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substrates for surface-enhanced spectroscopies: influence
of the polymeric coating on the enhancement efficiency
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1. Introduction

Self-assembled PVP-gold nanostar films as
plasmonic substrates for surface-enhanced
spectroscopies: influence of the polymeric coating
on the enhancement efficiency+t

Andra-Sorina Tatar,? Sanda Boca,*?? Alexandra Falamas,? Denisa Cuibus® and
Cosmin Farcau (2 *@

Colloidal nanoparticles exhibiting anisotropic morphologies are preferred in the structural design of spec-
troscopically active substrates due to the remarkable optical properties of this type of nano-object. In the
particular case of star-like nanoparticles, their sharp tips can act as antennae for capturing and amplifying
the incident light, as well as for enhancing the light emitted by nearby fluorophores or the scattering
efficiency of Raman active molecules. In the current work, we aimed to implement such star-shaped
nanoparticles in the fabrication of nanoparticle films and explore their use as solid plasmonic substrates for
surface-enhanced optical spectroscopies. High-density, compact and robust self-assembled gold nanostar
films were prepared by directly depositing them from aqueous colloidal suspension on polystyrene plates
through convective self-assembly. We investigated the role of the polymeric coating, herein polyvinylpyrroli-
done (PVP), in the particle assembly process, the resulting morphology and consequently, the plasmonic
response of the obtained films. The efficacy of the plasmonic films as dual-mode surface-enhanced fluor-
escence (SEF) and surface-enhanced Raman scattering (SERS) substrates was evidenced by testing Nile Blue A
(NB) and Rhodamine 800 (Rh800) molecular chromophores under visible (633 nm) versus NIR (785 nm) laser
excitation. Steady-state and time-resolved fluorescence investigations highlight the fluorescence intensity and
fluorescence lifetime modification effects. The experimental results were corroborated with theoretical mod-
elling by finite-difference time-domain (FDTD) simulations. Furthermore, to prove the extended applicability
of the proposed substrates in the detection of biologically relevant molecules, we tested their SERS efficiency
for sensing metanephrine, a metabolite currently used for the biochemical diagnosis of neuroendocrine
tumors, at concentration levels similar to other catecholamine metabolites.

reproducible results and withstand certain external influences
during the measurement process; low cost and not least, easy

A great amount of work has been dedicated lately to the design
of surface-enhanced spectroscopically active substrates that
simultaneously meet the requirements needed for a reliable
bioanalytical assay: sensitivity, which translates into the
efficiency in signal enhancement; a good limit of detection,
which is similar to or exceeds that of clinical laboratory tests;
robustness, which is correlated with the capability to provide
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preparation.'” With focus on the development of dual-modal
platforms for surface enhanced fluorescence (SEF) and surface
enhanced Raman scattering (SERS), Lu et al. have developed a
TigAl,V bio-metallic substrate with hierarchical structures com-
posed of micro-grooves and nano-ripples that showed enhance-
ment factors of almost 8 x 10° for SERS and over 14 fold for
SEF on Crystal Violet used as a model reporter molecule.® The
proposed system was recently applied for dual-modal detection
of blood glucose with 2 x 10° and 25 fold enhancement
factors, respectively.” Another group demonstrated that tri-
angular wrinkles of a nanostructured Ag film obtained by Ag
sputtering on a strained polydimethylsiloxane (PDMS) sub-
strate can act as effective SERS and SEF enhancers for the
detection of Crystal Violet and Rhodamine-6G at concen-
trations as low as 10™'* M.® Besides the use of patterned films
with plasmonic enhancement properties, such effects can also

This journal is © The Royal Society of Chemistry 2023
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be obtained by growth or by deposition of nanoparticles on
substrates. Specifically, through the controlled growth of gold
nanoparticles on silicon wafers, the detection of Rhodamine B
was achieved via SERS and SEF, with a variable output depend-
ing on the particle size and density.” Silver nanoparticles com-
posed of a silver core, covered in dye molecules and a layer of
SiO, and further decorated with satellite silver nanoparticles,
as probes, were deposited on silanated glass slides and used
as SERS-SEF multifunctional substrates with impressive
enhancement factors that allow the detection of FITC as low as
10 ppb and 1 ppb via SERS and SEF, respectively.'® Thus,
understanding the complex phenomena behind this kind of
platform by integrating complementary spectroscopy
approaches opens the doors for a plethora of detection appli-
cations with improved sensitivity and reproducibility due to
the tremendous signal enhancement and the enriched
acquired information.

