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Pharmaceutical waste and contaminants pose a significant global concern for water and food safety. The
detection of piperidine, a common residue in drug and supplement synthesis, is critical due to its toxic
nature to both humans and animals. In this study, we develop a plasmonic-based detector for surface
enhanced Raman scattering (SERS) measurements. The plasmonic device is composed of triangular
cavities, milled in silver thin film, and protected by a 5 nm SiO, layer. Due to the confined and enhanced
electromagnetic field, remarkable sensitivity to piperidine with a concentration of 108 M in water is
achieved. Despite the relatively small polarizability of piperidine, high sensitivity is observed even when
using a low numerical aperture of 0.3, attributed to the directional scattering from our plasmonic device.
Thus, it offers a cost-effective alternative to traditional high numerical aperture used in SERS, and the ability
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to use a portable Raman device for a cheaper and faster analysis.

Piperidine is a small potent molecule that serves as a crucial building block in the pharmaceutical and food additive industries; however, it is toxic in

nature. Unfortunately, it can also be found in drinking water as a result of pharmaceutical waste. Therefore, the development of an optical-sensitive

detector is crucial for the environment. Raman scattering is a sensitive optical technique; however, its contribution to environmental monitoring is

negligible. Moreover, the required optics for Raman scattering are often demanding and expensive, making the instrument challenging to use in

environmental science. Using our nano-patterned metallic surfaces, the detection of low concentrations of piperidine in water using affordable optics is

possible. The utilization of these surfaces presents an opportunity to employ portable cost-effective Raman devices as an environmental analytical set-up.

1. Introduction

In spontaneous Raman scattering, the Raman effect is
remarkably feeble, typically resulting in only 1 out of 10°
incident radiation events undergoing spontaneous Raman
scattering.™ Employing lasers with relatively high power and
objectives featuring a high numerical aperture (N.A.) allows
for the collection of sufficient scattered photons. Yet, such a
set-up is expensive and inadequate for many practical
applications. Thus, finding solutions to enhance the Raman
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responses is always necessary. Metallic nano-structures may
lead to deep sub-wavelength confinement and amplification
of the electromagnetic (EM) field due to the excitation of
plasmonic modes.>® This can yield remarkably strong SERS
responses, often spanning over several orders of magnitude.
Therefore, it is not surprising that over the past decade, SERS
has emerged as a potent analytical technique, renowned for
its ability to detect trace amounts of chemicals with
exceptional sensitivity and specificity.”'® Applications of
SERS were realized in various fields, encompassing
environmental science, biology, food safety, medicine,
chemistry, and more. Notably, SERS has been instrumental
in the field of COVID-19 diagnostics,"* specifically in the
identification of the SARS-CoV-2 virus within nasal swab
samples, achieving an impressive accuracy of about 250 fg
mL_1.12_16

