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se evaluation of nicotine from
snus products under different storage conditions
based on surface-enhanced Raman spectroscopy
technology†

Yongfeng Tian,ab Lu Zhao,c Yonghua Pan,d Zhengfeng Li,e Xiaofeng Shen,a Xia Zhang,a

Xianghu Tang, *bf Xin Feng*a and Xingjiu Huang bf

Surface enhanced Raman spectroscopy (SERS) is a highly sensitive analytical detection technique that

provides unique chemical and structural information on target molecules. Snus is a type of tobacco

product that can release nicotine and other components under certain humidity and temperature

without burning, and the evaluation of its nicotine release under different storage conditions is very

important for understanding its characteristics, regulating its components, and setting reasonable

storage conditions. Herein, by means of an artificial climate box and suction extraction device, the

volatile release evaluations of nicotine from snus products under different storage conditions were

performed based on Fe3O4 microparticles coated with Au nanorods and Au nanoparticles

(Fe3O4@AuNRsNPs) as SERS substrates combined with a capillary. The Fe3O4@AuNRsNPs assemblies can

be fixed in the inner wall of the capillary with the aid of an external magnetic field, which improved the

maneuverability of the SERS substrates. By comparing the intensities of the spectral peaks of the

symmetrical breathing of the pyridine moiety of nicotine molecules with increasing temperature and

humidity, which could significantly accelerate the volatile release of a small amount of nicotine, the

nicotine release under different conditions could be evaluated. Based on this strategy, it was possible to

obtain the storage or placement conditions of the product. The results of this study provide a reference

to clarify the volatile release of nicotine under various storage conditions, which is helpful for better

regulation of the levels of nicotine in snus. Moreover, such destruction-free evaluation of the volatile

release of nicotine from snus products under different storage conditions opens up new perspectives for

further research about the impact of nicotinoids on smokers' health and cessation programs.
Introduction

Nowadays, it is generally accepted that smoking, including
passive smoking caused by smoke, is harmful to health.1–3

However, it is still difficult for the masses of smokers who use
tobacco to ameliorate anxiety and mental health problems to
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keep away from tobacco products.4–6 Smokeless tobacco is
considered less harmful than smoking, e.g., it does not cause
passive smoking, which makes many smokers who have trouble
quitting switch to smokeless products,7–9 such as snus,10–12

which contain leaf tobacco or non-tobacco plant materials
infused with nicotine, and are used by placing pouches in the
mouth, allowing the nicotine to be absorbed through the lining
of the mouth at a continuous rate until it is removed. Despite
reducing the risks of passive smoking, a plethora of snus
products lead to unacceptable exposure to multiple potentially
harmful substances, which is a possible cause of oral diseases.
Moreover, unlike traditional tobacco, snus products can release
nicotine at lower temperatures without burning. Because of
these, some viewpoints propose that the regulation of the levels
of toxicants and nicotine in snus products and evidence-based
tobacco control efforts have been recognized as established
pathways to prevent tobacco related diseases.13 Therefore, in
order to understand the impact of nicotinoids on smokers'
health and cessation programs, and to clarify the nicotine
© 2023 The Author(s). Published by the Royal Society of Chemistry
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volatile release under various storage conditions, as well as to
achieve better regulation of the levels of toxicants and nicotine
in snus, it is necessary to conduct relevant studies to rapidly and
reliably evaluate the release of nicotine from snus products.