As presented above, one way to easily prepare such SERS or
SEF platforms is through the assembly of inorganic nano-
particles such as chemically synthesized gold or silver nanocol-
loids on solid substrates. Among the various self-assembly
strategies, evaporation-induced assembly approaches such as
drop-coating, which very often yields circular deposits also
known as coffee rings'"'* and convective self-assembly (CSA), by
which films or strip-like deposits can be obtained, represent two
of the most commonly used methods."® Nanoparticle assembly
onto chemically functionalized glass surfaces, which yields ran-
domly distributed colloids and colloidal clusters, represents
another alternative.* In the continuous expansion of the library
of complex plasmonic nanostructures, various molecular ligands
such as small molecules, polymers, oligonucleotides or proteins
have been used to assist the organization of inorganic nano-
particles into structures of different hierarchical levels. Among
the ligands mentioned above, polymers are particularly attractive
for nanoparticle assembly due to the complexity of the architec-
tures they enable. By polymer-guided self-assembly, precise
control over the nanoparticle location, interparticle interactions
and arrangement can be achieved and the resulting nano-
structures have functionalities that can be used for a broad range
of applications including (bio)sensing, catalysis, energy storage/
conversion, electronics and photonics.*

Polyvinylpyrrolidone (PVP) is a water soluble polymer of
N-vinylpyrrolidone used in a multitude of applications, from
pharmaceuticals and personal care products, all the way to
inks and metallurgy.’®™® In nanotechnology, it is often used
as a coating for nanoparticles, to ensure stability and monodis-
persity, the interaction with other molecules, or a controlled
particle deposition on solid substrates."® ™"

Gold nanostars (GNSts) are particularly attractive amongst
anisotropic nanoparticles due to their shape, many sharp tips
and low dips, locations in which, under resonant laser exci-
tation, high electromagnetic fields are generated via the light-
ning-rod effect.>>>* A lot of work has been focused lately on
deciphering the complex plasmonic interactions that take
place between GNSts of various aspect ratios and different
spike geometries, regarding the detection sensitivity.>>?° To
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exemplify, LSPR-based label-free detection of streptavidin at
concentrations as low as 0.1 nM was achieved using biotin-
modified gold-nanostars.”” Also, a detection limit of 1-3 ng
ml™" CEA-CAMS5 cancer biomarker was achieved by SERS in a
gold nanourchin-gold nanourchin sandwich configuration.>®

Films that are fabricated using different types of nano-
particles assembled as two- or three-dimensional structures
have also gained great interest recently.”® Notably, star-like
nanoparticles pre-obtained and further deposited on sub-
strates, or synthesized in situ showed remarkable promise in
2D structures. One example is the work of Gummaluri et al. in
which gold nanourchins have shown improved plasmonic
enhancement of light emission by Rhodamine-6G in polyvinyl
alcohol (PVA) films, dependent on the particle concentration.
Peng et al® showed that the trace detection of the
miRNA-106a microRNA as a tumour marker was achieved
using a SERS sandwich structure that captures the target
between Ag/ZnO nanostructures as the substrate and hollow
sea-urchin gold nanoparticles as the probe, with a detection
limit of 1.84 fmol 17%, verified by RT-qPCR.>! A SEF immuno-
sensor was developed for the detection of microcystin-LR,
using gold nano-crosses deposited electrostatically on a glass
substrate, and Cy5 as the fluorescent label. With an appropri-
ate spacer between the fluorophore and particle, a detection
limit of 7 pg ml™" was obtained, with enhancement factors of
25-35 fold.*> Hollow Au/ZnO nanourchins that were directly
grown on quartz substrates were demonstrated to function as
excellent platforms for SERS sensing of the pesticide thiram at
10 pM, with an enhancement factor of 1.9 x 10%3® Another
example involves the use of ordered monolayers of gold
nanourchins that have been synthesized electrochemically
directly on thin films. By using this type of platform, the detec-
tion of elemental mercury vapours was achieved with a detec-
tion limit of 32 pg m~> and astounding accuracy, recovery, pre-
cision and increased sensitivity alongside the nanospike
size.** Another example by Picciolini et al.®* presents a sub-
strate of ZnO tetrapods decorated with branched gold nano-
particles that was used for the apomorphine drug detection
with a SERS enhancement factor of up to 7 x 10°.>> Urchin-like
ZnO nanoflowers hydrothermally synthesized on a PET sub-
strate and further modified with drop-coated Fe;O, magnetic
nanoparticles were used for the development of a novel enzy-
matic glucose sensor. This complex structure allows non-inter-
fering ultrahigh sensitivity and a wide detection range of
glucose, with sustained performance over multiple uses.*®

In this work, we employed gold nanoparticles with a star-
like morphology for the fabrication of compact and robust
self-assembled nanoparticle films as surface-enhanced optical
spectroscopy active substrates. Besides optimizing the sub-
strate fabrication, we investigated the role of the polymeric
coating, herein PVP, in the particle assembly process, the
resulting morphology and consequently, the sensitivity of the
obtained films. The efficacy of the plasmonic films as SEF or
SERS substrates was assessed by the use of Nile Blue A and
Rhodamine 800 molecular fluorophores/Raman reporters
under visible (633 nm) versus NIR (785 nm) laser excitation.