Wwithin the realm of environmental science,’” SERS has
been effectively employed for the monitoring of heavy metal
levels and the detection of microplastics in water.'®"
Moreover, SERS has proven effective in detecting and
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quantifying  pesticides,**® food additives,>” > drug  products. Another source of piperidine is the hydrolysis of
residues,’®*" and industrial discharges®*** within food and  piperine, a naturally occurring compound found in plants
water samples. In the field of biology, SERS has facilitated  such as pepper.*” Humans are exposed to piperidine on a
high-resolution imaging of cells and tissues, offering detailed  daily basis, as evidenced by its wide presence in the food
insights into their chemical composition, which holds the  supply and, consequently, in human urine. As a food
potential for diagnosing various diseases.***> Furthermore,  additive, piperidine is found at 2.5-3.33 ppm in nonalcoholic
SERS has shown promising results in drug delivery  beverages, 4-5.67 ppm in candy, 9.69 ppm in baked goods,
applications, allowing for the monitoring of drug release  and 0.04-1.66 ppm in condiments, meats, and soups. Baked
from nanoparticles and providing valuable kinetic = ham contains 0.2 ppm of piperidine, milk 0.11 ppm, and dry
information regarding the process.*®™*° coffee 1 ppm.** Von Euler reported that humans excrete 7.6-
Despite the advances in SERS over the last few decades, 8.5 mg of piperidine in a 24-hour period;*> more recently,
several challenges still persist. These include the reliable  Tricker et al. reported excretion rates of 26.1-31.7 mg per
detection of small molecules, the durability of SERS  day.*®
substrates, signal stability, and the use of cost-effective Fig. 1a shows the selected analyte, piperidine, and its
optics. derivatives from different pharmaceutical drug families.
Herein, we use plasmonic cavities milled in a thin silver =~ This colorless molecule is known to be toxic to both
film and protected by a thin silica layer to enhance the  humans and animals, even at low concentrations, with an
Raman signal. With our developed plasmonic surfaces, low  LD50 value of 30 mg kg™'. Inhalation of high vapor
concentrations of 10°® M of piperidine in water can be  concentrations of piperidine may lead to symptoms such as
detected. Furthermore, due to the directed scattering of the weakness, dizziness, headache, nausea, vomiting, labored
Raman signal from the plasmonic surfaces, enhanced signal  breathing, increased heart rate, and elevated blood
can be measured, using a low N.A. of 0.3. Furthermore, we  pressure.”” Additionally, piperidine is corrosive to the skin
show that a mix of analytes can be distinguished as well and eyes upon contact, and it can readily penetrate the
using our SERS substrate. skin, thereby being considered toxic through dermal
We undertook the challenge of detection of the small  exposure as well. Sensors for piperidine are mainly based
molecule piperidine because this molecule and its derivatives  on electrochemical detection, for example by using hollow
play a pivotal role as fundamental building blocks in the = mesoporous ZnO on a carbon electrode, the detection limit
pharmaceutical industry for the synthesis of drugs and  of ~3.3 uM was realized.*® Additionally, a detection limit of
supplements. More than 70 FDA-approved drugs contain the ~60 nM was achieved with a direct growth of well-aligned
piperidine moiety.*"**> Piperidine can be found as a derivative =~ ZnO nano-rods on conductive electrode substrate.”® Yet, the
in various pharmaceuticals, including selective estrogen  durability of those electrodes is not high, as they can
receptor modulators (SERMs) such as minoxidil, opioids, become contaminated over time leading to reduced
antipsychotic drugs (e.g melperone), and insect-repellent  sensitivity and accuracy. In addition, this technique has
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Fig. 1 (a) 3d chemical structure of piperidine, and its drug derivatives, food additive, explaining the reason for choosing this analyte. (b) Our
device, composed of a fused silica substrate covered by a smooth silver thin film (200 nm) and then covered with 5 nm of SiO, for stability (see
illustration of cross section). Series of hexagonal triangular hole-arrays were milled in the silver thin film, with different periodicities. SEM image of
the plasmonic structure shows the accuracy of the FIB milling, and the uniformity of the structure. The light transmission color micrograph below
is the transmission of light through a series of plasmonic structures (see also Fig. S3t for the spectra). The fabricated plasmonic devices were
immersed in different solutions and dried using N, as shown in the illustration.
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limited sensitivity when dealing with low concentrations.
Our SERS substrates contain an additional protective 5 nm
thin layer of SiO, and therefore, they demonstrate high
sensitivity, rapid analysis, low-cost preparation, and long-
term stability. It allows for repeated use without significant
degradation in performance. This is in contrast to some
electrochemical electrodes, which may require frequent
replacement or maintenance.

2. Materials and methods
2.1. Sample preparation

2.1.1. Substrate cleaning and metallic layer sputtering. To
achieve high-quality silver films with low roughness, fused
silica substrates (170-micrometer thickness) were dipped into
a diluted aqueous solution of “Hellmanex III” cleaning
solvent (1/100, v/v), followed by mild bath-sonication at 30 °C
for 20 minutes. Afterward, the substrates were washed
thoroughly with di-ionized (DI) water (18.2 MQ) and
subsequently with ethanol. The substrates were dried by a
continuous stream of nitrogen (99.999%). A thin silver layer
(~200 nm) was deposited onto the clean substrates using a
sputtering instrument (Quorum, Q150TS). To obtain smooth
films, Ar atoms were ionized by electric current (100 mA),
with a vacuum pressure of 1 x 10™* Torr. To verify the whole
process, calibration measurements were performed by
Focused Ion Beam (FIB), cross-section measurements (see
Fig. S17).

