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Surface-enhanced Raman spectroscopy (SERS) is a high-throughput, surface-sensitive and label-free
analytical technique that provides the molecular fingerprints of bio/chemical analytes. The quality of
SERS signals of analytes mainly relies on the electromagnetic field strength generated by nanostructured
platforms. In this regard, this article describes a new strategy for enhancing SERS intensity by the
integration of hotspot engineering and parallel orientation of molecules to a nanostructure (NS) surface.
We investigate the relationship between the nanostructure geometry and the molecular orientation to
enhance the SERS intensity of a few thiol-derivative reporter molecules including 4-mercaptophenol
(4-MCP), 4-mercaptobenzoic acid (4-MBA), and 4-mercaptophenyl boronic acid (4-MPBA), using Au
nanoflowers (NFs) and nanorods (NRs). This study demonstrates a significant enhancement in the
relative SERS intensity of aromatic ring breathing vibrations as well as many other skeleton-based bond
vibrations of the reporter molecules, observed from Au NF arrays. This study offers a strategic
opportunity for the future development of highly efficient bio/chemical sensors, such as pH sensors,
glucose sensors, etc., that require monitoring of selective vibrational bonds in those reporter molecules.
This study can be an important experimental illustration for an elaborate understanding of the SERS
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Introduction

Surface-enhanced Raman spectroscopy (SERS) is a high-
throughput and label-free analytical technique used in both
basic and applied scientific research. The SERS technique has
been utilized to identify molecular bond vibrations and atomic
lattice vibrations with remarkably higher sensitivity."”> The
capability of this technique to enhance the Raman intensity
by up to 10° relative to normal Raman,** along with its ability
to rapidly detect a tiny number of bio/chemical analytes
even down to a single molecule in special cases,”® has
increased its importance to develop ultra-sensitive chemical
and biomolecular sensors useful for environmental and med-
ical applications.®™" However, there are still some ambiguities
in explaining the SERS phenomenon, particularly regarding
various possible factors that can influence the resulting SERS
spectra. In this context, this article aims to advance the under-
standing of SERS phenomena to design more efficient SERS
based bio/chemical nano sensors.

Many studies have shown that the localization of bio/
chemical molecules to metallic nanostructures (NSs) and their
morphology can hugely manipulate the SERS sensitivity.>®*?
Specifically, hotspot engineering of NSs, such as crevices,
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phenomena as well as for the future development of biosensing technologies.

edges, spikes, petals, etc., is a key process for the improvement
of SERS sensitivity."*™"® Recently, a few studies have further
emphasized that SERS sensitivity also relies on the orientation
of molecules relative to the surface of metallic NSs."*™® Scher
et al. highlighted that the nature of sulfur hybridization of a
thiol derivative reporter molecule onto a NS surface determines
the sulfur-carbon (S-C) bond angle to the NS surface, which in
turn influences the molecular orientation on the NSs.'® For
example, sp* hybridization of sulfur on a gold (Au) surface leads
to a 104° bond angle (nearly parallel orientation) at very low
concentrations of molecules. However, in the presence of high-
density molecules crowding the Au surface, the steric force of
repulsion can turn a parallel orientation to perpendicular to
the Au surface. On the other hand, the sp hybridization of
sulfur onto a silver (Ag) surface leads to a ~180° bond angle
(nearly perpendicular), despite the concentration of reporter
molecules.

Herein, we study the SERS activity of Au nanoflowers (NFs)
and nanorods (NRs) functionalized with a few SERS-active thiol
derivative reporter molecules to investigate the relationships
among NSs’ geometry, molecular orientation, and SERS inten-
sity. Our study illustrates that the unique geometry of Au NFs
can provide a great opportunity for the integration of hotspots
and parallel orientations of functionalized molecules on the
surface of the NSs. Such a unique integration signifi-
cantly improves the relative SERS sensitivity of aromatic ring
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breathing vibrations as well as many other skeletal bond
vibrations. We validate the findings with three thiol derivative
aromatic molecules, including 4-mercaptophenol (4-MCP),
4-mercaptobenzoic acid (4-MBA), and 4-mercaptophenyl boro-
nic acid (4-MPBA). A significant improvement in the relative
SERS intensity of such bond vibrations can be useful for the
development of highly efficient pH and glucose sensing
applications.”*°>! On the other hand, these selected functional
molecules can form a coordination complex with Au NSs,***?
which can also be an effective plasmonic probe for monitoring
various bio-enzymes. We believe that this study can be impor-
tant to advance the understanding of SERS phenomena as well
as to develop efficient bio/chemical sensors.

