
intuitive (Figure S2, Supporting Information). To better illus-
trate the relative fluctuations, line scans were taken along the
length of the plasmonic nanofibers across a series of depths
(Figure 2D-F; Figure S3, Supporting Information). One potential
explanation is that the SERS response for NPs intrinsically varies
and that at the single-particle level, encountering SERS-inactive
NPs is common.[*?] Furthermore, a large increase in the SERS
response could be attributed to intense coupling between adja-
cent AuNPs.[¥}] The former is something that cannot be helped
and may play a role in the minimal SERS response near the tips
of the nanofibers as these areas would have the fewest AuNPs
being illuminated. If the cause was due to the presence of in-
tense EM field coupling or aggregation, then the regions of in-
tense SERS signals would likely be small and encompass just a
few pixels. Since the bands of differing intensity were observed
independently of the focus of the laser and the uniform coating
of the AuNPs, the bands likely originate from optical effects from
the curved tip.

2.3. Theoretical Optoplasmonic Properties of Decorated Silica
Spheres

To better understand the observed optical effects in the SERS
spectra, finite-difference time-domain (FDTD) calculations were
performed to separate out contributions from the curved silica
surface and the AuNPs. SiO, microparticles (uPs) are a com-
monly used structure for optoplasmonic studies, 29252844 with
both experimental and theoretical optical properties having been
established. Relative to the tapered geometry of the plasmonic
nanofibers, SiO, uPs can be more readily modeled with defined
dimensions, allowing for an initial understanding of potential op-
tical effects to be established, especially for a structure that is dec-
orated all over with AuNPs.

As a first approximation, the wavelength-dependent electric
field intensity was plotted for a series of SiO, spheres with diam-
eters ranging from 0.5 to 3 um (Figure S4, Supporting Informa-
tion). These diameters were chosen as they represent dimensions
indicated in Figure 1A, across diameters from sub-diffraction
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Figure 2. A) SERS spectrum of 4-MBN adsorbed onto the AuNPs of a plasmonic nanofiber. B,C) SERS maps taken of a 4-MBN functionalized plasmonic
nanofiber at z depths 5 um apart. The numbers i-v) correspond to the vibrational modes indicated in (A). The intensity scale of the maps corresponds
to the minimum and maximum values from each map. Step sizes of 0.5 and 1 um were used in the x and y axes respectively. The scale bars indicate
5 um. D—F) SERS intensity line scans across a different plasmonic nanofiber at different z depths. For the line scans, a step size of 0.2 pm was used.

limited to a few times the diffraction limit. As the diameter of
the SiO, spheres increases, the number of observable optical ring
modes increases along with the quality factor. Fundamentally,
when the excitation wavelength used matches one of these reso-
nances, the light couples to the surface of the sphere, and circum-
navigates the surface multiple times. As seen in Videos S1 and S2
(Supporting Information), for an undecorated and a AuNP deco-
rated 2000 nm diameter SiO, sphere respectively, there is also a
delay between the light traveling around the surface compared to
the light traveling through the sphere. As the diameter changes,
this effect becomes even greater (Videos S3 and S4, Supporting
Information). Under these conditions, as the light travels around
the dielectric sphere, additional opportunities exist for the inci-
dent light to be able to excite the LSPR of nanostructures. For
well-established ring resonator geometries, the increased inter-
actions occur through the formation of an evanescent field,!*!
such as those at the surface of the dielectric microsphere.[*®]
When decorated with AuNPs, as Figure 3 shows, even though
the LSPR of the AuNPs is near 540 nm, there is an amplification
of the optical modes associated with the SiO, uP. There is also
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a slight red shift in the optical modes, which can be attributed
to the small increase in overall diameter once decorated with the
AuNPs as well as the corresponding change in refractive index.
As opposed to having the AuNPs only at the base of the uP, the
presence of AuNPs over the surface offers additional opportuni-
ties to excite the LSPR as the light travels around the uP (Videos
S5 and S6, Supporting Information). Beyond enhancing the opti-
cal modes, the SiO, uP acts as a ball lens. Under these conditions,
the incident light is focused onto the AuNPs nearer to the base of
the structure, and the scattered photons are then focused back-
ward to the light source. As such, the collection efficiency of the
scattered photons is improved.®]

2.4. Theoretical Optoplasmonic Properties of Plasmonic
Nanofibers
Although SiO, spheres can be helpful for establishing a funda-

mental understanding of the optoplasmonic interactions, it is
necessary to extend the calculations to a cylindrical geometry to

