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A novel surface-enhanced Raman spectroscopy (SERS) method has been developed for the
sensitive and selective detection of nicotine in heated tobacco products (HTPs) and cigar using
biosynthesized gold nanoparticles (GNPs) from Sargassum plagiophyllum seaweed extract. A
polycrystalline structure was observed in the biosynthesized GNPs, which showed a uniform
spherical shape. Optimization of SERS substrates revealed that a 20-fold concentrated GNP
solution provided the highest SERS intensity and the lowest background signal intensity. The
developed SERS method demonstrated a linear range (1 nM to 1 pM), low limit of detection (0.2
nM), and excellent reproducibility. The biosynthesized GNP-based substrates showed a
significantly higher enhancement factor (2.5 x 10°) and better reproducibility than commercial
SERS substrates. The applicability of the method to nicotine analysis in real HTP samples was
validated, with recoveries ranging from 92.5 to 108.3% and minimal matrix effects (MEP: —5.2
to 3.8%). The eco-friendly biosynthesis of GNPs, combined with the inexpensive and disposable
paper-based substrates, makes this method a promising tool for the rapid and reliable
quantification of nicotine in HTPs and cigar.

1. Introduction

Nicotine, a potent alkaloid found in tobacco products, is a primary contributor to the addictive
nature of smoking and the associated adverse health effects.(!) As the use of heated tobacco
products (HTPs) gains popularity as a perceived safer alternative to traditional cigarettes, there
is a growing need for rapid, sensitive, and reliable methods to quantify nicotine levels in these
products.(! Such analytical techniques are crucial for assessing product safety, monitoring
regulatory compliance, and studying the pharmacokinetics and toxicology of nicotine in HTP
users.6)
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Surface-enhanced Raman spectroscopy (SERS) is now recognized as an effective method for
detecting and measuring a variety of substances, including nicotine, at low concentrations.(’)
SERS combines the molecular specificity of Raman spectroscopy with the signal enhancement
provided by plasmonic nanostructures, resulting in a highly sensitive and selective detection
method.” The SERS technique offers several advantages over conventional analytical methods,
such as high sensitivity, rapid analysis, minimal sample preparation, and the ability to detect
analytes in complex matrices.(!) These features make SERS an attractive option for the analysis
of nicotine in HTPs, for which low detection limits and the ability to handle complex sample
compositions are essential.1?) The performance of SERS is heavily dependent on the properties
of the substrate, which typically consists of noble metal nanostructures that enhance the local
electromagnetic field and amplify the Raman scattering of adsorbed molecules.(!3% Gold
nanoparticles (GNPs) have been widely employed as SERS substrates owing to their unique
optical properties, biocompatibility, and low toxicity. GNPs show pronounced localized surface
plasmon resonance (LSPR) within the visible and near-infrared spectra. This resonance can be
adjusted by manipulating their dimensions, morphology, and degree of aggregation.>19) This
tunability allows for the optimization of SERS enhancement for specific analytes and excitation
wavelengths.1”) Moreover, the biocompatibility and low toxicity of GNPs make them suitable for
use in various biological and environmental applications, including the analysis of tobacco
products.!!® The synthesis of GNPs for SERS applications has traditionally relied on chemical
reduction methods, which often involve the use of toxic reagents and generate hazardous waste.
In recent times, the focus on creating environmentally friendly and sustainable methods for
synthesizing GNPs has significantly increased.! As a promising alternative to conventional
chemical methods, biosynthesis makes use of biological entities such as plants, algae, fungi, and
bacteria as reducing and stabilizing agents. Biosynthetic routes offer several advantages,
including the use of nontoxic reagents and the potential for large-scale production.20-22)
Additionally, the biomolecules present in biological extracts can serve as capping agents,
providing stability to the nanoparticles and introducing functional groups that can enhance their
SERS performance.??