2.1.2. Fabrication of plasmonic structures. Plasmonic
structures were milled by a Focused Ion Beam (FIB), (Helios
NanoLab DualBeam 600, FEI). The sub-units that comprise
the nanostructures were isosceles triangular nanocavities
with a typical side-length of 215 nm and a base length of 200
nm (see Fig. 1b and S1t). Before milling, several scripts were
programmed while considering the FIB parameters. Both
cubical and hexagonal arrays of triangular cavities were
fabricated, in which the periodicities were varied from 400 to
700 nm with a 50 nm delta (P = 400, 450, 500, etc.).
Furthermore, to validate the reproducibility of the
nanoplasmonic structures, the process was thereafter
repeated at least three times and on several samples. Prior to
the milling procedure, parameters such as the beam current
and the number of passes were calibrated to obtain high-
quality plasmonic structures, which is a crucial parameter.
The current and voltage used for milling range from 9.7 to 48
PA, and 30 kv, respectively.

2.1.3. Deposition of a thin SiO, layer for protection. A thin
silica layer of ~5 nm was deposited on top of the silver layer
(see Fig. S27 for characterization of the SiO, layer). This is to
assure three outcomes: firstly, to extend the shelf life of the
SERS substrate and to be able to re-use it, second, to prevent
the oxidation of the silver layer and lastly to further
functionalize substrates with silane linkers for future
applications. This process was performed by electron-beam
evaporation (BesTec, Germany) at 2.4 x 10°° mBar and a
current of 1 mA.

This journal is © The Royal Society of Chemistry 2024
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2.1.4. Analyte preparation. Piperidine was dissolved in
ethanol and DI water in different concentrations (10°-107°
M). Some solutions were also measured by mass-spectra to
ensure the solubility of the analyte and their concentrations.
After that, the plasmonic SERS substrate was immersed for
1-2 minutes in the solution that contained the analyte.
Finally, the samples were dried with N, prior to the Raman
measurements as is shown in the illustration.

2.2. Optical imaging and spectra

The transmission imaging and spectra of the plasmonic
nano-cavities were acquired using a bright field mode in an
inverted microscope setup (OLYMPUS IX83). The samples
were illuminated by a non-polarized collimated light. The
transmitted light was directed to a spectrograph (IsoPlane
SCT-320, Princeton Instruments) and then detected by a high
quantum efficiency charge-coupled device (CCD) camera
(PIXS1024b) using an objective x40 magnification (N.A of
0.6). The grating used for acquiring the spectra was 50
grooves per mm (density), and the blaze wavelength was 600
nm (Princeton Instruments). The spectra were always
collected under the same conditions (40x and N.A. of 0.6). All
acquired spectra were normalized to the reference glass
spectrum taken using the same parameters. The images and
spectra obtained provided us with valuable information
regarding the plasmonic modes and their interaction with
light. The symmetry, shape, size, and geometry of the cavities
will dictate their optical response and will be elaborated in
the Results and discussion section later in this proposal
thesis.

2.3. Raman spectroscopy measurements

Raman spectra were measured using the LabRAM Soleil
(Horiba, France) set-up. We used a 532 nm laser source with
a low laser power of 0.55 mW, to ensure the stability of the
measurements. The spectra were acquired in a region of 400
em™ to 2000 em™ with a 600 gr mm™" grating, confocal hole
of 200 pum, and 1.3 em™" per pixel spectral dispersion. The
sample was placed under an optical microscope, with the
following objectives: x50 N.A. 0.6 and x10 N.A. 0.3 (Nikon).
Only clean samples were measured, that is, if aggregation of
the analytes was observed by the optical microscope, it was
not measured. We repeated those measurements with many
samples, and 3 different Raman systems, and different
conditions.

3. Results and discussion

Our plasmonic device is composed of hexagonal triangular
nano-cavities with different periodicities, milled in a 200 nm
silver thin film and covered by a 3-5 nm thin layer of SiO,
(see Fig. 1b).