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Finite-difference time-domain (FDTD) calculated wavelength-
dependent electromagnetic field intensities for 50 nm AuNPs, a 2000 nm
diameter SiO, microparticle (uP), and the SiO, uP decorated with the
AuNPs arranged in a Fibonacci spiral configuration (Combo). The electric
field intensities were determined by placing a monitor 1 nm away from the
AuNP surface along the axis of the polarization, the base of the SiO, pP,
and the bottom most AuNP, respectively.

better reflect the structure of the nanofiber. Furthermore, un-
like the SiO, spheres where a Fibonacci spiral could be used to
create a theoretical coating, alternative arrangements of AuNPs
on the surface of a SiO, cylinder had to be considered. A com-
parison of different arrangements showed that although the val-
ues for the observed electric field intensity did vary, in general,
the optical trends remained similar (Figure S5, Supporting In-
formation). That is when a high density of AuNPs was used
along with the presence of multiple rings of AuNPs, the opti-
cal modes were enhanced (Figure S6, Supporting Information).
To further validate the model, alternative nanofiber diameters
were explored whereby the diameter was changed in 25 nm in-
crements. Here, noticeable changes were observed in the calcu-
lated electric field intensities (Figure 4), especially at the base of
the plasmonic nanofiber (P2) compared to the top (P1). Here,
the top of the structure corresponds to the side of the plasmonic
nanofiber nearest to the excitation source. At the bottom of the
plasmonic nanofiber, the optical modes are more intense but
are less well-defined. Instead of appearing as narrow bands, a
broader continuum-like band was observed. Whereas at the top
of the structure, the bands appeared to be more discrete. These
differences arise from the directional incident coupling of light
in the spherical structure (Figure 4A), where the simulated spec-
tra from the top part are essentially described by the convolution
of the plasmon response (P1) and ring resonator modes (P2). The
bottom of the structure has stronger light coupling from the lens-
ing effect, explaining the higher intensity of the response and its
coupling with the ring resonator modes describes the optical re-
sponse seen at P4. Although the substrate is physically symmet-
rical, these observations indicate that the top and bottom side op-
tically differ.
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The calculations of Figure 4 were for a region of the nanofiber
where the diameter would be several times larger than the
diffraction-limited spot size of the incident Raman light. Similar
calculations were performed across a wide range of diameters,
with similar trends being observed (Figure S7, Supporting In-
formation). To ascertain if other optical phenomena may also be
occurring, electromagnetic field intensity maps for a 633 nm ex-
citation wavelength were calculated for different sizes (Figure 5).
As was carried out for the spheres, the diameters covered dimen-
sions that were shorter than, and up to several times greater than
the diffraction limit spot size of the incident 633 nm light. While
the wavelength-dependent calculations provide insight into the
behavior of the optical modes, the electric field maps demonstrate
the light-matter interactions. The electromagnetic field maps of
Figure 5 shows that when the diameter of the nanofiber is smaller
than the excitation wavelength (Figure 5A,B), then there is no ap-
pearance of a “photonic nanojet,” or lensing effect. As the diam-
eter increases, then additional enhancement appears at the base
of the nanofiber (Figure 5D-F). Enhancement is also observed
at the top of the structure, best exemplified by Figure 5E. These
calculations further support past descriptions of the nanofibers
acting as a ball lens, when the diameter of the nanofiber is suffi-
ciently large.

2.5. Optoplasmonic Properties of Plasmonic Nanofibers

Simulations predicted that lensing and optical resonances should
be observed on the nanofibers, and experimental Raman maps
showed periodic regions of high intensity. Correlations between
theory and experimental evidence were then made from the
SEM images, SERS images, and visible spectra collected with hy-
perspectral dark-field microscopy on individual nanofibers. The
SERS maps and correlated SEM images of Figure 3 and Figure S1
(Supporting Information) allowed the diameter of the nanofibers
to be calculated, where high-intensity SERS was observed from
the fiber tip to ~3 um, while the hyperspectral dark-field images
provided spectral information at different nanofiber diameters.
Applying a ring resonator model can predict optical resonances
in curved surfaces (Equation 1).