Analyst, 2023, 148, 3992-4001 | 3993
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Steady-state and time-resolved fluorescence investigations were
performed in order to highlight the fluorescence intensity
enhancement and fluorescence lifetime modification effects.
The experimental results were corroborated with theoretical
modelling by finite-difference time-domain (FDTD) simu-
lations. Furthermore, for proving the extended applicability of
the proposed substrates for the detection of biologically rele-
vant molecules, we tested their SERS sensitivity on metanephr-
ine, a metabolite currently used for the biochemical diagnosis
of neuroendocrine tumours, at concentration levels similar to
those reported for other catecholamine metabolites.

2. Experimental section
2.1 Materials and methods

Hydrogen tetrachloroaurate(m) trihydrate (HAuCl,-3H,0,
99.99%), trisodium citrate, r-ascorbic acid (AA, 99%), poly
(vinylpolypyrrolidone) (PVP) of 10 kDa molecular mass, PVP of
55 kDa molecular mass, b,.-metanephrine hydrochloride
(C10H15NO3) 98%-HPLC, Nile Blue and Rhodamine800 were
purchased from Sigma-Aldrich. Silver nitrate (AgNO;) was
obtained from Merck. Analytical grade ethanol and methanol
were used for solubilisation of reporter molecules. Ultrapure
water with a resistivity of 18.2 MQ cm was used for the prepa-
ration of aqueous solutions and for rinsing the glassware.

2.2 Synthesis of gold nanostars and conjugation with PVP

Star-like gold nanoparticles were synthesized using a two-step
method adapted from the work of Yuan et al.>**’ In the first
step, monodisperse 20 nm spherical gold nanoparticles were
obtained based on the reduction of an Au(m) precursor with
sodium citrate in aqueous solution near the boiling point (the
classical citrate method) and further used as seeds or nuclea-
tion points.*®**° In the second step, gold ions (Au®**) from a
hydrogen tetrachloroaurate trihydrate (HAuCl,) solution were
reduced by ascorbic acid (AA) leading to the growth of spikes
from the nanoparticle seeds. It is worth mentioning that the
density and the length of the spikes are based on a controlled
process influenced by the presence of silver ions (Ag™) in the
reaction mixture, which adsorb on certain crystallographic
facets, allowing gold deposition at specific selected sites.*® For
particle conjugation with PVP, the polymer was added to the
colloidal solution at a concentration that assured full coverage
of nanoparticle surface, mixed under continuous stirring at
RT, and further purified by centrifugation and resuspension in
ultrapure water.

2.3 NP film preparation

Polystyrene plates cut into 10 mm x 25 mm pieces were used
as substrates for the preparation of colloidal GNSt assemblies.
The plates were cleaned in methanol and isopropyl alcohol,
then rinsed in bi-distilled water, followed by nitrogen blow
drying. The clean plates were then treated for 20 min in an
Ossila UV-ozone cleaning system. This protocol yields clean
and hydrophilic surfaces. The treated plates were then used as
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support for convective self-assembly. GNSts were purified and
highly concentrated, in order to improve the results of the
assembly process. A clean glass slide (deposition plate) was
placed in an oblique position (at an angle of 15°) with respect
to the horizontal substrate plate, which was fixed on a motor-
ized translation stage. A 10 pl drop of GNSts colloid was
pipetted into the v-shaped groove formed between the sub-
strate and the deposition plate. The drop is held in position by
capillary forces, and a straight meniscus was thus formed on
the substrate. Water is evaporated under ambient laboratory
conditions, while the substrate is translated at an adequate
speed, resulting in the growth of nanoparticle films on the
substrate.

2.4 Characterization methods

UV-Vis-NIR optical extinction spectra of colloidal nano-
particles were acquired using a Jasco V-670 spectrometer at
1 nm spectral resolution, in the 200-900 nm spectral range,
using 2 mm path length quartz cuvettes. Particle size distribution
by dynamic light scattering and zeta-potential were measured
using a Zetasizer NanoZS90 instrument from Malvern
Instruments, and the analysis was performed at a scattering
angle of 90° and temperature of 25 °C. The spectra were
measured in triplicate and the median values were calculated.
Scanning electron microscopy (SEM) images of gold nanoparticle
films were obtained using a Hitachi SU8230 system operating at
accelerating voltage of up to 30 kV and magnifications of up to
150 000%. Transmission electron microscopy (TEM) micrographs
of colloidal gold nanostars in solution were obtained using a
JEOL model JEM1010 microscope, JEOL Ltd, Japan.

2.5 Raman/SERS

Raman/SERS spectra of reporter molecules (NB, Rh800, 107> M
in ethanol) adsorbed onto various substrates (clean poly-
styrene plate, films of uncoated GNSts, films of PVP-coated
GNSts (GNStsPVP)) were acquired using a WITec alpha300
Raman microscope equipped with 633 and 785 nm excitation
lasers. SERS spectra were recorded with an integration time of
10 s, an incident power of 2 pW (at 633 nm)/0.3 mW (at
785 nm), a 50x magnification objective, and a 100 pm dia-
meter confocal pinhole. Raman/SERS spectra of metanephrine
under 785 nm laser excitation were obtained using the same
Raman microscope. A Rh800 107> M solution was used as the
reference for EF calculations.