However, due to the slow and extremely small amount
volatilization of nicotine from snus under normal conditions, it
is difficult to achieve the evaluation of its volatilization by
conventional methods. Therefore, no other rapid detection
methods have been reported to evaluate the volatilization of
nicotine from snus yet. But, among the various analytical
detection methods, surface enhanced Raman spectroscopy
(SERS) is a highly sensitive analytical method and rapid
conrmatory detection technique that provides unique chem-
ical and structural information on target molecules and has
achieved widespread application in the qualitative analysis of
substances,14–17 and is expected to be used for the volatile
release evaluations of nicotine from snus products under
different storage conditions. Here, it is worth mentioning that
the development and application of SERS technology depend on
the design of the substrates as well as the construction of the
corresponding module.17–22 For many more substrates, espe-
cially practical SERS substrates, their current development
needs to consider the characteristics of high reliability, fast
operation, easy maintenance and portability.23–25 Researchers
found that binary nano- or micro-particles composed of
a superparamagnetic core and Au or Ag nanoshell, such as
Fe3O4 microparticles coated with Au nanorods (Fe3O4@-
AuNRs),26 Fe3O4 coated with Au nanoparticles (Fe3O4@-
AuNPs),27 etc., have a lot of advantages.27–29 These nanoscale
noble metal nanoshell-coated magnetic particles would be
useful, especially in the SERS analysis of chemical species dis-
solved in aqueous solutions because the magnetic particles can
be readily enriched from the solution by means of an external
magnetic eld without centrifugation or ltration. Meanwhile,
the binary SERS substrate combined with a capillary
structure,30–32 which is semi-closed, can be used as an
embedded SERS substrate or for building micro circulation
research.33–35 Besides, according to our previous research,36 as
one type of highly volatile analyte, conducting nicotine's iden-
tication based on SERS in a relatively closed or semi-closed
state should be better. Meanwhile, in view of the fact that the
regulated growth optimization of construction of a type of AuNP
assembly hierarchical structure in the capillary (AuNPs/Cap)36 is
still a complicated process, nanoscale noble metal nanoshell-
coated magnetic particles combined with a capillary to
construct a microow path module provide a potential opti-
mization research strategy with more maneuverability for
release evaluation of nicotine from snus products.

Herein, based on the above considerations, in this study, we
put forward the research idea of the volatile release evaluation
of nicotine from snus products under different storage condi-
tions based on SERS technology by means of Fe3O4 micropar-
ticles coated with AuNRs and AuNPs (Fe3O4@AuNRsNPs)
combined with a capillary. The co-assembly of AuNRs and
AuNPs on the surface of Fe3O4 has a higher SERS sensitivity.
Through the investigation of volatile release of nicotine, the
nicotine release or migration rate of snus products under
© 2023 The Author(s). Published by the Royal Society of Chemistry
certain conditions can be used for establishing a method for
rapid evaluation of the storage or placement conditions of the
products. In addition, such destruction-free simultaneous
extraction and SERS detection of nicotine in snus products open
up new perspectives for better regulation of the levels of nico-
tine in snus, as well as for further research about the impact of
nicotinoids on smokers' health and cessation programs.
Experimental
Materials

L-Ascorbic acid (AA, 99%), tetrachloroauric acid tetrahydrate
(HAuCl4$4H2O), cetyltrimethylammonium bromide (CTAB,
99%), silver nitrite (AgNO3), nitric acid (HNO3), polyethylene
glycol (PEG), iron(III) chloride hexahydrate (FeCl3$6H2O),
ethylene glycol (EG), sodium acetate anhydrous (NaAc$3H2O),
trisodium citrate (C6H5Na3O7), sodium borohydride (NaBH4),
poly(vinylpyrrolidone) (PVP, k30) and polyethylenimine (PEI)
were purchased from Shanghai Chemical Reagent Company
(Shanghai, China). The reagents were all of analytical grade and
used without further purication. Ultrapure water (>18.0
MU$cm) was puried using a Millipore Milli-Q gradient system
throughout the experiment.
Synthesis of Fe3O4 microspheres