Among the various biological sources explored for the biosynthesis of GNPs, seaweed
extracts have shown significant potential.24-26) Seaweeds are rich in bioactive compounds, such
as polysaccharides, proteins, and polyphenols, which can act as effective reducing agents in the
synthesis of GNPs.?728) Sargassum plagiophyllum, a brown seaweed species, has been reported
to possess excellent antioxidant activity and contain a variety of phytochemicals that can
facilitate the formation of stable GNPs with desirable optical properties.*”> The use of S.
plagiophyllum extract for the biosynthesis of GNPs not only provides a green and sustainable
approach but also offers the potential for enhanced SERS performance owing to the unique
chemical composition of the seaweed extract. In this study, we aim to develop a novel SERS-
based method for the sensitive and selective detection of nicotine in HTPs using biosynthesized
GNPs from S. plagiophyllum extract. The objectives of this work are threefold: (1) to synthesize
and characterize GNPs using S. plagiophyllum extract as a reducing and stabilizing agent, (2) to
fabricate SERS-active paper substrates by optimizing the concentration and distribution of
biosynthesized GNPs on the paper surface, and (3) to evaluate the analytical performance of the
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developed SERS method for the quantification of nicotine in HTP samples. The optimization of
SERS substrates will involve studying the effect of GNP concentration on SERS intensity and
background signal intensity, as well as investigating the distribution of GNPs on the paper
surface by electron microscopy. Theoretical simulations will be employed to interpret the
observed effects of GNP concentration on SERS performance. The applicability of the method
for nicotine analysis in real HTP samples will be demonstrated, and the advantages and
limitations of the biosynthesized GNP-based SERS approach will be discussed.

2. Materials and Methods
2.1 Biosynthesis of gold nanoparticles

S. plagiophyllum seaweed was collected from the coastal areas of Zhejiang Province, China.
The seaweed samples were thoroughly washed with deionized water (Milli-Q, Millipore,
Shanghai, China) to remove any debris or epiphytes and then dried in an oven (DHG-9146A,
Yiheng Scientific, Shanghai, China) at 60 °C for 24 h. The dried seaweed was ground into a fine
powder using a high-speed disintegrator (FW100, Taisite Instrument, Tianjin, China). After
adding 10 g of seaweed powder to 100 mL of deionized water in a 250 mL Erlenmeyer flask, the
mixture was heated to 80 °C for 1 h with constant stirring. The resulting extract was then
filtered through Whatman No. 1 filter paper and stored at 4 °C for later use.

Gold (IIT) chloride trihydrate (HAuCl43H,0, 99.9%) was purchased from Sigma-Aldrich
(Shanghai, China) and used without further purification. A 1 mM HAuCl, solution was prepared
by dissolving 393 mg of HAuCl,;-3H,O in 1 L of deionized water. For the biosynthesis of GNPs,
10 mL of the seaweed extract was added to 90 mL of the 1 mM HAuCl, solution in a 250 mL
Erlenmeyer flask. The mixture was incubated at 37 °C for 24 h in an orbital shaker incubator
(HZQ-X300, Yiheng Scientific, Shanghai, China) at a shaking speed of 120 rpm. The
biosynthesized GNPs were purified by centrifugation at 12000 rpm for 20 min.

2.2 Preparation of SERS-active paper substrates

Printer paper (A4, 80 gsm) was purchased from a local stationery store in Hangzhou, China.
The paper was cut into 1 x 1 cm? squares using a precision paper cutter (DC-T4606, Deli,
Ningbo, China). The paper squares were cleaned with ethanol and dried in an oven at 60 °C for
30 min. A 20 pL aliquot of the biosynthesized GNP solution was drop-casted onto each paper
square and allowed to dry at room temperature for 1 h. The GNP-coated paper substrates were
then stored in a desiccator until further use. To determine the optimal concentration of GNPs for
SERS enhancement, paper substrates were prepared with different concentrations of the
biosynthesized GNP solution. The original GNP solution was concentrated by centrifugation at
12000 rpm for 20 min and resuspended in deionized water to obtain 5-, 10-, 20-, and 50-fold
concentrated solutions. A 20 uL aliquot of each concentrated solution was drop-casted onto the
paper squares, and the SERS performance was evaluated using a 10 ppm nicotine solution as a
model analyte.
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2.3 SERS measurements