Results and discussion
Synthesis and characterization of Au NSs

There are many techniques to synthesize various types of NSs,
such as chemical, hydrothermal, solvothermal, chemical vapor
deposition, exfoliation methods, etc.>*° In this work, we
synthesized Au NFs and Au NRs based on the chemical solution
method. We used surfactant-free and seedless aqueous solu-
tions to synthesize Au NFs.*" Injecting 0.64 mL of hydroxyla-
mine hydrochloride (0.1 M), 1 mL of sodium citrate dibasic (0.1
M), 0.8 mL of sodium hydroxide (0.1 M) solutions and 1 mL of
tetrachloroauric(m) acid (0.01 M) into 20 mL of water under
vigorous stirring resulted in the formation of beautiful Au NFs.
Fig. 1(a) shows scanning electron microscopy (SEM) images of
Au NFs. The average lateral size (diameter) of Au NFs was found
to be ~80 nm. During the synthesis of Au NFs, each solvent
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Fig. 1 Characterization of Au NSs. SEM images of (a) Au NRs and (b) Au
NFs (scale bar, 100 pM). The inset images show zoomed images of Au NRs
and NFs. (c) UV-vis extinction spectra of Au NR (black curve) and Au NF
(red curve) colloidal solutions. The inset images show camera images of
the colloidal solutions of Au NRs and NFs.
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plays a unique role, that is, hydroxylamine acts as a reductant,
trisodium citrate as a stabilizer, sodium hydroxide as a pH
regulator, and tetrachloroauric(m) acid as a gold precursor.
This synthesis process is a one-step nucleation process, and
the vigorous stirring of the mixture promotes very fast and
anisotropic growth, which results in shaping the NSs to flower-
like structures. Indeed, hydroxylamine typically reduces
the tetrachloroauric(m) acid into a gold seed in aqueous
solution and promotes the anisotropic growth of flower-like
structures.**? Fast reaction kinetics play a crucial role in this
growth process, and the high pH value of the growth solution
predominantly controls these kinetics. Therefore, prior to the
addition of the gold precursor, a suitable pH of the solution
should be achieved by controlling the concentrations and
volume ratio of hydroxylamine and sodium hydroxide, as pre-
viously reported. We mixed a tiny amount of polyvinylpyrroli-
done (PVP) (resulting concentration: 50 nM) with the Au NF
colloidal solution to keep these Au NFs stable for many days.

We followed a silver assisted seed mediated method to grow
Au NRs.””* An Au seed solution was prepared by mixing
aqueous solutions of 0.25 mL of tetrachloroauric(m) acid
(0.01 M), 9.75 mL of cetyltrimethylammonium bromide (CTAB)
(0.1 M), and 600 pL of ice-cold sodium borohydride (0.01 M)
under vigorous stirring. Furthermore, the growth solution was
separately prepared by mixing aqueous solutions of 9.11 mL of
CTAB (0.1 M), 0.13 mL of silver nitrate (0.01 M), 0.5 mL of
tetrachloroauric(m) acid (0.01 M), 0.19 mL of HCI (1 M), and
0.08 mL of ascorbic acid (0.1 M). After an hour of seed aging, 24
pL of the seed solution was mixed to the growth solution and
kept overnight to grow Au NRs. Then, the Au NR colloidal
solution was centrifuged twice at 10 000 rcf for 30 min and the
supernatant was removed. Finally, the sediment of Au NR
pellets was dispersed in the same volume of Milli-Q H,O and
stored at 4 °C in a refrigerator for future use. These Au NRs are
chemically and physically stable for a few months. Fig. 1(b)
shows SEM images of Au NRs; the average size of Au NRs was
found to be ~15 nm x 55 nm.