The synthesis of Fe3O4 was carried out according to the litera-
ture.26,37 Typically, rst, 2.7 g FeCl3$6H2O was dissolved in
80 mL EG. Then, 2.0 g PEG (molecular weight 10 000) and 7.2 g
NaAc$3H2O were added to the solution. The mixture was stirred
until the reactants were fully dissolved. And then, the mixture
was transferred into a Teon®-lined autoclave with a capacity of
100 mL and heated at 200 °C for 12 h. Aer the product was
rinsed alternately with ethanol and pure water several times
with the aid of an external magnetic eld, it was dried under
vacuum at 60 °C for 6 h.
Synthesis of AuNPs and AuNRs

AuNPs were synthesized by reduction of HAuCl4 with trisodium
citrate.38 Briey, 2 mL (1% wt) C6H5Na3O7 solution was quickly
added to a boiling HAuCl4 solution (100 mL, 0.25 mM) under
reux and vigorous stirring. Aer boiling for 40 min, the heat-
ing mantle was removed to let the solution cool to room
temperature for further use.

AuNRs were synthesized using the seed growth method.39

Briey, Au seeds were initially synthesized by carrying out
a NaBH4 reduction of HAuCl4, and then AuNRs were obtained
by seed growth regulation. Aer that, the solution of these
AuNRs was transferred into centrifuge tubes, and the product
was collected by centrifugation at 7.5 rpm and washed with pure
water twice in order to remove the excess CTAB. And then,
AuNRs were transferred into 5 mg mL−1 PVP ethanol solution
for surface functionalization with PVP.40 Aer the PVP was
allowed to adsorb onto the surface of Au NRs for 12 h with
stirring, the solution was centrifuged at 7.5 rpm to remove
excess PVP, and then it was redispersed in ethanol before use.
RSC Adv., 2023, 13, 23130–23137 | 23131

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03977c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

5/
20

25
 8

:4
6:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fabrication of AuNR and AuNP coated Fe3O4 microparticles

First, 50 mg Fe3O4 microparticles were functionalized with PEI
by suspending them in 25 mL 5 mg mL−1 PEI solution. Aer
washing with pure water several times, the PEI-functionalized
Fe3O4 microparticles were dispersed into PVP-stabilized AuNR
solution, followed by shaking for about 4 h in an incubator
shaker. Aer that, the products were redispersed in 10 mL water
with ultrasonication within minutes. And then, Fe3O4@AuNRs
particles were functionalized with PEI by suspending them in
25 mL 5 mg mL−1 PEI solution. Aer washing with pure water
several times, the PEI-treated Fe3O4@AuNRs particles were
dispersed into AuNP solution. The reaction was allowed to
proceed at room temperature for 4 h under continuous shaking
in an incubator shaker. The resulting products were collected by
a magnet, followed by washing with water. Aer that, the
products Fe3O4@AuNRsNPs were redispersed in 10 mL water
with ultrasonication prior to further use.
Volatile release evaluation of nicotine from snus products
under different storage conditions based on SERS

Scheme 1 displays the schematic illustration of the volatile
release evaluation of nicotine from snus products under
Scheme 1 (A) Schematic illustration of different storage conditions
based on an artificial climate storage chamber. (B) Schematic illus-
tration of the volatile release evaluation of nicotine from snus products
under different storage conditions based on Fe3O4@AuNRsNPs
combined with a capillary to construct a SERS detection module. (C)
and (D) Schematic illustrations of the Fe3O4@AuNRsNPs substrate
combinedwith a capillary for SERS detection of nicotine from snus and
Fe3O4@AuNRsNPs microparticle assemblies.

23132 | RSC Adv., 2023, 13, 23130–23137
different storage conditions based on SERS. By setting the
temperature, humidity and other conditions of the articial
climate storage chamber, the snus pouch was put into the
storage chamber for a certain period of time, respectively, and
then transferred into the air extraction chamber. The volatile
components on the surface of the snus products will follow the
air ow, and the water-soluble molecules such as nicotine
would remain in the water lter module (similar to a water
pipe). Aer the micro pump worked for 10 min, the SERS
detection module was connected, and the liquid in the water
lter entered into the capillary, which was loaded with Fe3-
O4@AuNRsNPs microparticles. Aer staying for 5 min, SERS
detection was carried out, and the Raman spectrum collection
time was about 5 s.
Characterization and instruments