mA = 271N ¢ (1)

where m is the order of the mode, A is the laser wavelength
(632.8 nm), r is the radius of the fiber and n 4 is the refractive in-
dex approximated to the one of glass (1.457). The experimentally
observed regions of high SERS were in strong agreement with
the theoretically predicted resonances for ring resonator modes
for the 632.8 nm excitation laser (Figure S8, Supporting Infor-
mation), where the experimental resonances are within a range
of less than 4% of the predicted diameter for resonances on two
different fibers. The resonator modes are also wavelength depen-
dent, so the fiber diameter at which resonances occur could be
Raman shift dependent if the Raman scattered photons enter ring
resonances prior to collection. However, there is no apparent shift
in resonance diameter in Figure 2E, which shows different Ra-
man bands of 4-MBN. This result can be explained by the likely
scenario that only the intense laser beam enters the resonance.
Alternatively, the Raman scattered photons may enter resonance,
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Figure 4. A) Representative schematic detailing where the electric field monitors are positioned with respect to a SiO, rod decorated with AuNPs and

the direction of light propagation indicated. The top of the rod corresponds to the area nearest to the plane wave light source, and the bottom is the

furthest away from it. B-D) FDTD calculated wavelength-dependent electromagnetic field intensities taken at the top and bottom of an 1800, 1825, and
1850 nm diameter SiO, rod decorated with AuNPs.
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Figure 5. Normalized FDTD calculated electromagnetic field maps show-
ing the distribution of enhancement at 633 nm for plasmonic nanofibers
where the SiO, rods have diameters of A) 200, B) 400, C) 600, D) 800, E)
1000, and F) 3000 nm. An indication of the top and bottom of the structure
with respect to the position of the incident light source is indicated in (A).

but the image resolution of the SERS maps is insufficient to re-
solve the small variations of the predicted resonance diameter of
~10-15% (Figure S9, Supporting Information).

Further evidence that resonator modes control the spatial
distribution of the SERS signal was obtained from the spec-
tral resonances observed by dark-field hyperspectral microscopy.
A series of higher-intensity bands were observed in spectra
collected at specific diameters on AuNPs-coated nanofibers or
bare nanofibers (Figure 6, red spectra). These resonances corre-
lated well with the predicted ring resonator modes for a given
nanofiber diameter, with an example given in Table S1 (Support-
ing Information) for a larger fiber diameter where more reso-
nances are observed. Interestingly, the spectra changed depend-
ing on where they were collected along the cross-section of the
fiber, with some regions (black traces in Figure 6) appearing as a
peak between 600 and 700 nm, and other locations showing the
ring resonator modes convoluted into the lamp profile. The con-
trol spectra on bare nanofibers (black trace, Figure 6B) showed
no profile associated with optoplasmonic coupling. Specifically,
no increase in the optical modes as predicted by FDTD calcu-
lations (Figures 3 and 4), or resemble either of the representa-
tive spectra shown in Figure 6A. Additional spectral evidence
is provided in Figure S10 (Supporting Information). Taken to-
gether, these results clearly show that regions of high SERS in-
tensity on the SERS maps correspond to the excitation of ring
resonator modes. There are additional factors that may need to
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be considered. It has previously been shown that for structures
with a cone geometry,*’] such as a taper, higher-order whisper-
ing gallery modes can be excited. These modes may also be a con-
tributing factor, as was shown for tip-shaped silicon metasurfaces
that were decorated with AuNPs which exhibited an improved
SERS response.[“8]

2.6. Photothermal Performance of Plasmonic Nanofibers

Over the course of evaluating the detection of neurotransmit-
ter secretion, observations of photothermal damage to the cells
were noticed.[’! Other observations for the generation of heat
at the surface of the nanofiber include the formation of bub-
bles in solution (Figure S11 and Video S7, Supporting Informa-
tion), and melting of the plasmonic nanofiber tip when the ex-
periments were performed in air (Figure S11, Supporting Infor-
mation). Therefore, although increasing the incident laser power
may be helpful to try and overcome interference from biological
samples, such as tissues, it may have a negative impact on the
nanofibers due to excessive heat generation.

Estimating the temperature at the surface of plasmonic nanos-
tructures can be achieved by developing a calibration curve
based on the anti-Stokes to Stokes ratio,*° or by using a
temperature-sensitive analyte.>'3] In the latter approach, for
gold nanostructures,* derivatives of phenyl isocyanide have
shown promise.[?#°2%] The work of Ngo et al., is of note as they
investigated the photothermal effects of gold nanorods adsorbed
onto pulled nanofibers.l>>! However, the authors were focused
primarily on the tip of their plasmonic nanofibers as that is what
was inserted into the cells and tumors. Given the varying SERS
performance as shown in Figure 2, we sought to evaluate if the
SERS response for 4-fluorophenyl isocyanide (4-FPIC) and esti-
mated surface temperature would undergo similar trends.