Nicotine (>99%, Sigma-Aldrich, Shanghai, China) was used as the model analyte for SERS
measurements. A 10 pL aliquot of each nicotine solution was drop-casted onto the GNP-coated
paper substrates and allowed to dry at room temperature for 30 min before SERS measurements.
SERS measurements were performed using a LabRAM HR Evolution Raman spectrometer
(HORIBA Scientific, Kyoto, Japan) equipped with a 785 nm diode laser and a 50x objective lens
(NA = 0.75). The laser power was set to 10 mW, and the acquisition time was 10 s. The spectral
range was set from 400 to 1800 cm™! with a grating of 600 grooves/mm. For each sample, SERS
spectra were collected from five randomly selected spots, and the average spectrum was used for
further analysis. All measurements were performed in triplicate.

3. Results and Discussion
3.1 Characterization of biosynthesized GNPs

The successful formation of GNPs through biosynthesis using S. plagiophyllum seaweed
extract was confirmed by UV—visible spectroscopy. As shown in Fig. 1, the UV—vis absorption
spectra of the five batches of biosynthesized GNPs exhibited strong SPR peaks at around 535
nm, which is characteristic of spherical GNPs.®? The narrow and sharp SPR peaks indicate the
formation of monodisperse and uniform GNPs. The absence of any secondary peaks suggests
that the biosynthesized GNPs are stable and well-dispersed in the aqueous solution, without
significant aggregation.() The UV-vis spectrum of the seaweed extract alone exhibited no
absorption in the visible region, confirming that the observed SPR peak is solely due to the
formation of GNPs.
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Fig. 1. (Color online) UV-visible absorption spectra of biosynthesized GNPs showing strong SPR peaks at
535 nm.
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The controlled synthesis of GNPs with uniform size and shape is critical for achieving
reproducible SERS performance. Therefore, we first optimized the key synthesis parameters,
including the volume of seaweed extract, reaction temperature, and reaction time, using UV—
visible spectroscopy to monitor the formation and stability of the nanoparticles. The volume of
the seaweed extract, which provides the reducing and capping agents, plays a crucial role. The
low volumes of the extract (2 and 5 mL) resulted in a slow reduction of gold ions, yielding broad
SPR peaks centered at higher wavelengths, which suggests the formation of larger, polydisperse
nanoparticles. Conversely, a high volume of extract (20 mL) led to very rapid synthesis and
subsequent aggregation, indicated by a significant red-shift and broadening of the peak. A
volume of 10 mL of extract produced a sharp, symmetric SPR peak centered at approximately
535 nm, indicating the successful formation of small, monodisperse GNPs. Therefore, 10 mL
was selected as the optimal volume of seaweed extract.

Temperature is another critical factor that influences the reaction kinetics. At a lower
temperature (25 °C), the reaction was sluggish, and GNP formation was incomplete even after
24 h. At higher temperatures (60 and 80 °C), the reaction rate was excessively high, leading to
the formation of non-uniform particles and aggregation, as evidenced by broader, red-shifted
SPR peaks. The reaction at 37 °C provided a controlled nucleation and growth process, resulting
in stable and uniform GNPs with a distinct SPR peak at 535 nm.

Finally, the reaction time was optimized. The SPR peak intensity at 535 nm was monitored
over 48 h. The intensity increased steadily and reached a plateau after 24 h, indicating that the
reaction was complete. No significant changes in the peak position or shape were observed
between 24 and 48 h, confirming the long-term stability of the biosynthesized GNPs.