2.6 Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) investigations
were performed using the Chimera (Light Conversion,
Lithuania) setup adapted for thin film measurements. The
samples were excited at 610 nm using a pulsed laser of 170 fs
pulse duration and 80 kHz pulse repetition frequency (Yb:
KGW, Pharos, Light Conversion). The 610 nm pump was
obtained using an optical parametric amplifier (Orpheus,
Light Conversion) from the initial 1030 nm laser beam. The
average power of the pump beam was 5 mW at the sample, ver-
tically polarized. A dichroic filter was used to cut the excitation

This journal is © The Royal Society of Chemistry 2023
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pump and reflect the fluorescence signal to the monochroma-
tor. The emission signal was recorded in the 650-720 nm spec-
tral range with a 2 nm step size. The integration time of the
signal was 30 s. The data were analyzed using EasyTau2 soft-
ware (PicoQuant, Germany) by applying both the reconvolution
and the tail-fitting methods. The first one employs the instru-
ment response function (IRF), which was acquired on the day
of the experiment using the substrate on which the nano-
particles were deposited, and performs a convolution of the
kinetic traces recorded with the measured IRF. The second one
fits the decay of the kinetic curves using exponential functions
and the beginning of the signal following the incident laser
pulse needs to be decided by the user.

2.7 FDTD simulations

Computer simulations of the electromagnetic response were
performed using an FDTD algorithm (FDTD module in Ansys-
Lumerical). GNSt models were designed in a way to mimic as
closely as possible the real structure observed experimentally.
Thus, GNSts were constructed from a 60 nm spherical core sur-
rounded by a number of 12 conical spikes (40 nm long, 40°
cone angle, 3 nm tip radius) randomly distributed around the
sphere. GNSts are either immersed in water (refractive index
1.33) or on a dielectric substrate (refractive index 1.00). To
model films, a number of 28 GNSts were arranged on the sub-
strate. Additional modelling was performed on single particles,
and ensembles of two, three, or four aligned GNSts. The
optical constants of gold are that of Johnson and Chrysty, as
provided by the software’s database. A rectangular simulation
volume of 1 x 1 x 1 um® was considered, with the auto non-
uniform mesh type (accuracy level 6), ‘conformal variant 0’
mesh refinement, and perfectly matched layers on all the
sides. An additional mesh with a grid size of 1.5 nm has been
added to the region surrounding the particles and the moni-
tors. By using the total-field/scattered-field (TFSF) method the
scattering and absorption cross sections of particles excited by
a plane wave were calculated. Briefly, a TFSF-type source
injects light along the Z direction, polarized either along the X
or the Y direction. The absorption cross-section was computed
by monitoring the power flowing in/out of a box formed by six
monitors, placed inside the TFSF source, and surrounding the
particles. The scattering cross-section was measured by a
second box monitor placed outside of the TFSF source.

3. Results and discussion
3.1 Characterisation of colloidal nanoparticles

Based on the hypothesis that a polymeric coating might
increase particle stability and hence facilitate further manipu-
lation for improving the quality of the nanoparticle films, we con-
jugated the pristine GNSts with PVP, a polymer that was proven
to readily stabilize newly formed nanoparticles by the adsorption
of PVP chains onto their surfaces via attractive ionic-dipole inter-
actions.*” The localized surface plasmon resonance (LSPR) band
of GNStsPVP in colloidal solution is situated at 733 nm as

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) UV-Vis-NIR extinction spectra, (B) hydrodynamic diameters
determined by dynamic light scattering measurements, and (C) zeta-
potential of colloidal GNSts (dashed line) and GNStsPVP (full line). (D)
Table summarizing the physicochemical characteristics of the colloidal
suspensions.

recorded by UV-Vis-NIR extinction spectroscopy (Fig. 1A and D).
The obtained nanoparticles are highly monodisperse, having a
hydrodynamic diameter of about 150 nm and a zeta-potential of
a slightly negative value (—6 mV), as conferred by the PVP poly-
meric coating (Fig. 1B-D). Transmission electron microscopy
(TEM) micrographs in Fig. 2F corroborate with the DLS size
values and further show that the GNSts are well-defined, exhibit-
ing large and sharp tips.

3.2 Morphological characterization of nanoparticle films

For the fabrication of nanoparticle films, both uncoated and
PVP-coated nanoparticles were deposited onto previously
cleaned polystyrene plates using the CSA method. This
approach, which was previously employed on other kinds of
metal nanoparticles,* allows for the direct deposition of the

Fig. 2 (A) Photographs of GNStsPVP films obtained in diffuse (left) and
specular (right) lighting. (B and D) SEM and (F) TEM micrographs of
GNStsPVP films. (C, E and G) SEM micrographs of GNSts.
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GNSts from suspension onto various kinds of substrates. By
adjusting the dimensions of the substrate and deposition
plate, the area covered by the self-assembled films can be
adjusted freely. For the purpose of this work, films with a rec-
tangular shape were prepared, sized 1-2 mm X 10-12 mm, as
can be observed in the photographs presented in Fig. 2A. This
is an area sufficiently large for use with both microscope-
based or portable, probe-based Raman systems. Furthermore,
the morphology of the GNSts and GNStsPVP nanoparticle
films was characterized by scanning electron microscopy
(SEM) and the recorded images are illustrated in Fig. 2B-G.