The spectra of Figure 7A,B demonstrate the characteristic
trends associated with the use of 4-FPIC as a temperature-
sensitive analyte. As the laser power increases, there is a distinct
shift in the spectral position of the CN vibrational mode, while
the other vibrational modes remain similar. In this instance, a
12 cm™! shift, which is based on the previously reported shift of
~0.2 cm™! °C~1, 25T indicates a temperature increase of =60 °C.
Figure 7A also highlights that if the laser power is sufficiently
high, additional peaks will appear in the spectra, and can be at-
tributed to the molecular degradation at the surface of the AuNPs.

As was observed throughout the previous SERS mapping ex-
periments, there also appear to be bands of varying SERS inten-
sities along the length of the plasmonic nanofiber (Figure 7C,D).
When the relative positions of the CN peaks are plotted for pix-
els where the CN vibrational mode met a threshold intensity of
100 a.u., it is clear that as the laser power is increased, the CN
peak shifts (Figure 7E,F). Importantly, owing to the sub 1 mW
laser power used, there does not appear to be any damage to
the plasmonic nanofiber (Figure 7G). When these iso-Raman
shift maps are compared to a wider portion of the plasmonic
nanofiber, where the diameter is large enough that a 40 x 40 um/?!
region can be imaged (effectively a planar surface), the same de-
gree of shift is not observed (Figure S12, Supporting Informa-
tion). As such, the plasmonic nanofibers appear to have supe-
rior photothermal properties near the tapered region compared
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Figure 6. Dark field images of A) bare, and B) plasmonic nanofibers. Corresponding dark field total intensity obtained from the spectral camera of the
C) bare, and D) plasmonic nanofibers. Dark-field spectra were collected at different locations on a nanofiber cross-section as indicated in C and D for

the E) bare, and F) plasmonic nanofibers. The scale in the images is 20 um.

to wider portions but do not require that a sub-diffraction limited
tip be present (Figure S13, Supporting Information).
Interestingly, the shift in the CN peak corresponding to the in-
crease in temperature does not appear to follow the periodic in-
crease in the SERS intensity. This could be attributed to the fact
that not all the AuNPs support SERS, but the majority will sup-
port a thermal response. Furthermore, it was previously shown
that for aggregated structures,’® it is the number of AuNPs
present that influenced the temperature increase as opposed to
the coupling between the adjacent structures which led to the
increase in the SERS signal. Thus, the photothermal response
may occur independently of the optical modes present within
the system. Here, it is important to remember that heat trans-
fer to the surrounding medium is a non-radiative decay pro-
cess that occurs at the time scale of hundreds of picoseconds
to nanoseconds.l’”*8] By contrast, at a 1 um diameter, it takes
~10 fs for the light to travel around the circumference. Owing
to the delay between the excitation of the LSPR and the dissi-
pation of the energy by heat, the benefit of having the incident
light coupled with optical modes is minimized. Instead, the light
is predominantly focused by the curvature of the nanofiber, in-
dependently of the presence of optical modes. This lensing ef-
fect, or the focusing of light, may also play a role in the increased
temperature estimated near the taper of the plasmonic nanofiber
compared to the flatter regions. Microbubble formation has pre-
viously been reported for semi-ordered arrangements of AuNPs
on planar surfaces.l! It is important to recognize that heat dis-
sipation requires transfer to the surrounding medium as well as
the substrate. At the narrow regions of the plasmonic nanofiber,
not only can the entirety of the plasmonic nanofiber be within the
confocal volume of the incident beam, but with such a small vol-
ume of substrate present, poor heat dissipation may occur. This
would result in higher temperatures, which when coupled with
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even higher laser powers, yield the photothermal damage shown
in Figure S11 (Supporting Information).

3. Conclusion

How the incident light couples into the plasmonic nanofiber is
heavily dependent on where on the nanofiber the measurement
is occurring. Diameters that are smaller than the diffraction-
limited spot size behave differently than those that are compara-
ble to or just a few times larger than it, which behave very differ-
ently to the wide diameters which in effect act almost as a planar
surface. At or near the tip of the nanofiber, the optical coupling
whether via a lens-based effect or through optical ring modes,
appears to be minimal.

For SiO, uPs, diameters in the range of 4-5 um have been
found to be ideal for maximizing optoplasmonic coupling for
SERS-based measurements.[?8] With the plasmonic nanofibers,
the optical coupling in the SERS measurements is dominated by
diameters matching the ring resonator modes associated with the
incident Raman beam. The lensing capabilities of the plasmonic
nanofibers then allow for the Raman scattered photons to be bet-
ter directed toward the collection source. Whereas in photother-
mal heating, the heat generated is less dependent on coupling
with optical modes, though lensing may still play a role.