The morphology, structure, and composition of the samples
were investigated by using an Auriga focused ion-beam scan-
ning electron microscope (FIB-SEM), and a JEOL JEM-2010
high-resolution transmission electron microscope (HRTEM)
equipped with an Oxford INCA energy dispersive spectroscopy
(EDS) system, respectively. The absorption spectra were ob-
tained using a UV-2550 spectrophotometer. Raman spectra were
recorded on a LabRAM HR800 confocal microscope Raman
system (Horiba Jobin Yvon). The laser beam was focused on the
sample using a 10× LMPLFLN microscope objective (numerical
aperture NA = 0.25; working distance WD = 10.6 mm). The
Raman spectrometer was calibrated using a silicon wafer at
520.7 cm−1. The laser power was approximately 1 mW. For each
SERS spectrum, baseline correction was performed using Lab-
Spec V5.58.25 soware, and the peak frequency was obtained
from peak tting.
Results and discussion

Fig. 1A displays a schematic illustration of the principle
procedure for the fabrication of AuNR and AuNP coated Fe3O4

microparticles. The surfaces of citrate-AuNPs and PVP func-
tionalized AuNRs40 employed in this work were negatively
charged, while the surfaces of PEI functionalized Fe3O4 or Fe3-
O4@AuNRs microparticles were positively charged due to
a large number of basic amino groups at the polymer chains of
PEI,26 thus making the assembly of AuNPs and AuNRs on the
surfaces of microspheres based on the electrostatic interaction.
The formation of AuNRs, Au NPs, Fe3O4 and Fe3O4@AuNRs
microparticles was characterized by SEM, TEM, and UV-vis
absorption spectra, respectively (Fig. S1 and S2, ESI†). Typical
digital photos of Fe3O4 and Fe3O4@AuNRs-NPs dispersion
liquid and the corresponding assembly with the aid of an
external magnetic eld can be seen in Fig. 1B and C, respec-
tively. As can be seen from the gure, both Fe3O4 and Fe3-
O4@AuNRsNPs exhibit superparamagnetism under the action
of an external magnetic eld. The evidence for the co-assembly
of AuNRs and AuNPs on the surface of Fe3O4 was conrmed by
SEM, TEM and EDS, as shown in Fig. 1D–H. Fig. 1D and E show
the typical SEM images of Fe3O4@AuNRs-NPs microparticles at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic illustration of the procedure for the fabrication of AuNR and AuNP coated Fe3O4 microspheres. (B) and (C) Typical digital
photos of Fe3O4 and Fe3O4@AuNRsNPs dispersion liquid and the corresponding assembly with the aid of an external magnetic field, respectively.
(D) and (E) Typical SEM images of Fe3O4@AuNRsNPs microparticles at different magnifications. (F) Typical TEM image of a single particle of
Fe3O4@AuNRsNPs. (G) EDS of Fe3O4@AuNRsNPs microparticles and elemental mappings of Fe, O, and Au corresponding to (F). (H) EDS
spectrum of Fe3O4@AuNRsNPs microparticles corresponding to (G).

Fig. 2 (A) Typical digital photo of SERS detection based on Fe3O4@-
AuNRsNPs combined with a capillary to construct a SERS detection
module. (B) Fe3O4@AuNRsNPs microparticles assembled with the aid
of an external magnetic field. (C) A series of SERS spectra of nicotine in
water at 20 ppm with different assembled structures as SERS
substrates in the capillary, respectively. (D) Comparison of the inten-
sities of the peak position at 1028 cm−1 of 20 ppm nicotine based on
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different magnications. It is clear that the sample was
composed of many dispersed Fe3O4@AuNRsNPs microparticles
with diameters of 500–800 nm. Moreover, as can be clearly seen
from Fig. 1F, the TEM image also indicated that the Fe3O4