Fig. 1(c) shows the corresponding ultraviolet-visible (UV-vis)
light extinction spectra of Au NFs and NRs, which were used for
our SERS study. Au NRs exhibit two plasmonic extinction peaks
at ~550 nm and ~770 nm (black line), which are respectively
referred to as the transverse and longitudinal plasmonic modes
of Au NRs. Similarly, Au NFs exhibit a broad plasmonic extinc-
tion spectrum with a peak at ~770 nm (red line). Such a broad
peak could arise due to a large surface area and anisotropic
flower-like structures.*>*® The formation of Au NFs and NRs is
also clearly visualized with the colors of colloidal solutions, as
shown in the inset images of Fig. 1(c).

SERS activity of Au NRs and Au NFs

We prepared the sample on silicon (Si) chips for the SERS
measurement. Overnight incubation of oxygen plasma-treated
Si-chips in a solution containing 40 pL of Au NS colloidal
solution, along with 960 UL of a 1:1 ethanol-water solution,
resulted in good adsorption of Au NSs onto Si-chips. Indeed,
oxygen plasma treatment bombards the silicon surface with

This journal is © The Royal Society of Chemistry 2025
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reactive oxygen species and forms Si-O or Si-OH bonds. These
oxygen-rich sites can easily interact with Au atoms via orbital
overlap, resulting in covalent or semi-covalent bonding lin-
kages, Si—-O-Au. These linkages are stronger than physisorption
and effectively anchor gold atoms or clusters to the silicon
surface. The Si-O-Au interaction lowers the overall interfacial
energy, making adsorption more spontaneous and thermody-
namically favorable.>’*® After rinsing the Si-chips containing
Au NSs with water and ethanol and air drying, we incubated
them again in a 1 mM solution of the reported functional
molecules for about 5 hours. Then, after rinsing them with
water and ethanol and air drying, the SERS measurement was
carried out. These reporter molecules are bonded to the Au
surface via thiol-bonding, which involves the interaction
between the thiol groups (-SH) of reporter molecules and Au
NSs. Such -SH binding provides the availability of numerous
molecular bond vibrations at around 1 nm distance from the
surface of Au NSs."

The surface chemistry of the NSs, NS-reporter molecules’
mode of interaction and the concentration of reporter mole-
cules significantly impact the SERS signal.**~*' Au NRs provide
two distinct plasmonic modes: transverse and longitudinal
modes at ~550 nm and ~770 nm, respectively, which allow
the surface plasmon resonance (SPR) effects. The unique
flower-like structures of Au NFs provide such an SPR effect at
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770 nm. We conducted the SERS measurement using a 788 nm
laser with an exposure time of 10 s. To determine a suitable
laser power that avoids potential laser power-induced heating
effects in the SERS spectra, we first carried out laser power-
dependent SERS measurements of 4-MPBA molecules adsorbed
on Au NRs. As shown in SI Fig. S1, the SERS peaks remained
consistent at excitation power below 3.49 mW, confirming a
thermally safe range. Accordingly, we chose a laser power of 2
mW for all subsequent SERS experiments, which is much below
the threshold (~3.5 mW) and still yields a strong SERS signal
from the reporter molecules.