On the basis of these optimization studies, the ideal conditions for synthesis were determined
to be the addition of 10 mL of S. plagiophyllum extract to 90 mL of 1 mM HAuCls solution,
incubated at 37 °C for 24 h. These experiments confirm that it is possible to control the particle
size and shape by carefully tuning the reaction parameters. The characterization presented in the
following sections pertains to the GNPs synthesized under these optimized conditions.

The Fourier tranfrom infrared spectrscopy (FTIR) spectra of the seaweed extract and the
biosynthesized GNPs are shown in Fig. 2. The seaweed extract exhibited a broad peak at 3420
cm !, which can be attributed to the stretching vibration of hydroxyl groups from polysaccharides
and polyphenols.®? The peaks observed at 2920 and 2850 cm! are associated with the
asymmetric and symmetric stretching vibrations of methylene groups, respectively. The peak at
1620 cm™! is associated with the stretching vibration of carbonyl groups (C=0) from proteins or
carboxylic acids. The peaks at 1420 and 1320 cm ™! can be assigned to the bending vibrations of
C-H and O-H groups,® respectively. In the FTIR spectrum of the biosynthesized GNPs, the
peak at 3420 cm™! became broader and shifted to a lower wavenumber, suggesting the
involvement of hydroxyl groups in the reduction and stabilization of GNPs. The disappearance
of the peak at 1620 cm™! suggests the binding of carbonyl groups to the surface of GNPs.34 The
appearance of a new peak at 1580 cm™! can be attributed to the vibration of aromatic C=C bonds,
possibly from the polyphenols in the seaweed extract. These results confirm the role of bioactive
compounds in the seaweed extract, such as polysaccharides, polyphenols, and proteins, in the
biosynthesis and stabilization of GNPs.
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Fig. 2. (Color online) FTIR spectra of S. plagiophyllum seaweed extract and biosynthesized GNPs.

The morphologies of the biosynthesized GNPs were investigated by TEM. Fig. 3(a) shows a
representative TEM image of the biosynthesized GNPs, revealing their spherical shape and
uniform size distribution. The GNPs appear to be well-dispersed, with minimal aggregation.>
Fig. 3(b) is the size distribution histogram, which shows that the GNPs have an average diameter
of 15.1 + 2.2 nm, with a narrow size range of 10—20 nm. The lattice spacing was determined to
be 0.23 nm, indicating the (111) plane of face-centered cubic (fcc) gold. The selected area
electron diffraction (SAED) pattern shown in Fig. 3(c) reveals concentric rings, suggesting the
polycrystalline nature of the biosynthesized GNPs.(3®) The SAED rings can be indexed to the
(111), (200), (220), and (311) planes of fcc gold, which further confirm the crystalline structure of
the GNPs.

The crystalline structure of the biosynthesized GNPs was further verified by X-ray
diffraction (XRD) analysis. The XRD pattern of the biosynthesized GNPs is shown in Fig. 4.
The diffraction peaks corresponding to 26 values of 38.1°, 44.3°, 64.7°, and 77.5° are indicative
of the (111), (200), (220), and (311) planes of fcc gold, respectively, as per JCPDS card no. 04-
0784. The high intensity of the (111) peak indicates the preferential orientation of the GNPs
along the (111) plane. The absence of any additional peaks suggests the high purity of the
biosynthesized GNPs, without any contamination from the seaweed extract or other impurities.
37) The average crystallite size was found to be 14.5 nm.®)

3.2 Optimization of SERS substrates

The effect of the concentration of biosynthesized GNPs on the SERS intensity and
background signal intensity was investigated using nicotine as a model analyte. SERS substrates
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Fig. 3.  (Color online) TEM analysis of biosynthesized GNPs: (a) representative TEM image showing spherical and
uniform GNPs, (b) size distribution histogram, and (d) SAED pattern indexed to the fcc gold structure.
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Fig. 4. XRD pattern of biosynthesized GNPs indexed to fcc gold structure.