microparticles were coated with AuNRs and AuNPs. This is
because, as previously mentioned, AuNRs employed in this
work were pretreated with PVP and the surface was negatively
charged, and the surface of the citrate stabilized AuNPs was
negatively charged, while the surfaces of PEI-functionalized
Fe3O4 microspheres were positively charged26 due to a large
number of basic amino groups at the polymer chains of PEI,
thus making the assembly of AuNRs and AuNPs on the surfaces
of Fe3O4 microspheres based on the electrostatic interaction. In
order to further investigate the elemental distribution of the
Fe3O4@AuNRsNPs, the elemental mappings of Fe, O, and Au
were also performed by EDS area scans corresponding to
Fig. 1F, as shown in Fig. 1G. Meanwhile, EDS spectrum analysis
can be seen in Fig. 1H. Fig. 1G and H indicate that the as-
prepared product consists of Fe, O, and Au. As a note, the Cu
element was detected in the sample, originating from copper
grids. From Fig. 1G, the prole of Au element is similar to but
slightly larger than those of O and Fe, which indicates that the
Au element distributes densely and surrounds the Fe3O4

microparticle core. It is worth mentioning that there were many
gaps of several manometers between Au nanostructures, which
would be very advantageous for forming hot spots, and
achieving large near-eld enhancement effects, and benecial
for SERS activity.

To evaluate the potential application of the as-obtained
Fe3O4@AuNRsNPs microparticles combined with a capillary to
construct a SERS detection module, nicotine standard solution
© 2023 The Author(s). Published by the Royal Society of Chemistry
was chosen as the probe molecule. Fig. 2A and B show the
typical digital photos of SERS detection of nicotine based on
Fe3O4@AuNRsNPs combined with a capillary to construct
a SERS detection module and Fe3O4@AuNRsNPs microparticles
assembled with the aid of an external magnetic eld. With the
entry of the liquid containing probe molecules, when a certain
concentration of nicotine molecules approached and stayed on
the surface of Fe3O4@AuNRsNPs in the inner wall of the
different assembled structure SERS substrates corresponding to (C).

RSC Adv., 2023, 13, 23130–23137 | 23133
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capillary, its SERS signal may be detected under laser excitation.
Fig. 2C shows the series of SERS spectra of nicotine in water at
20 ppm with different assembled structures as SERS substrates
in the capillary, respectively. As shown in Fig. 2C, it can be
found that either Fe3O4@AuNRsNPs or Fe3O4@AuNRs was used
as the SERS substrate, and 20 ppm of nicotine exhibited
a dominant peak at 1028 cm−1, a shoulder at 1049 cm−1, and
other smaller peaks. Compared with the normal Raman spec-
trum of nicotine from our previous research36 and ref. 41–43,
the peaks at 1028 cm−1 and 1049 cm−1 are tentatively assigned
to the symmetrical breathing and trigonal ring deformation of
the pyridine moiety. Meanwhile, when only Fe3O4 microspheres
were used as the substrates, the results showed that almost no
nicotine-related Raman signals were detected, which also
indicates that the AuNRs or AuNRsNPs accumulated on the
surface of Fe3O4 microparticles had Raman enhancement
effect. By comparing the peak intensities at 1028 cm−1 of
different SERS substrates, as can be seen in Fig. 2C and D, it can
be further found that Fe3O4@AuNRsNPs showed a more
signicant effect than Fe3O4@AuNRs, regardless of whether the
laser wavelength was 633 nm or 785 nm. The reason for this
result involves the structure of the AuNRs or AuNRsNPs
assemblies. It is generally believed that plasma resonance effect
with high density “hot spots” between nanostructures is the key
aspect to the SERS effect.44–46 By co-assembling AuNPs on the
surface of Fe3O4@AuNRs, Raman enhancement effect was
signicantly improved compared with the initial assembled
structure due to the optimization of density and particle gap
and other structures. Therefore, the optimal substrate, Fe3-
O4@AuNRsNPs, was used in the subsequent study.