Overall, plasmonic nanofibers are an interesting and devel-
oping approach for performing highly localized measurements.
Successfully exploiting the various optical coupling regimes will
allow for even further advancements, especially in instances
where combining SERS-based measurements with local heating
would be beneficial, such as single-cell apoptosis and necrosis.
Furthermore, examining different taper geometries as well as
means of coupling the incident light with the nanofiber may al-
low for improved sensing and heating capabilities.
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Figure 7. A) SERS spectrum of 4-FPIC adsorbed onto the AuNPs of a plasmonic nanofiber taken at two laser powers. B) Normalized SERS intensities
of the CN group with the Raman shift for the maximum intensity indicated. SERS maps indicate the minimum and maximum intensities of the CN
vibrational mode at C) 0.094, and D) 0.585 mW. Corresponding distributions for the peak position of the CN group for pixels with intensities greater
than 100 a.u. for excitation laser powers of E) 0.094, and F) 0.585 mW. G) SEM image taken of the plasmonic nanofiber after the completion of the

mapping experiments.

4. Experimental Section

Materials: The PS-P4VP diblock copolymer [Mn(PS) = 41 kg mol~",
Mn(P4VP) = 20 kg/mol, Mw/Mn = 1.18] was purchased from Polymer
Source Inc. THF (99.99%) was obtained from VWR. Gold chloride trihy-
drate (HAuCl,-3H,0, >99.9%) and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Trisodium citrate dihydrate (>99%), hydro-
gen peroxide (H,0,, 30%) sulfuric acid (H,SO,), hydrochloric acid (HCl,
37%), and nitric acid (HNO;, 68-70%) were acquired from Fischer Scien-
tific. 4-mercaptobenzonitile (4-MBN) was obtained from Toronto Research
Chemicals. 4-fluorophenyl isocyanide (4-FPIC) was purchased from Fisher
Scientific. Borosilicate glass rods (1 mm diameter, 10 cm length) were pur-
chased from World Precision Instruments and Sutter Instruments. Milli-Q
water with a resistivity of 18.2 MQ-cm was used for the preparation of NP
solutions.

Synthesis of Gold Nanoparticles (AuNPs):  Glassware and magnetic stir
bars were cleaned using aqua regia (HCI/HNO;, 3:1 v/v), rinsed using
NaOH, and then finally Milli-Q water prior to use. Caution: aqua regia
is highly corrosive and must be handled with caution. Ultraviolet-vis—near-
infrared (UV-vis-NIR) spectra of the prepared AuNP solutions were ac-
quired using an Agilent Technologies Cary 500 UV-vis—NIR spectropho-
tometer. Citrate-stabilized AuNPs were synthesized using a kinetically con-
trolled seeded growth method.[%%] Briefly, 150 mL of 2.2 mm sodium citrate
was added to a 250 mL round-bottom flask. The solution was heated in an
oil bath to boiling under vigorous stirring with a reflux condenser attached.

Adv. Optical Mater. 2024, 2401640 2401640 (9 of 11)

After boiling was maintained for 10 min, 1 mL of a 25 mm HAuCl, solution
was added, and boiling was allowed to continue for 10 additional minutes.
The solution of the seeds was then cooled to 90 °C and allowed to equi-
librate for 10 min. Then, 1 mL of the 25 mm HAuCl, solution was added
and allowed to react for 30 min. This process was completed for two more
additions, after which, ~55 mL of the solution was removed and replaced
with 53 mL of Milli-Q water and 2 mL of a 60 mm sodium citrate solution.
This solution became the seed solution, and three additional growth steps
were performed. Extinction spectra were acquired throughout the process,
to ensure that the final AuNP solution exhibited an LSPR between 533 and
536 nm (Figure S14, Supporting Information). Once the desired LSPR po-
sition was achieved, the AuNP solution was cooled to room temperature
and was subsequently stored at 4 °C.

Preparation of Plasmonic Nanofibers:  Pulled nanofibers were obtained
by pulling borosilicate glass rods with a P-2000 laser puller (Sutter Instru-
ment, California) using a two-line program with instrument-specific pa-
rameters. For tip diameters of ~#200 nm: Line 1) Heat: 280, Filament: 0,
Velocity: 15, Delay: 200, Pull: 20, Line 2) Heat: 350, Filament: 0, Velocity:
15, Delay: 128, Pull: 150.