The obtained nanoparticle films exhibit a monolayer
arrangement, with quite dense packing of the particles. The
occurrence of surface areas free of particles was, however,
more frequent on the GNSt films (Fig. 2C), pointing to the
positive impact of the PVP coating on the assembly behaviour.
TEM images of the colloidal nanoparticles were also acquired,
in order to better resolve the GNS morphology (Fig. 2F). Based
on these images, an average core diameter of 58 nm and
38 nm average tip length were estimated. On the other hand, a
centre-to-centre average interparticle distance of 96 nm was
deduced based on SEM images. By corroborating these deter-
minations from both TEM and SEM data, it can be concluded
that the dense packing of GNSts involves a considerable
overlap/touching of the sharp tips of neighbouring particles in
the film. This type of arrangement generates a multitude of
narrow interparticle gaps, which together with the sharp tips/
spikes favour the generation of enhanced electromagnetic
fields when illuminated.

3.3 Optical response and field enhancement of nanoparticle
films

The optical response of the deposited GNSt films was further
studied and analyzed with reference to the response of GNSts
in a colloidal suspension. FDTD simulations were also per-
formed in order to better understand the observed behaviour.
Fig. 3A presents the simulated extinction spectrum of a single
GNSts compared to the measured spectra of the colloidal nano-
particles in suspension. By modelling the GNSts (Fig. 3C) using
geometrical parameters close to the average ones observed experi-
mentally, a good agreement between experiment and simulation
was obtained for the spectral position of the extinction band in
the 700-800 nm region. The band in the experimental spectrum
is however broader, which is not surprising if one considers the
heterogeneities in the size and shape of the GNSts’ cores and
spikes. Note that although the blueshift of the GNStsPVP relative
to bare GNSts might seem unexpected, this is a consequence of
the relatively high instability of the nanoparticles in the absence
of any stabilizer, which translates in terms of tip etching and a
transition in time from anisotropic to spherical, a more energeti-
cally favourable shape.*

The measured extinction spectra of the GNSt films (Fig. 3B)
exhibit a broader band than the single particles, behaviour
which was also well captured by the simulations performed on
dense particle films (Fig. 3D). By considering a population of
interparticle distances and particle orientations, the interparti-
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Fig. 3 Experimental extinction spectra of GNSts (black lines) and
GNStsPVP (gray lines), and simulated extinction spectra of GNSts
(dotted lines) in the colloidal suspension (A) and as films on substrate
(B), normalised. Morphology and arrangement used in simulations, mod-
elled for one GNSt in water (C) and for a GNSt film on substrate (D).
Calculated electric field magnitudes in the XY plane for one GNSt in
water (E and G) and for a GNSts film on substrate (F and H), at 633 nm
excitation (E and F) and at 785 nm excitation (G and H).

cle interactions exhibit a broad spectrum and determine the
observed optical response. Since a very good correlation
between the experiment and simulation was obtained, infor-
mation concerning the electric fields around the particles can
also be extracted and analyzed with confidence. The electric
fields are analyzed at 633 nm and 785 nm, two among the most
common lasers used on commercially available Raman systems.
For the single GNSt case, the enhanced electric fields are mostly
located near the apexes of the spikes for both wavelengths
(Fig. 3E and G), while the field magnitude is higher at 785 nm,
this wavelength being closer to the extinction band maximum.
The electric field distribution in the GNSts film is more complex.
At 633 nm (Fig. 3F), the location of the enhanced electric fields is
similar to the single particle case, near the spikes’ apexes, indi-
cating that the interaction between neighbouring particles is
weak. At 785 nm (Fig. 3H), on the other hand, electric fields are
more intense, and are extending more into the space between
the particles, indicating a stronger interparticle coupling. This is
even more obvious by analyzing the electric field X and Y com-
ponents (Fig. S1 in the ESI}). From the practical standpoint, it
could mean that enhanced electric fields extend over a larger
part of the GNSts, which translates to a higher number of mole-
cules experiencing these large fields, leading to a positive impact
on SERS signals.

This journal is © The Royal Society of Chemistry 2023
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3.4 Surface-enhanced Raman/fluorescence evaluation

The surface enhanced sensitivity of the GNSts-PVP self-
assembled substrates was first investigated by employing test
analytes, Nile Blue and Rhodamine800, two chromophores
with demonstrated Raman activity, high photo-stability and
large quantum yield (see Fig S2 in the ESI} for their absorption
and emission spectra). The spectra of the two analytes in the
presence and absence of GNSts obtained using 633 and
785 nm excitation are shown in Fig. 4. The results demonstrate
that when the samples decorated with NB were excited on-reso-
nance (relative to the fluorophore absorption) at 633 nm, all
samples exhibited both fluorescence and SERS signals, which
overlapped.