were prepared by drop-casting different concentrations of GNPs (5-, 10-, 20-, and 50-fold
concentrated) onto paper squares, followed by the addition of a 10 ppm nicotine solution.
Fig. 5(a) shows the SERS spectra of nicotine obtained from the substrates with varying GNP
concentrations. The characteristic peaks of nicotine, such as those at 605, 1370, and 1660 cm™!,
were observed in all the spectra, confirming the successful detection of nicotine using the
biosynthesized GNP-based SERS substrates.3?) The intensity of the nicotine peaks increased
with the increase in GNP concentration up to 20-fold, beyond which a slight decrease in intensity
was observed for the 50-fold concentrated sample. This trend can be attributed to the higher
density of GNPs on the paper surface at higher concentrations, leading to the formation of more
SERS hotspots.#? However, at excessively high concentrations (50-fold), the aggregation of
GNPs may result in a decrease in the number of available hotspots, thus leading to a lower SERS
intensity. Figure 5(b) shows the background SERS signals of the substrates with different GNP
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Fig. 5. (Color online) (a) SERS spectra of nicotine (10 ppm) obtained from substrates with different concentrations
of biosynthesized GNPs. (b) Background SERS signals of substrates with different GNP concentrations.

concentrations. The background signal intensity decreased with the increase in GNP
concentration, which can be explained by the greater coverage of the paper surface by GNPs,
reducing the contribution of the paper substrate to the background signal.*") On the basis of
these results, the 20-fold concentrated GNP solution was selected as the optimal concentration
for the fabrication of SERS substrates, as it provided the highest SERS intensity and the lowest
background signal intensity.

The spatial uniformity of the biosynthesized GNPs on the paper surface was analyzed by
SEM. Figure 6(a) shows the SEM image of a paper substrate coated with the optimized 20-fold
concentrated GNP solution. The GNPs appear as bright spots distributed homogeneously across
the cellulose fibers, indicating their successful and even deposition without significant large-
scale aggregation. This uniform physical distribution is crucial for generating a consistent
density of SERS hotspots across the substrate, which is a prerequisite for achieving high signal
reproducibility—a key challenge in SERS substrate fabrication. The porous, fibrous nature of
the paper substrate likely aids in this uniform deposition by wicking the nanoparticle solution
and mitigating the “coffee-ring effect” that often leads to sample heterogeneity on nonporous
surfaces. The cross-sectional SEM image [Fig. 6(b)] shows that the GNPs are primarily confined
to the surface of the paper, with minimal penetration into the deeper layers. This surface
confinement is beneficial for SERS, as it ensures that analyte molecules are adsorbed in the
region of maximum electromagnetic enhancement, leading to a strong and consistent SERS
signal.

3.3 Analytical performance of SERS detection

Figure 7(a) shows the SERS spectra of nicotine in the concentration range of 0.1-100 ppm.
The characteristic peaks of nicotine, such as those at 605, 1030, and 1660 cm™!,*? were clearly
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Fig. 6. (a) SEM image of a paper substrate coated with 20-fold concentrated biosynthesized GNPs. (b) Cross-
sectional SEM image of GNP-coated paper substrate.
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Fig. 7. (Color online) (a) SERS spectra of nicotine at different concentrations (1 nM to 1 pM) obtained using
biosynthesized GNP-based substrates. (b) Calibration curve for SERS detection of nicotine, constructed by plotting
the intensity of the nicotine peak at 605 cm™' against the logarithm of the nicotine concentration.

observed in all the spectra, indicating the successful detection of nicotine using the SERS
substrates. The intensity of nicotine increased proportionally with the nicotine concentration,
demonstrating the quantitative nature of SERS detection. The SERS spectra exhibited excellent
signal-to-noise ratios, even at low nicotine concentrations, highlighting the high sensitivity of
the biosynthesized GNP-based SERS substrates.*> A critical parameter for quantitative SERS
applications is the signal uniformity across the substrate, as significant variations in intensity
between measurement spots can undermine the reliability of the analysis. To quantitatively
evaluate this, the reproducibility of the SERS signals was assessed by recording spectra from
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five randomly selected spots on a substrate prepared with a 50 nM nicotine solution. The relative

standard deviation (RSD) of the intensity of the prominent nicotine peak at 605 cm™!

was
calculated. The RSD value was found to be 5.8%, indicating excellent signal homogeneity and
measurement reproducibility across the substrate surface. This low RSD confirms that the drop-
casting method, combined with our GNP formulation, produces a uniform sensing surface.