Fig. 3A shows the SERS spectra of different concentrations of
nicotine with Fe3O4@AuNRsNPs as substrates combined with
a capillary and water as the dispersion medium. When low
concentration of nicotine adsorbed on or approached the
surface of Au nanostructures, a SERS signal would be detected.
From the result, it can be found that standard nicotine solution
Fig. 3 (A) A series of SERS spectra of nicotine in water at different
concentrations with Fe3O4@AuNRsNPs as the SERS substrates
combined with a capillary, respectively. (B) Time-dependent SERS
spectra of 20 ppm nicotine based on Fe3O4@AuNRsNPs combined
with a capillary. (C) Time-dependent SERS intensity fluctuation of
nicotine based on Fe3O4@AuNRsNPs substrates combined with
a capillary.

23134 | RSC Adv., 2023, 13, 23130–23137
can be detected as low as 0.2 ppm, which proved the sensitivity
of the SERS technology with Fe3O4@AuNRsNPs as SERS
substrates for nicotine identication. In order to evaluate the
practical application signicance of Fe3O4@AuNRsNPs as SERS
substrates combined with a capillary, 20 ppm nicotine solution
owed into the capillary, and SERS detection was carried out
aer ∼5 min. Because of the unique structural of capillary, its
capillary action will be available for the liquid directly be
absorbed, without any auxiliary tools. And the capillary struc-
ture is a semi-closed state, so it is not easily contaminated fol-
lowed by the construction of micro circulation, which can be
used for a new type of SERS detection module and can keep the
nicotine molecules from escaping by volatilization under the
monitoring process, as shown in Fig. 3B and C. Although the
SERS signals based on Fe3O4@AuNRsNPs combined with the
capillary also uctuated to a certain extent, the amplitude of
uctuation was less than 15%, and the signal intensities
remained relatively stable. In addition, the Raman peak at
1028 cm−1 was chosen to calculate the relative standard devia-
tion (RSD) of different spectra to evaluate the reproducibility of
Fe3O4@AuNRsNPs. The value of RSD in different batches from
Fe3O4@AuNRsNPs is 11.97% (more details can be seen in
Fig. S3, ESI†), presenting an acceptable variation (less than 20%
RSD) in SERS intensities.47 Therefore, through combining the
advantages such as SERS effect, reproducibility and maneuver-
ability of the substrates, Fe3O4@AuNRsNPs microparticles
combined with a capillary are suitable for the detection and
monitoring of nicotine and other highly volatile analytes.