The intensity of the fluorescence emission of NB decreased
to similar intensities in the presence of both GNSts and
GNStsPVP samples (Fig. 4A). A slightly higher intensity was
detected for the GNStsPVP-NB sample in the red spectral
region of the signal compared to GNSts-NB. The emission
maximum of NB presented a blue-shift in the presence of
GNSts from 671 nm to 665 nm, which was not observed in the
case of PVP stabilized GNSts. The calculated full-width-at-half-
maximum (FWHM) increased from 1106 cm™' for the NB
sample to 1172 cm™' in the case of GNSts-NB and to
1367 cm™' in the case of GNStsPVP-NB, suggesting that the
PVP layer induced a broadening of the NB emission signal.
Also, the integrated area below the emission spectrum was
higher for the GNStsPVP samples compared to simple GNSts.
Both NB decorated GNSt samples presented the Raman finger-
print band of NB at 590 cm™', however, in the case of
GNStsPVP-NB, a clear improvement in the signal-to-noise ratio
was observed. We can conclude that both GNSt samples
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Fig. 4 SERS/fluorescence spectra of (A) NB on GNSts films, NB on
GNStsPVP films, and free NB molecules on plastic slides under 633 nm
laser excitation; (B) NB on GNSts films, NB on GNStsPVP films, and free
NB molecules on plastic slides under 785 nm laser excitation; (C) Rh800
on GNSts films, Rh800 on GNStsPVP films, and free Rh800 molecules
on plastic slides under 633 nm laser excitation; (D) Rh800 on GNSts
films, Rh800 on GNStsPVP films, and free Rh800 molecules on plastic
slides under 785 nm laser excitation.
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induced similar quenching of the fluorescence signal charac-
teristic of NB. Interestingly, NB can be detected based on its
SERS fingerprint band even at on-resonance excitation, despite
its strong fluorescence and despite the polymeric coating on
the GNSts.

At 785 nm off-resonance excitation (relative to fluorophore
absorption), the situation differs and only the SERS signal of
NB could be recorded in the presence of GNSts (Fig. 4B). In
the absence of GNSts, however, the Raman spectrum of NB
alone could not be recorded at the concentration and experi-
mental conditions tested in this study. When adsorbed directly
onto the GNSts, weak enhancement of NB specific Raman
bands was observed, the spectrum presents mainly the
590 cm™" fingerprint band characteristic of NB, assigned to C~
C-C and C-N-C deformation vibrations.** Additionally, several
weak bands located at 495, 662, 1134, 1354, and 1640 cm™*
were identified. It is interesting to observe that the PVP stabil-
ized GNSts stimulated higher SERS enhancement compared to
bare GNSts, when in fact it could have been expected that the
PVP layer would hinder the acquisition of the Raman spec-
trum. The spectrum collected from the GNStsPVP-NB sample
shows a strong intensity fingerprint band at 590 c¢m™,
together with several medium-to-strong intensity bands
located at 495, 547, 662, 1134, 1190, 1354, 1417, 1490, and
1639 cm™'. The integrated area calculated for the 590 cm™*
band was 11 times higher in the case of GNSt PVP compared
to the bare GNSts, probably due to the sharper tips of the
GNSt PVP.

In the case of Rh800, under 633 nm excitation, the fluo-
rescence emission signal presented a maximum at 713 nm
(Fig. 4C). The intensity of the signal decreased for both GNSt
samples decorated with the fluorophore, however, weaker
quenching was detected for the PVP stabilized GNSts.
Additionally, a 5 nm blue-shifting of the emission maximum
was identified for the GNSts-Rh800 and approximately 2 nm
red-shifting for the GNStsPVP-Rh800 sample. A broadening of
the fluorescence emission signal characteristic of Rh800 was
detected in the presence of the GNStsPVP, as well as increased
intensity (integrated band area), similar to the case of NB. The
GNStsPVP samples induced weaker quenching of the fluo-
rescence emission signal compared to the bare GNSts for both
fluorophores, indicating that GNStsPVP could potentially act
as efficient SEF substrates. Moreover, the observation that the
fluorescence signal of Rh800 is more than three times higher
in the presence of GNStsPVP compared to the uncoated GNSts,
while in the case of NB, the emission intensity was similar for
both GNSts samples, indicates that GNStsPVP would be more
appropriate as SEF substrates for far red-emitting
fluorophores.