This high degree of uniformity is further highlighted when compared with a commercial
SERS substrate. The biosynthesized GNP-based substrates exhibited a significantly lower RSD
(5.8%) than the commercial Klarite substrates (9.2%) under identical measurement conditions.
The superior reproducibility of our substrates can be directly attributed to the homogeneous,
non-aggregated distribution of GNPs on the paper surface. This is a key advantage of our
biosynthesis method; the rich layer of biomolecules (e.g., polysaccharides and polyphenols) from
the seaweed extract acts as a natural capping and stabilizing agent, forming a robust biomolecular
corona on the GNP surface. This corona provides superior steric stabilization that prevents the
nanoparticles from forming large, SERS-inactive clumps during drying, thereby promoting the
formation of a dense and uniform network of hotspots essential for a strong and reproducible
SERS signal.

To evaluate the quantitative performance of the biosynthesized GNP-based SERS substrates,
a calibration curve of the intensity of the nicotine peak at 605 cm™! against the logarithm of the
nicotine concentration was constructed [Fig. 7(b)]. The calibration curve exhibited a linear
relationship in the concentration range from 1 nM to 1 pM, with an R? of 0.998. The limit of
detection (LOD) and limit of quantification (LOQ) were calculated to be 0.2 and 0.4 nM,
respectively, demonstrating the high sensitivity of the method. Furthermore, the batch-to-batch
reproducibility was evaluated by preparing three different batches of SERS substrates and
measuring the spectra of a 50 nM nicotine solution. The RSD of the peak intensity at 605 cm™!
across the three batches was found to be 5.6%, confirming that the entire synthesis and
fabrication process is highly consistent and reliable.

The performance of the biosynthesized GNP-based SERS substrates was compared with that
of commercial SERS substrates (Klarite, Renishaw) for the detection of nicotine. Figure 8(a)
shows the SERS spectra of a 50 nM nicotine solution obtained using the biosynthesized GNP-
based substrates and the commercial substrates. The biosynthesized GNP-based substrates
exhibited a significantly higher SERS intensity than the commercial substrates, with an
enhancement factor (EF) of 2.5 x 109, which is approximately five times higher than that of the
commercial substrates (EF = 5.2 x 10°). This significantly enhanced EF and superior
reproducibility can be attributed to several key factors rooted in the synthesis method. The rich
mixture of bioactive compounds (e.g., polysaccharides and polyphenols) in the S. plagiophyllum
extract serves not only as a reducing agent but also as a highly effective capping and stabilizing
layer on the GNP surface. This natural biomolecular corona provides robust steric stabilization,
which prevents uncontrolled aggregation of nanoparticles when they are deposited and dried on
the paper substrate. Consequently, instead of forming large, SERS-inactive clumps, the GNPs
self-assemble into a dense and homogeneous network with a high density of nanometer-scale
gaps between particles. These interparticle junctions, or ‘hotspots’, are the primary source of the
massive electromagnetic field enhancement in SERS.#® The uniform distribution of these
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Fig. 8. (Color online) (a) SERS spectra of a 50 nM nicotine solution obtained using biosynthesized GNP-based
substrates and commercial SERS substrates. (b) Comparison of reproducibility of SERS signals between
biosynthesized GNP-based substrates and commercial substrates, represented by the RSD of the peak intensity at
605 cm L,