Snus is a type of tobacco product that can release nicotine
and other components under certain humidity and temperature
without burning, and the evaluation of its nicotine release
under different storage conditions is very important for
understanding its characteristics, regulating its components
and setting reasonable storage conditions. Thus, the volatile
release evaluation of nicotine from snus products under
different storage conditions based on SERS technology by
means of Fe3O4@AuNRsNPs microparticles combined with
a capillary was carried out according to Scheme 1 (more details
can be seen in Fig. S4, ESI†). By setting the temperature,
humidity and other conditions of the articial climate storage
chamber, the snus pouch (typical snus powder and snus pouch
can be seen in Fig. 4A and B) was put into the storage chamber
for a certain period of time, typically, 24 h, 48 h and 72 h,
respectively, and then transferred into the air extraction
chamber. Some of the volatile components on the surface of the
snus will follow the air ow, and the water-soluble molecules
such as nicotine would mainly remain in the water lter
module, which can be seen in Fig. 4C. Aer the micro pump
worked for 10 min, the SERS detection module was connected,
and the liquid in the water lter entered into the capillary
loaded with Fe3O4@AuNRsNPs. Aer staying for 5 min, SERS
detection was carried out. It's worth noting that the Fe3O4@-
AuNRsNPs assemblies were xed in the inner wall of the
capillary with the aid of an external magnetic eld, which also
improved the maneuverability of the SERS substrates. As can be
seen from Fig. 4D–F, increasing temperature could signicantly
accelerate the release of a small amount of volatiles of nicotine.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Typical digital photos of (A) snus powder and (B) snus pouch. (C) Typical digital photos of the water filter module. (D)–(F) By means of an
artificial climate box and suction extraction device, the volatile release evaluations of nicotine from snus products under different storage
conditions were carried out based on SERS technology. Typical release evaluations of nicotine from the snus pouch based on Fe3O4@AuNRsNPs
SERS substrates combined with a capillary under different conditions for SERS detection: placed in the storage chamber for 48 hours (G) at 90%
RH and (H) at 95% RH.
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From Fig. 4, it can be further seen that when the temperature
increased under high humidity, the volatiles of nicotine were
released more signicantly. For example, when the temperature
increased to 30 °C under 95% RH, the SERS signal of nicotine
could be detected aer 10 min of pumping with a micro-pump,
and while the temperature increased to 50 °C under 95% RH,
the SERS signal became superconspicuous. Through the
comparative study between Fig. 4G and H, we can also nd that,
when stored at the same temperature and with higher humidity,
volatile nicotine is released much more easily. Taking 30 °C
storage as an example, when the humidity was 95% RH, the
SERS signal of nicotine could be detected aer 10 min of
pumping using a micro-pump; on the contrary, at 90% RH, the
relevant Raman signal is almost undetectable. Furthermore,
from Fig. 4D–F, it can also be found that, at low temperature
and low humidity, the length of storage time has little effect on
the volatile release of nicotine from the snus pouch. And at
higher temperatures, e.g., more than 30 °C, and higher
humidity, e.g., more than 80% RH, the volatile release of nico-
tine from snus shows a trend from slow to fast, and then to
smooth release. By comparing Fig. 4F and E, we can see that
there is almost no change between the two. Based on the above
results, it can be found that, in order to reduce the potential
harm caused by the volatile release of nicotine from snus in the
process of storage and transportation, in addition to packaging
and other factors, it is necessary to reduce the humidity of the
surroundings, such as less than 80% RH, and lower the
temperature, such as lower than 30 °C. Moreover, the results of
this study provide a reference to clarify the nicotine volatile
release under various storage conditions, which is helpful for
better regulation of the levels of nicotine in snus.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, by means of an articial climate box and suction
extraction device, the volatile release evaluations of nicotine
from snus products under different storage conditions were
performed based on Fe3O4@AuNRsNPs SERS substrates
combined with a capillary. The Fe3O4@AuNRsNPs assemblies
can be xed in the inner wall of the capillary with the aid of an
external magnetic eld, which improved the maneuverability of
the SERS substrates. And compared to Fe3O4@AuNRs, Fe3-
O4@AuNRsNPs showed a more signicant SERS effect, regard-
less of whether the laser excitation wavelength was 633 nm or
785 nm. Besides, based on this strategy, it was possible to
obtain the storage or placement conditions of the snus prod-
ucts. Through comparison of the intensities of the spectral
peaks of the symmetrical breathing of pyridine moiety of nico-
tine molecules, increasing temperature and higher humidity
could signicantly accelerate the release of a small amount of
volatiles of nicotine. Thus, in order to reduce the potential harm
caused by the volatile release of nicotine from snus in the
process of storage and transportation, it is necessary to reduce
the humidity of the surroundings, e.g., less than 80% RH, and
lower the temperature, e.g., lower than 30 °C. The results of this
study provide a reference to clarify the nicotine volatile release
under various storage conditions, which is helpful for better
regulation of the levels of nicotine in snus. Moreover, such
destruction-free evaluation of volatile release of nicotine from
snus products under different storage conditions opens up new
perspectives for further research about the impact of nic-
otinoids on smokers' health and cessation programs.
RSC Adv., 2023, 13, 23130–23137 | 23135
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Nicotine Tob. Res., 2016, 19, 3–13.