When the samples were excited off-resonance at 785 nm,
both GNSts samples, polymer-coated and uncoated, exhibited
the SERS signal of Rh800 (Fig. 4D). When the fluorophore was
directly adsorbed onto the GNSts surface, a weak Raman
enhancement was obtained. However, the fingerprint bands
characteristic of Rh800, located at 470, 1190, 1349, 1437, 1496,
and 1645 cm™' could be easily identified. In the presence of
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GNStsPVP, a strong enhancement of the Raman signal specific
to Rh800 was detected. Besides the main fingerprint bands,
lower intensity peaks were also identified. Signal amplification
in the presence of the PVP stabilized GNSts was approximately
32 times higher compared to the uncoated GNSts, as calcu-
lated for the 470 cm™" band. An enhancement factor was also
calculated based on the SERS spectrum of Rh800 on the
GNStsPVP film, and a value of around 3.2 x 10°> was obtained.
The much stronger Raman amplification compared to the NB
case, suggests once more that the enhancement effect of
GNSts strongly depends on the fluorophore type. It is impor-
tant to note that the tested fluorophores were detected based
on their SERS fingerprint bands, even at on-resonance exci-
tation, and despite the strong fluorescence or the PVP coating.
Further research is necessary in order to elucidate the dimen-
sion of the PVP layer needed to appropriately amplify the fluo-
rescence emission signal of the fluorophore,** as well as to
find out if our GNSts work better with fluorophores emitting
in a specific spectral region, or the discussed observations
relate to chemical effects.

3.5 Time-resolved fluorescence of GNSt films

Time-resolved fluorescence experiments were further per-
formed to investigate the lifetime of NB in the presence and
absence of GNSts. The TCSPC data carpets corresponding to
these two sample conditions show the intensity of the fluo-
rescence signal as a function of the emission wavelength and
moment of time of photon arrival, and are presented in
Fig. 5A and B. The carpets indicate that the intensity of the
fluorescence signal is higher in the absence of GNSts than in
their presence, suggesting that the same quenching effect as
observed before is present.

Additionally, the kinetics of the fluorophore is faster when
the molecule is directly adsorbed on the GNSts, which indi-
cates an energy transfer between the fluorophore and the par-
ticles. The averaged kinetic traces obtained from all the kinetic
traces recorded in the 650-720 nm spectral range are given in
Fig. 5C. It is clearly observable that the fluorescence decay
kinetics of NB is faster in the presence of GNSts. In order to
calculate the lifetime of NB in the presence and absence of
GNSts, we fitted the kinetic traces with exponential functions
using two methods, the tail-fitting and the reconvolution of
the kinetic traces with the IRF. Fig. S3 (ESI{) shows the kinetic

>
w
o

s 6

Time (ns)
- -
Time (ns)
Intensity (a.u.)

S iy ™ S S T = =
Fig. 5 The TCSPC data carpets corresponding to NB in the absence (A)
and the presence (B) of GNSts. The carpets present the intensity of the
emission signal as a function of the emission wavelength and moment
of time of photon arrival. The averaged kinetic traces (C) characteristic
of each sample are also presented.
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traces recorded at 668 nm in both cases (NB in the presence
and absence of GNSts), together with the IRF and the fitted
curves obtained using both methods. We observed that the
kinetic traces recorded from NB in the absence of GNSts can
be well fitted using two exponential functions when the tail-
fitting method was used and three exponential functions when
the reconvolution method was employed. Even if the fitted
curve obtained using two exponential functions gives a satis-
factorily fit of the experimental data, the averaged decay time
is similar to the one obtained using only one exponential func-
tion (r = 1.21 + 0.02 ns). The same is true for the averaged
decay time obtained using the reconvolution method, however,
the average time decreases drastically compared to the one
obtained using the tail-fitting method. This is caused by the
time component of less than 100 ps, which is probably
obtained due to the residuals resulting from fitting the kinetic
curves at early time moments where the excitation laser pulse
overlaps with the signal of the sample (Table S1 in the ESIY).
In the presence of GNSts, the lifetime of NB decreases drasti-
cally, as the recorded kinetic traces are similar to the IRF,
meaning that the lifetime of NB could not be resolved
anymore and decreased below the resolution of our instru-
ment. The conclusion that can be drawn from these experi-
ments, however, is that in the presence of GNSts the emission
signal of NB is quenched, probably due to the energy transfer
between the fluorophore and the NPs and thus the lifetime of
the fluorophore decreases.

3.6 Evaluation of nanoparticle films for bioanalyte detection

As stated above, the efficiency of a substrate to function as a
good sensing platform can be measured in not only terms of
sensitivity but also in terms of robustness, rapidness, low cost
and ease of use or practicability. Moreover, current research on
SERS tends to focus on implementing more complex nano-
particles in detection schemes, in order to improve detection
sensitivity and to answer the needs of biological analysis
rather than building quantitative models that can be used
routinely.