Fig. 2 shows the surprising increase in the Au NF assisted
relative SERS peak intensity of aromatic ring breathing vibra-
tion (~1588 cm ™) of all the chosen reporter molecules, 4-MBA,
4-MPBA and 4-MCP at 1 mM concentrations, with respect to
C-S stretching vibration (~1080 cm ™), in comparison with Au
NRs. We observed that the Au NF assisted SERS intensity
enhancement factors are 6.8 times higher for 4-MCP, 3.1 times
higher for 4-MPBA and 2.7 times higher for 4-MBA molecules
compared to the Au NR assisted signals. We believe that
possible changes in the orientation of reporter molecules to
the Au NFs and the numerous hot spots available in their petal-
like structures could be responsible for increasing the relative
SERS intensity of the aromatic ring breathing modes of these
molecules. The molecular orientation to the surface of NSs
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Fig. 2 Comparison of SERS sensitivity between Au NRs and NFs. SERS signals of 1 mM concentration of various molecules: (a) 4-MCP, (b) 4-MPBA, and

(c) 4-MBA. Schematic images illustrate the proposed molecular orientation.
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usually doesn’t impact the C-S bond vibration, as it always
remains closer to the NS surface. However, other ring breathing
modes can be hugely affected by changes in the molecular
orientation, which causes the changes in their proximity to the
NS surface. Recent studies have shown that molecular orienta-
tions particularly rely on the concentration of reporter mole-
cules and NS material types."®"” With regard to the material
types, the sp3 hybridization for sulfur on the Au surface and sp
hybridization for sulfur on the Ag surface lead to different
preferred bond angles, ~104° for Au-S-C vs. ~180° for Ag-S-C,
respectively.*>** Hence, more parallel molecular orientation
with respect to the Au surface and perpendicular molecular
orientation with respect to the Ag surface can be expected.
However, regardless of sulfur hybridization, molecular concen-
tration has also been found responsible for altering their
orientation on the Au flat surface.'® At higher concentrations,
molecules could reorient from parallel to perpendicular on the
Au surface possibly due to the steric repulsion of molecules at
their high density crowd on Au NSs.** In our case, the large
surface area of Au NFs and their petals with irregular aniso-
tropic geometry may cause a more parallel orientation of
reporter molecules compared to Au NRs, despite both Au NSs
being functionalized with the same 1 mM concentration of
each reporter molecule.

Early studies have shown that the roughness of NSs can
significantly alter the orientation of the adsorbed molecules
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onto the NSs’ surface.*>™*8

For example, the convex surfaces
induce different strain and steric constraints and that can alter
the binding angles and orientations.*® Moreover, Villarreal
et al. pointed out the mechanism of binding and orientations
of thiol groups (-SH) to the Au surface.”® They concluded that
the convex surfaces may promote radial molecular orientations
with reduced lateral interactions, while the molecules on the
concave surface may experience alterations in their tilt angles.
DFT calculations have also revealed that adsorption geometries
are not just energetically favorable but also geometrically
constrained.’® Considering such progress, we trust that the
large area and a unique hierarchical structure of Au NFs could
possibly favor the molecular orientation to be more parallel to
the Au NF petals even at high density molecular clouds. This
condition can support the closer proximity of molecules to the
Au NF surface. Hence the presence of numerous hot spots and
the close proximity of functional reporter molecules to Au NFs
could be responsible for the higher relative SERS intensity of
the aromatic breathing vibration mode observed with Au NFs
compared to Au NRs.

Fig. 3 shows the comparisons of the SERS peak positions
associated with the aromatic ring breathing mode and C-S
vibrational modes of these three reporter molecules generated
by Au NFs and NRs. We observed the significant shifts in the
SERS peak position of the aromatic breathing mode generated
by Au NFs relative to Au NRs. The SERS peak position shifts in
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Fig. 3 Comparison of peak positions of SERS signal assigned to aromatic ring breathing modes and C-S stretching bond vibration at 1 mM
concentration of (a) 4-MCP, (b) 4-MPBA, and (c) 4-MBA with Au NRs and NFs.
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the aromatic ring breathing and C-S stretching modes caused
by Au NFs were found to be 12.74 cm ' and 3.02 cm ',
respectively, for 4-MCP molecules with respect to the SERS
peak position generated by Au NRs. Similarly, such peak shifts
were found to be 2.88 cm ™' and 0.6 cm ™', respectively, for 4-
MPBA, and 2.53 cm ™' and 1.52 cm™ ', respectively, for 4-MBA
molecules. The larger peak shifts in aromatic ring breathing
vibration modes caused by Au NFs may be due to a possible
strain effect instigated by their unique anisotropic geometry to
a more parallel orientation.”* The close proximity of the C-S
bond to the Au NS surface, regardless of the structures, could
be responsible for less or negligible changes in the SERS peak
position for these molecules. Furthermore, the larger SERS peak
position shift assigned to the aromatic ring breathing mode for 4-
MCP molecules (12.74 cm™ ') may be due to an even lower density
of this molecule bonded to Au NFs, so that the strain effect
caused by Au NFs can be more dominant. This is possible due to
the relatively less hydrophilic nature of 4-MCP molecules. The
presence of benzene rings on all these molecules increases
hydrophobicity. The presence of the boronic acid group and
carboxyl group in 4-MPBA and 4-MBA molecules, respectively,
can increase hydrophilicity, while the presence of only one
hydroxyl group in 4-MCP is responsible for adding hydrophilicity.