hotspots across the substrate ensures a strong and reproducible signal, as confirmed by the low
RSD value (5.8%), compared with the 9.2% RSD of the commercial substrates. In contrast,
commercial substrates like Klarite, which are based on rigid, prefabricated structures, may have
a lower density of accessible hotspots or a surface chemistry less conducive to analyte adsorption
than the functionalized surface of our biosynthesized GNPs. The reproducibility of the SERS
signals was also compared between the two substrates by recording the spectra from five
different spots on each substrate and calculating the RSD of the peak intensity at 605 cm™!
[Fig. 8(b)]. The biosynthesized GNP-based substrates exhibited a lower RSD (5.8%) than the
commercial substrates (9.2%), indicating the superior reproducibility of the biosynthesized
GNP-based substrates. The improved reproducibility is due to the homogeneous distribution of
GNPs on the paper surface, which ensures a consistent SERS signal across the substrate.

In addition to the enhanced sensitivity and reproducibility, the biosynthesized GNP-based
SERS substrates offer several advantages over the commercial substrates. The utilization of
seaweed extract in the biosynthesis of GNPs presents a green and sustainable alternative that
removes the necessity for toxic chemicals and harsh reaction conditions. The paper-based
substrates are inexpensive, flexible, and easy to fabricate, making them suitable for large-scale
production and on-site detection. Moreover, the paper-based substrates are disposable, which
minimizes the risk of cross-contamination and ensures the reliability of the SERS measurements.

Furthermore, when compared with GNPs prepared by conventional chemical reduction
methods, such as the Turkevich method using sodium citrate, the biosynthetic route offers
distinct advantages for SERS applications. Chemically synthesized GNPs are typically stabilized
by a simple layer of citrate ions, which provides only electrostatic stabilization. This can lead to
uncontrolled aggregation when exposed to the complex matrix of a real sample or during the
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drying process on a substrate, resulting in a non-uniform distribution of nanoparticles and
irreproducible SERS signals.*) In contrast, the GNPs synthesized in our study are capped by a
rich layer of biomolecules (e.g., polysaccharides and polyphenols) from the seaweed extract. This
dense biomolecular corona provides superior steric stabilization, which effectively prevents
irreversible aggregation and promotes the formation of a homogeneous film with a high density
of reproducible hotspots on the paper substrate.*®) This superior stabilization and the resulting
controlled nanostructure are crucial for achieving the high sensitivity and reproducibility
reported in our work.

3.4 Application to nicotine analysis in HTPs and cigar

The applicability of the biosynthesized GNP-based SERS substrates for the analysis of
nicotine in real samples was demonstrated by extracting nicotine from HTPs. Three different
brands of HTPs were purchased from local markets in Zhengzhou, China. After removing the
tobacco sticks from the HTPs, they were ground into a fine powder. A 0.5 g powdered sample
was then extracted with 10 mL of methanol through sonication for 30 min in an ultrasonic bath.
After centrifugation of the extract at 10000 rpm for 10 min, the filtered extract was subsequently
diluted with deionized water to reach a concentration falling within the linear range of the
calibration curve.

To evaluate the accuracy and precision of the developed method, recovery studies were
performed by spiking known amounts of nicotine into the HTP samples before extraction. Three
different concentration levels (10, 30, and 50 nM) were used for the recovery studies, and each
level was analyzed in triplicate. The spiked samples were extracted and analyzed using the same
procedure as described above. The recoveries were calculated by comparing the measured
concentrations with the spiked concentrations. Table 1 shows the recovery results for the three
HTP samples at different spiking levels. The recoveries ranged from 92.5 to 108.3%. The RSDs
of the recoveries were less than 6% for all the samples and spiking levels, indicating the excellent
accuracy and precision of the developed method for nicotine analysis in HTPs. The matrix
effects on the SERS detection of nicotine in HTP samples were investigated by comparing the
SERS spectra of nicotine in the extracted samples with those of nicotine in pure aqueous
solutions. Figure 9 shows the SERS spectra of a 30 nM nicotine standard solution and the
extracted HTP samples spiked with 30 nM nicotine. The SERS spectra of the extracted samples
exhibited similar peak positions and intensities to those of the nicotine standard solution,
indicating the minimal effect of the sample matrix on the SERS detection. The matrix effects
were further quantified by calculating the matrix effect percentage (MEP) using the following
equation: MEP (%) = (Iyrp — Lyandard) ! Lstandara % 100, where Iyrp and I, 1,4 are the intensities
of the nicotine peak at 1030 cm™! in the extracted HTP sample and the nicotine standard solution,
respectively. The MEP values for the three HTP samples were in the range from —5.2% to 3.8%,
confirming the negligible matrix effects on the SERS detection of nicotine in HTPs.