Considering these, we have tested the GNStsPVP self-
assembled substrates for the rapid detection of metanephrine,
a bioanalyte whose SERS-based spectroscopic detection is non-
trivial, as suggested by the scarcity of published reports, a
possible reason being the poor interaction with noble metal
surfaces.”® The protocol used here implied the dropping of the
analyte solution of 107> M concentration directly onto the
nanostructured substrates, followed by the recording of the
spectrum under 785 laser excitation. Although they are weakly
expressed at this concentration which, however, is comparable
to those reported for the SERS sensing of other neurotransmit-
ters on gold nanoparticle substrates (e.g. 107*~107° M in the
case of epinephrine and dopamine),*®*” the main character-
istic peaks of metanephrine were detectable in the
1000-1700 cm™" region (spectrum (a) in Fig. 6 and Table 1):
specifically, a band at 1053 ecm™" attributed to the C;30i,
stretching and CH rocking ring, a band at 1145 cm™", corres-
ponding to the Cy3H 4H;sH;¢ twisting, a band at 1200 cm™,

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) The SERS spectrum of metanephrine on the GNStsPVP film at

107> M concentration; dependence of the SERS signal on metanephrine
concentration is displayed in the inset. (b) Raman spectrum of meta-
nephrine at 5 x 1072 M concentration. Both spectra were obtained using
785 nm laser excitation.

Table 1 SERS (a) and Raman (b) band assignment of metanephrine®®

SERS Raman

(em™) (ecm™") Band assignment

508 503 Ring out-of-plane deformation

1053 1046 C;30;, stretching + CH rocking ring

1145 1145 Cy3HyHy5Hy g twisting

1200 1193 0,gH,, deformation + C;;H,, deformation

1283 1281 CC stretching ring (catechol moiety) + CH rocking
ring + C504, stretching

1364 1374 C;7H;9 deformation + C,oH,;H,, wagging

1474 1466 C,3H4H,5H;¢ deformation

1523 1529 CC catechol ring stretching

assigned to the O;3H;o deformation and C;,H;o deformation,
one at 1283 cm ™" assigned to the C-C stretching mode in the
catechol moiety, a band at 1364 cm 'resulted from C;,H;q
deformation and C,,H,,H,, wagging, one at 1474 cm™" owing
to the C;3H;4H;sH;6 deformation and finally, one at
1523 em ™" due to the CC catechol ring stretching.*” For refer-
ence, we have considered the normal Raman spectrum of
metanephrine in solution at a concentration of 5 x 107> M
(spectrum (b) in Fig. 6). The dependence of the SERS signal on
the metanephrine concentration is displayed in the inset of
Fig. 6. Since the linearity is good only on a narrow range, the
LOD values obtained by regression analysis are in the range of
1.0 x 107> M - 3.1 x 10~* M, depending on the selection of the
range to be analyzed.

Further work is necessary for establishing the selective
SERS detection of metanephrine in the presence of other bio-
logical components such as glucose, ascorbic acid, or glutamic
acid in PBS at normal plasma concentrations. A first step
towards this achievement will be to improve the adherence of
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the GNSts films to their substrate, in order to improve their
mechanical stability in aqueous environments.

4. Conclusions

In this study, we demonstrated the fabrication of high-density,
compact self-assembled gold nanostar films by direct depo-
sition from aqueous colloidal suspension on solid plates
through convective self-assembly. The optical response of
these films exhibits a broad extinction band due to interparti-
cle plasmon coupling, making them appropriate for excitation
under multiple laser lines throughout the visible-NIR spectral
range. The effect of the polyvinylpyrrolidone coating on the
SERS/SEF enhancement efficiency of the self-assembled nano-
particle films was investigated. By choosing Nile Blue A and
Rhodamine 800 molecular chromophores as spectroscopic
probes, the efficacy of the developed plasmonic films both as
SEF and SERS substrates was demonstrated in a single
measurement under visible (633 nm) and NIR (785 nm) laser
excitation. Important to note is that the tested fluorophores
could be detected based on their SERS fingerprint bands, even
under conditions for fluorescence excitation and despite the
PVP coating. Further research is necessary in order to optimize
the thickness of the PVP layer needed to properly adjust the
interplay between SERS and SEF as required by a specific con-
figuration and parameters of target sensing application. The
applicability of the proposed substrates for the detection of
biologically relevant molecules was demonstrated by testing
their SERS efficiency for the detection of metanephrine, a
metabolite currently used for the biochemical diagnosis of
neuroendocrine tumours. Although the utilization of SERS for
the determination of neurotransmitters in practice is currently
in the initial stage of study, primarily because these analytes
do not have functional groups that could serve as anchors to
the noble metal nanoparticle surface, we were able to detect
the analyte at concentration levels similar to those previously
reported for other catecholamine metabolites. For reaching
lower concentrations and improving the reliability and robust-
ness of future SERS-based metanephrine assays, surface
functionalization schemes ought to be developed for an
efficient and specific analyte trapping close to the metal
surface. Our results also demonstrate that, by using a simple
assembly method from easy-to-synthesize colloidal gold nano-
particles, an efficient substrate with a dual detection capability
(SERS/SEF) can be obtained which might have a broader
impact on the development of analytical application tools.
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