The observed different physical colors are due to
extraordinary light transmission through the cavities at
different wavelengths (see Fig. S31 for the spectroscopic

Environ. Sci.: Nano, 2024, 11, 2083-2090 | 2085
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measurements). These unique plasmonic structures give rise
to an enhanced electromagnetic (EM) field at the vicinity of
the surface, namely hot spots, and deep sub-wavelength
confinement of the EM field can be achieved. Therefore,
nonlinear optical processes such as Raman can be boosted
by orders of magnitudes. The array periodicity was tuned to
match the plasmonic mode resonance with the Raman laser
wavelength, as shown in Fig. S3.f Thus, herein we used a
periodicity of approximately 400 nm, which has a
considerable overlap between the plasmonic resonance and
the wavelength of the laser (532 nm), as well as with scattered
Raman photons at lower energy. The plasmonic device was
carefully immersed in solutions containing piperidine at
different concentrations and allowed to be set for
approximately two minutes. Following this, the device was
gently removed from the solution and dried using a stream
of nitrogen gas to remove any residual solvent. Finally, the
sample was measured using a Raman system. It is worth
noting that the plasmonic surface remains clean after this
process, with no detectable aggregation of molecules,
otherwise such samples were not measured.

Piperidine has a very small cross-section for Raman,
nevertheless due to the enhanced EM field in proximity to
the plasmonic structures, detection of this analyte by Raman
is possible both in di-ionized (DI) water and in ethanol down
to concentrations of 10™® M, as is presented in Fig. 2. The
blue spectra were taken using objective of N.A. = 0.6, and the
black spectra were taken using a lower N.A. = of 0.3. Yet, due
to our plasmonic surfaces, which allow efficient directed
scattering, we could measure the low concentration of 1077 M

View Article Online
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of piperidine even using low N.A. = of 0.3 (see Fig. 2). In
essence, the plasmonic structure directs scattered emitted
photons towards the detector, thereby requiring a reduced
collection angle.

The enhancement factor was calculated to be 4 x 10° as
shown in Fig. S4.t Piperidine has several vibration modes®®
as summarized in Table S1 and Fig. S5.F

Herein, we focused on three characteristic peaks of
piperidine: 740 cm™, 810 cm ™' and 887 cm™' that were
assigned to N-H deformation, ring “breathing” and C-N-C
stretch, respectively.”® The reason behind the focus on these
peaks is due to additional responses resulting from the
ethanol solution alone and overlapping with the vibrational
modes of piperidine above 1200 cm™ (see Fig. S61).

In addition, at the spectral regime above 1400 cm™, the
signal was not stable and reproducible over time. The
instability could stem from contamination on the silver
surface, primarily caused by the introduction of carbon
particles during the sputtering process. However, even
though we have achieved highly clean surfaces, we believe it
is valuable to have the capability to measure Raman
responses of small molecules under realistic laboratory
conditions. We argue that our SERS device not only possesses
high sensitivity but also selectivity in water. Fig. 3 shows the
detection of 1077 M crystal violet (CV), piperidine, and the
mixture (black curve) using our SERS substrate. The vibration
mode of the CV that we focused on was 725 cm™*, which is
assigned to C-N-C stretching. The band at 1180 c¢cm™ is
attributed to C-H in bending vibrations. The band at 1380
em™ is assigned to N-phenyl stretching. In the case of
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Fig. 2 Raman spectra taken from our plasmonic devices (hexagonal triangular array with periodicity of 400 nm) after being immersed in solution
of piperidine in ethanol (a) and then in DI water (b), with concentration of 1078 M and 107 M, using N.A. of 0.6 and 0.3, respectively, and laser

power of 0.55 mW.
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Fig. 3 Detection of mix analyte solution with a concentration of 10~ M in DI water using our plasmonic SERS substrate. The blue curve is SERS of
CV, the red one is of piperidine, and the black one is for the mixture. The three SERS spectra were measured under the same conditions, with N.A.
= 0.6 (x50) objective and laser power of 0.55 mW (532 nm) and acquisition time of 3 s.
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Fig. 4 (a) SERS spectra of 10 M piperidine in ethanol at different area onto the plasmonic surface, i.e., the black graph (*) was taken from the
silver surface nearby the plasmonic structure. The three vibrational modes of piperidine (740, 810, and 887 cm™), are marked for clarity. (b) Raman
mapping of the plasmonic array. The spectral range of the map is 700-1000 cm™. The numbers correspond to the area from which the spectra in
(a) were taken. The SEM of the plasmonic stricture is fused for clarity. (c) 10 SERS spectra of piperidine taken from multiple selected spots on the
array. The experimental parameters are as follow: laser: 1 = 532 nm, power = 0.55 mW objective of x50 magnification with N.A. = 0.6, and
acquisition time of 3 s. The plasmonic structure is hexagonal triangular array (p = 400 nm).

piperidine, we focused on three characteristic peaks as
discussed before. All those vibration modes are presented in
the Raman spectrum of their mixture. Yet, we are aware of
the fact that other vibrational modes may be presented due
to hydrogen bonds and re-organization of the analytes in the
solutions, which can be a subject for future studies.