The developed method, based on the use of biosynthesized GNP-based SERS substrates for
the detection of nicotine in HTPs, offers several advantages over conventional analytical
techniques. The SERS substrates provide high sensitivity and selectivity for nicotine detection,
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Table 1
Recovery results for the analysis of nicotine in three different HTP samples at three spiking levels (10, 30, and 50
nM) using the biosynthesized GNP-based SERS substrates.

Sample Spiking level (M) concle\flf:t‘i‘iid(nM) Recovery (%) RSD (%) (n=3)
10 9305 93.0 5.4
HTP 1 30 295+ 13 98.2 43
50 51.5+23 103.0 45
10 10.8 £ 0.06 108.0 5.6
HTP 2 30 30.6+0.5 102.0 49
50 487+2.1 97.4 43
10 9.6 0.05 96.0 52
HTP 3 30 27.840.51 92.5 5.5
50 523427 104.6 5.2
standard solution
2
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Fig. 9. (Color online) SERS spectra of a 30 nM nicotine standard solution and extracted HTP samples spiked with
30 nM nicotine, demonstrating minimal matrix effects on the SERS detection of nicotine in HTPs.

with a low detection limit and a wide linear range. The paper-based substrates are inexpensive,
casily fabricated, and disposable, making them suitable for on-site detection and high-throughput
analysis. The developed method demonstrates excellent accuracy and precision, with high
recoveries and low RSDs for the analysis of nicotine in real HTP samples. The minimal matrix
effects observed in the SERS detection of nicotine in HTPs highlight the robustness and
reliability of the developed method. However, there are some limitations to the developed
method that should be considered. The SERS substrates require the optimization of GNP
concentration to achieve the best performance, which may vary depending on the synthesis
conditions and the seaweed extract used. The long-term stability of the biosynthesized GNPs
and the SERS substrates needs to be further investigated to ensure the reproducibility of the
results over an extended period. The developed method focuses on the detection of nicotine in
HTPs, and its applicability to other tobacco products or matrices may require additional
optimization and validation. Finally, the SERS measurements were performed using a
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laboratory-based Raman spectrometer, which may limit the portability and on-site applicability
of the developed method. Future work should focus on the development of portable SERS
devices or the integration of the SERS substrates with smartphone-based detection platforms to
enable the on-site analysis of nicotine in tobacco products.

4. Conclusions

We demonstrated the successful development of a highly sensitive and selective SERS-based
method for the detection of nicotine in HTPs using biosynthesized gold nanoparticles from S.
plagiophyllum seaweed extract. The optimization of SERS substrates revealed that a 20-fold
concentrated GNP solution provided the highest SERS intensity and the lowest background
signal intensity. The developed SERS method exhibited a wide linear range (1 nM to 1 uM), low
LOD (0.2 nM), and excellent reproducibility (RSD < 8%). The biosynthesized GNP-based
substrates demonstrated a significantly higher enhancement factor (2.5 x 10°) and better
reproducibility (RSD = 5.8%) than commercial SERS substrates. The applicability of the method
for nicotine analysis in real HTP samples was validated, with recoveries ranging from 92.5% to
108.3% and minimal matrix effects (MEP: —5.2 to 3.8%). The eco-friendly biosynthesis of
GNPs, combined with the inexpensive and disposable paper-based substrates, makes this method
promising for the rapid and reliable quantification of nicotine in HTPs.
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