7 S. B. Shaikh, C. Newton, W. C. Tung, Y. Sun, D. Li, D. Ossip
and I. Rahman, Int. J. Environ. Res. Public Health, 2023, 20,
4526.

8 L. S. Bast, M. B. Klitgaard, S. G. Kjeld, N. S. Jarlstrup and
A. I. Christensen, Int. J. Environ. Res. Public Health, 2022,
19, 5623.

9 K. A. East, J. L. Reid, V. L. Rynard and D. Hammond, J.
Adolesc. Health, 2021, 69, 447–456.

10 T. Tjora, J. C. Skogen and B. Sivertsen, Nicotine Tob. Res.,
2022, 25, 135–142.

11 E. Clarke, K. Thompson, S. Weaver, J. Thompson and
G. O'Connell, Harm Reduct. J., 2019, 16, 62.

12 L. E. Rutqvist, M. Curvall, T. Hassler, T. Ringberger and
I. Wahlberg, Harm Reduct. J., 2011, 8, 11.

13 S. S. Hecht and D. K. Hatsukami, Nat. Rev. Cancer, 2022, 22,
143–155.

14 Y. Zhou, Y. Lu, Y. Liu, X. Hu and H. Chen, Biosens.
Bioelectron., 2023, 228, 115231.

15 T. Itoh, M. Procházka, Z. Dong, W. Ji, Y. S. Yamamoto,
Y. Zhang and Y. Ozaki, Chem. Rev., 2023, 123, 1552–1634.

16 S. L. Kitaw, Y. S. Birhan and H.-C. Tsai, Environ. Res., 2023,
221, 115247.

17 H. Liu, K. Zhan, K. Wang and X. Xia, TrAC, Trends Anal.
Chem., 2023, 159, 116939.

18 N. R. Visaveliya, R. Mazetyte Stasinskiene and J. M. Köhler,
Adv. Opt. Mater., 2022, 10, 2102757.

19 O. Guselnikova, H. Lim, H. J. Kim, S. H. Kim, A. Gorbunova,
M. Eguchi, P. Postnikov, T. Nakanishi, T. Asahi, J. Na and
Y. Yamauchi, Small, 2022, 18, 2107182.

20 D. Lin, T. Qin, Y. Wang, X. Sun and L. Chen, ACS Appl. Mater.
Interfaces, 2014, 6, 1320–1329.

21 M. Kasztelan, A. Studzinska, G. Z. Żukowska and B. Pałys,
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de Abajo, R. Goodacre, D. Graham, A. J. Haes,
C. L. Haynes, C. Huck, T. Itoh, M. Käll, J. Kneipp,
N. A. Kotov, H. Kuang, E. C. Le Ru, H. K. Lee, J.-F. Li,
X. Y. Ling, S. A. Maier, T. Mayerhöfer, M. Moskovits,
© 2023 The Author(s). Published by the Royal Society of Chemistry
K. Murakoshi, J.-M. Nam, S. Nie, Y. Ozaki, I. Pastoriza-
Santos, J. Perez-Juste, J. Popp, A. Pucci, S. Reich, B. Ren,
G. C. Schatz, T. Shegai, S. Schlücker, L.-L. Tay,
K. G. Thomas, Z.-Q. Tian, R. P. Van Duyne, T. Vo-Dinh,
Y. Wang, K. A. Willets, C. Xu, H. Xu, Y. Xu,
Y. S. Yamamoto, B. Zhao and L. M. Liz-Marzán, ACS Nano,
2020, 14, 28–117.
RSC Adv., 2023, 13, 23130–23137 | 23137

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03977c

	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c

	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c
	The volatile release evaluation of nicotine from snus products under different storage conditions based on surface-enhanced Raman spectroscopy technologyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03977c