Fig. 4 shows the Raman mapping measurement of 10™* M
piperidine dissolved in ethanol using our plasmonic surfaces
(p = 400 nm) as described above (see Fig. 1). Raman mapping
was conducted both on the plasmonic array and on the
smooth silver surface outside the array. It is noteworthy that

This journal is © The Royal Society of Chemistry 2024

negligible to nonexistent signals were detected on the smooth
silver surface (Fig. 4a, black curve), even at higher
concentrations, as no peaks were observed. However, within
the array, clear spectra of piperidine were obtained,
exhibiting the three vibration modes of interest (refer to
spectra 1-3 and the corresponding map). The mapping
presented in Fig. 4b reveals the nonhomogeneous responses
of the array, with variations of up to threefold, indicating the
presence of hot spots where certain areas exhibit higher
Raman responses compared to others. Importantly, we
observed the presence of all three vibrational modes in

Environ. Sci.: Nano, 2024, 11, 2083-2090 | 2087
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Fig. 5 Second harmonic generation (SHG) intensity maps of our
plasmonic device. (a) A typical plasmonic array that was used in this
study. (b) SHG scanning of (a), showing that the nonlinear responses
are high, yet not uniform, in agreement with the Raman mapping. (c)
An example of SHG mapping of plasmonic device in which the milling
process was not good (see S5¢%). Laser power = 2 mW, 1, = 940 nm.

=

different areas, validating the appropriateness of our
selection. In addition, the reproducibility and the repetitively
of those selected vibrational modes are notable in the 10
different spectra presented in Fig. 4c (see also S77). If our
fabricated plasmonic surfaces indeed possess hot spots,
which are characterized by localized regions of enhanced
Raman responses, it is highly probable that these hot spots
will also be evident in the second harmonic generation (SHG)
process, which is another nonlinear optical phenomenon.
Hot spots indicate areas with heightened local
electromagnetic field intensities, thus significantly enhancing
nonlinear optical processes such as SHG. The hotspots
depend on the unique atomic structure of the surface at the
specific spot. Fig. 5 showcases the SHG scanning of the
identical plasmonic structure with a relatively low laser power
of 2 mW using N.A. of 0.5. The efficiency of this process
heavily relies on the strength of the local electric field. The
regions with triangular cavities experience an intensified
electric field enhancement, resulting in enhanced SHG
signals compared to the surrounding areas. The nonlinear
responses within the array exhibit notable variations, up to a
factor of 3, while it is negligible outside the array on the flat
silver surface. It is worth noting that the inadequate
fabrication or milling of the plasmonic array leads to a
drastic suppression of the SHG response as shown in Fig. 5¢
(see also Fig. S8f). The coexistence of hot spots in both
Raman and SHG measurements suggests that the enhanced
local electromagnetic fields and nonlinear optical responses
are present in the plasmonic structures, further affirming
their potential for Raman sensing applications.

4. Conclusion

In conclusion, we successfully demonstrated the detection
of piperidine both in water and ethanol solutions, down
to a concentration of 10™° M, utilizing a low numerical
aperture N.A. of 0.3. This achievement was made possible
by using our plasmonic array, which generates enhanced
EM fields in the proximity of the array. Our SERS
substrate is covered by 5 nm of silica, increasing its
stability and durability. In addition, a mixture of two
analytes in water was successfully detected down to a

2088 | Environ. Sci.: Nano, 2024, 11, 2083-2090
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concertation of 1077 M. The utilization of a low N.A. has
an economic advantage as it eliminates the need to
purchase a high numerical aperture system, thus reducing
costs. Furthermore, the mapping image obtained from the
Raman and SHG measurements confirms the presence of
hot spots in the plasmonic array, validating its potential
for enhancing signal intensities. For the specific detection
of piperidine, we focused on the following peaks (740,
815, and 887 c¢cm™'), as they remain unaffected by peak
overlap resulting from the adsorption of common solvents
and other contaminants commonly encountered on
surfaces during experiments. This selection ensures
reliable and accurate identification of piperidine in the
presence of potential interfering factors.
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