The protocol for converting the nanofibers to plasmonic nanofibers
employed the use of a block-copolymer brush film.[4?] Nanofibers were
initially immersed in ethanol for 5 min followed by freshly prepared pi-
ranha solution (H,SO4:H,0,, 7:3 v/v) at 90 °C for 60 min, then thor-
oughly rinsed with Milli-Q water and dried under vacuum for 60 min. Cau-
tion: piranha solution is highly corrosive and must be handled with caution.
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A 0.05 mg mL™ solution of the PS-P4VP di-block copolymer in THF was
prepared. The clean and hydrophilic nanofibers were dipped into the poly-
mer solution using a dip-coater (KSV3000 Langmuir—Blodgett) at a speed
of 51.4 mm min~'. After an incubation time of 3 min, the now polymer-
coated nanofibers were removed from the polymer solution at the same
rate, placed into a Petri dish, covered, and allowed to dry. The polymer-
coated nanofibers were stored in the dark at 4 °C until use. To make the
polymer-coated nanofibers SERS active, the previously described AuNPs
must be added to the surface by electrostatic interactions. The AuNPs were
concentrated by a factor of 2 or 3 and redispersed in a 3 mm solution of
trisodium citrate. The pH of the AuNP solutions was subsequently lowered
to ~4.5 using HCl. The polymer-coated nanofibers were immersed in the
desired AuNP solutions for 3 h. The AuNP-coated nanofibers, referred to
here as plasmonic nanofibers, were washed with Milli-Q water to remove
unbound AuNPs and gently dried with air.

Functionalization of Plasmonic Nanofibers: The plasmonic nanofibers
were subsequently immersed in either ethanolic solutions of Tmm 4-MBN
or 0.1 mm FPIC for 3 h. Caution: FPIC is highly toxic and must be handled
inside a fume hood. Functionalized plasmonic nanofibers were then gently
rinsed with ethanol and dried under nitrogen.

Surface-Enhanced Raman Scattering Measurements: SERS spectra for
the FPIC functionalized samples were performed with a Renishaw InVia
Raman microscope controlled by Wire 4.4. The microscope was equipped
with a 633 nm laser and a Leica N Plan EPI 50X microscope objective (NA
= 0.75). Under these conditions, the laser had a spot size of ~1 um. A
1200 grooves/mm grating and an acquisition time of 1 s were used for all
measurements. Step sizes in the maps varied between 0.5 and 1 um in the
x and y axes to minimize oversampling. All SERS spectra and maps were
processed by using a custom Python script. The laser power at the same
was measured with a Thorlabs power meter (PM100D) equipped with an
S130C 400-1100 nm sensor.

Dark-Field Measurements: Hyperspectral dark-field images were ob-
tained with a Nikon Eclipse Ti microscope equipped with a tungsten
lamp, an Isoplane 320 spectrophotometer (Princeton Instruments), and
a Princeton Instrument ProEM HS 1024 x 1024 EMCCD. An S Plan Fluor
ELWD 40x objective (NA=0.6) was used for imaging the pulled fibers. The
dark-field condenser (Nikon TI-DF dry condenser) had a NA of 0.8-0.95.
Data was processed using MatLab R2020a and with GraphPad Prism.

Finite-Difference Time-Domain Calculations:  Finite-difference time-
domain (FDTD) calculations were performed using a commercial software
FDTD solution (Ansys Lumerical FDTD). For the calculations, air was cho-
sen as the surrounding medium. A plane wave excitation source was used
for calculations involving incident light, and a point source for calculat-
ing effects associated with Raman scattered photons. Owing to the va-
riety of dimensions and geometries evaluated, the meshing parameters
varied considerably. In general, higher-resolution meshes were used near
the most important AuNPs, those at the very top and bottom of the SiO,
microparticles or rods. Custom scripts (available upon request) were used
to position the AuNPs either in a Fibonacci spiral geometry on the SiO,
spheres or, distributed evenly in rows (SiO, rods). Perfectly matched layers
were used in all axes, and Johnson and Christy dielectric values for gold.

Characterization of Plasmonic Nanofibers: Plasmonic nanofibers were
imaged using either a JEOL JSM-7400F field-emission scanning electron
microscope (SEM) operated with an accelerating voltage of 3 kV, or an FEI
QEMSCAN 650F using 15 kV and a high vacuum to image the samples.
Samples were placed on carbon tape to minimize charging, and no coating
was deposited on the substrates.

Supporting Information

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