Regardless of aromatic ring breathing and C-S stretching
modes, we observed the emergence of numerous SERS peaks of
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these reporter molecules from a few local regions of Au NF
arrays, while we did not see such a variation with Au NR arrays.
Fig. 4 shows the comparison of such Au NF array assisted SERS
signals of selected reporter molecules with respect to SERS
signals assisted by Au NR arrays. The dramatic change in the
SERS signals caused by Au NFs could be due to the collection of
SERS signals from the region where the density of reporter
molecules is relatively low. The availability of a few such local
regions in the Au NF arrays is possible due to their anisotropic
and relatively large lateral surface area. In such a case, a
more parallel orientation of reporter molecules on the Au NF
surface can still be expected due to minimal or no steric
repulsion between adsorbed molecules. This, in turn, can
enhance the SERS signals of various vibrational modes that
come into proximity with the Au NFs. We also validated the
concentration-dependent SERS activity of 4-MCP molecules with
Au NSs in the range of 100 mM to 0.0001 mM (SI Fig. S2). We
observed the emergence of multiple SERS peaks with Au NRs at
very low concentrations, particularly below 0.01 mM, supporting
the correlation of SERS sensitivity with molecular density, which
is believed to control molecular orientations, while Au NFs
support more parallel orientation despite the concentration
changes due to their special hierarchical geometry. Upon com-
paring the Au NF assisted SERS signals of all these reporter
molecules, we observed that SERS sensitivity is much stronger
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Fig. 4 Observation of several SERS peaks with Au NFs. Enhancement of relative SERS intensity of many bond vibrations of (a) 4-MCP, (b) 4-MPBA, and (c)

4-MBA molecules at their 1 mM concentration.
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with different functional reporter molecules and expected molecular orientations. (b) Distribution of electromagnetic fields around Au NRs and NFs under

laser excitation and generation of SERS signals.

with 4-MCP molecules, which could be due to the collection of
signals from the region with even lower molecular density.

We conceptualized the phenomenon of Au NRs and Au NFs
assisting SERS phenomena in Fig. 5. Fig. 5(a) shows schematic
images of the decoration of Au NSs on Si chips, their bonding
with reporter molecules, 4-MCP, 4-MPBA and 4-MBA, and
possible molecular orientations with respect to the different
geometries of Au NRs and NFs. Furthermore, Fig. 5(b) illus-
trates the schematic images showing the possible electromag-
netic field strength of Au NR and NF arrays responsible for the
generation of the SERS effect. Future theoretical and more
controlled experimental studies, particularly monitoring the
exact density of Au NFs and adsorbed reporter molecules, can
provide a much deeper understanding of this phenomenon.

Specifically towards sensing applications, Au NF arrays
functionalized with 4-MBA molecules can deliver highly effi-
cient pH sensors as the carboxylate stretching mode of 4-MBA
molecules in the range of 1400-1425 cm™ ' has been reported to
be highly pH-sensitive in earlier studies.””' Moreover, Au NF
arrays functionalized with these reporter molecules can also
lead to the development of a highly efficient glucose sensor, as
the OH molecules in these reporter molecules, 4-MCP, 4-MPBA
and 4-MBA, can bind with glucose molecules. Earlier studies
have reported that the aromatic ring breathing and C-S stretch-
ing Raman active modes at 1588 cm™ " and 1072 cm ™', respec-
tively, are highly glucose sensitive.>>*" Studying the pH values
and glucose concentration-dependent SERS activities assisted
by Au NFs under the well-controlled density of Au NFs and
functional molecules adsorbed to Au NF arrays will be the future
scope of the study. Decorations of Au NFs to polymeric micro-
needles can provide the opportunity for in vivo pH and glucose
sensing via punching on the skin to collect epidermal fluids for

J. Mater. Chem. C

analysis. However, Au NF decorated polymeric microneedles first
require ex vivo testing to evaluate SRRS performance, investigating
the mechanical strength of microneedles, toxicity and the lifetime
of the sensor in the skin and performance in animal models, all of
which are the future direction of our study.

Conclusions

We reported the SERS activity of Au NRs and Au NFs for a few
thiol derivative aromatic reporter molecules, 4-MBA, 4-MPBA
and 4-MCP, respectively. We comprehensively monitored the
interactions of Au NFs and Au NRs with reporter molecules. We
demonstrated that Au NFs provide significantly enhanced
relative SERS intensity of various possible bond vibrations of
reporter molecules compared to Au NRs, which possibly arises
from the suitable integration of hot spots and relatively parallel
molecular orientation to Au NFs. Many of those bond vibrations
of these selective reporter molecules have been used as bio-
markers for pH and glucose sensing, which is very important in
medical diagnosis of various diseases. Overall, this study pre-
sents a new strategy to increase SERS sensitivity, which can be
applied for sensing a variety of relevant analytes in various
bodily fluids. We believe that this study can be useful for
advancing the understanding of SERS phenomena as well as
designing a suitable bio/chemical sensor.

Experimental section
Chemicals and materials

Many chemicals including hydroxylamine hydrochloride
(NH,OH-HCI) (>99.0%), tetrachloroauric(m) acid (HAuCl,-3H,0,
99.9%), silver nitrate (AgNO;, >99%), cetyltrimethylammonium

This journal is © The Royal Society of Chemistry 2025
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bromide (CTAB, ~98%), 4-mercaptophenol (4-MCP, 99%), poly-
vinylpyrrolidone (PVP), and silicon wafer were bought from Fisher
Scientific. Similarly, sodium hydroxide (NaOH, >98%), sodium
citrate, trisodium salt, dihydrate (>99.0%), t-ascorbic acid
(>99%), and citric acid anhydrous (>99.5%) were purchased
from DOT Scientific. Sodium borohydride (NaBH,, 99.9%), 4-
mercaptobenzoic acid (4-MBA, 99%), 4-mercaptophenylboronic
acid (4-MPBA, 90%), and hydrochloric acid (HCl, 37%) were
obtained from Millipore Sigma. We used all the reagents directly
without further purification.

Instrumentation

UV-vis light extinction measurements. A Beckman Coulter
Du-800 spectrophotometer was used to collect UV-vis spectra of
Au NS colloidal solutions.

Oxygen plasma etcher. A PELCO easiGlow™ system was used
for the oxygen plasma treatment.

SERS measurements. A LabRAM HR Evolution Confocal
Raman Microscope was used for SERS spectral measurements.
A long working distance, 100x air objective lens with a numer-
ical aperture of 0.85 was used to excite the sample and collect
the SERS signals. A 785 nm wavelength continuous wave diode
laser was chosen for the SERS measurements, and the laser
spot size was ~ 1.1 micron. All SERS data were collected with a
laser excitation power of ~2 mW and an exposure time of
10 seconds. The spectral resolution of this system is lower than
1cem™

SEM images. A JEOL JSM-7900FLV instrument was used to
image Au NSs.
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