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ARTICLE INFO ABSTRACT

Keywords: Putrescine and cadaverine are important volatile indicators for the evaluation of food spoilage. In this study, a
Putrescine metal-organic framework (MOF)-coated surface-enhanced Raman scattering (SERS) paper platform for the
Cadaverine

detection of putrescine and cadaverine is developed. Au@ zeolite imidazolate framework-8 (ZIF-8) SERS paper is
fabricated by the coating of ZIF-8 layer on a Au nanoparticle-impregnated paper that is prepared by dry plasma
reduction. The Au@ZIF-8 SERS paper is characterized by scanning electron microscope, energy-dispersive X-ray
spectroscopy, X-ray diffraction, and Ny sorption isotherm. The ZIF-8 layer enables the accumulation of gaseous
molecules and also provides enhancement of SERS signals. The fluorescence, SERS, and simulation results prove
the improved detection ability of the Au@ZIF-8 platform for the volatile molecules. For the selective detection of
putrescine and cadaverine, the Au@ZIF-8 SERS paper is functionalized with 4-mercatobenzaldehyde (4-MBA).
The 4-MBA molecule acts as a Raman reporter and also a specific receptor for the volatile amine molecules. Using
the intensity ratiometric detection of 4-MBA-functionalized Au@ZIF-8 SERS paper, putrescine and cadaverine
are quantitatively detected with detection limits of 76.99 and 115.88 parts per billion, respectively. Furthermore,
the detection of volatile amine molecules released from spoiled salmon, chicken, beef, and pork samples is
demonstrated. It is anticipated that the MOF-coated SERS paper platforms will be applicable not only in food
safety but other applications including disease diagnosis and environmental monitoring.

Surface-enhanced Raman scattering
Metal-organic framework
Food spoilage

1. Introduction Surface-enhanced Raman scattering (SERS)—a technique employed

for molecular detection and characterization—relies on the enhanced

The detection and monitoring of gaseous molecules are critical in
daily life: the detection of toxic and explosive gases is essential for in-
dustrial and/or public safety (Malchenko et al. 1992); the detection of
volatile organic compounds in the human body enables diagnosis of
diseases such as lung cancer (Peng et al. 2009); and the recognition of
volatile amine molecules is exploited for food safety (Suzzi et al. 2015;
Naila et al. 2010). Environmental pollution and air quality can also be
monitored through the detection of gaseous molecules (Snyder et al.
2013).

* Corresponding author.
** Corresponding author.

Raman scattering of molecules near SERS-active surfaces (hot spots),
such as nanostructured Au or Ag (Moskovits et al. 1985; Jeanmaire et al.
1977). The SERS technique offers orders of magnitude increases in the
Raman intensity of molecules, allowing the detection of even single
molecules (Nie et al. 1997; Kneipp et al. 1997). Moreover, the SERS
technique provides a molecular fingerprint spectrum and quenching
resistance (Kneipp et al. 2008). Consequently, numerous SERS-based
molecular-sensing approaches have been developed, advancing several
fields, such as the diagnosis and treatment of disease, food safety, and
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environmental monitoring (Langer et al. (2019)).

Nevertheless, the SERS-based detection of molecules in the vapor
phase has been challenging because the gaseous molecules are non-
adsorbing near the SERS hot spots. In 2014, Van Duyne group re-
ported a metal-organic framework (MOF)-based functionalization
strategy for vapor-phase SERS sensing (Kreno et al. 2014). MOF is a
crystalline material consisting of metal ions or clusters coordinated to
organic ligands (Yaghi et al. 2003). Because MOF has an extensive
three-dimensional network of nanopores with large surface areas (Wang
et al. 2019; Liu et al. 2020; Chuang et al. 2020), MOF-functionalized
SERS-active platforms can exhibit excellent gas adsorption, leading to
the accumulation and enrichment of gaseous molecules onto the
SERS-active surfaces (Kreno et al. 2012; Lai et al. 2020). Consequently,
the combination of MOF with the SERS technique has extended the
application of SERS to the detection of various gaseous molecules (Lai
et al. 2020): volatile organic compounds have been detected using
MOF-encapsulated Ag nanocube arrays (Koh et al. 2018); MOF-coated
Au superlattice substrates have been developed for the detection of
lung cancer biomarkers (Qiao et al. 2018); multiplex gas sensing has
been demonstrated using MOF@Au@Ag nanocube-assisted microfluidic
chips (Yang et al. 2019); and assembled Ag@MOF nanoparticles (NPs)
have enabled the remote quantification of polycyclic aromatic hydro-
carbon mixtures (Phan-Quang et al. 2019). MOF-coated NPs have even
been employed for the molecular-level observation of CO; being driven
into a quasi-condensed phase (Lee et al. 2017).

Putrescine and cadaverine are regarded as gaseous indicators for
food spoilage because they are generated by microbial decarboxylation
of amino acids in decayed food products (Suzzi et al. 2015; Naila et al.
2010). These biogenic amines can lead to health problems such as
abnormal blood pressure, human allergic reactions, headaches, and
tachycardia asthma/worsening asthma (Suzzi et al. 2015). Therefore, it
is important to detect putrescine and cadaverine rapidly and accurately.
Although the SERS technique is widely used for food safety and quality
analysis through the detection of pathogens, hormones, melamine, and
pesticides in food products, it still lacks an SERS-based approach for the
detection of putrescine and cadaverine released from foodstuff (Craig
et al. 2013).

Herein, we report the development of Au@zeolite imidazolate
framework-8 (ZIF-8) SERS paper for food spoilage detection. The plat-
form is simply prepared by ZIF-8 coating on a Au nanoparticle (NP)-
impregnated paper. The morphology and composition of the prepared
platform are characterized by scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDX). The fluorescence and Ny
sorption isotherm analyses prove the gas adsorbing ability of the
Au@ZIF-8 platform. For the selective detection of putrescine and
cadaverine, 4-mercaptobenzaldehyde (4-MBA) is functionalized to the
Au@ZIF-8 paper. SERS and finite-difference time-domain (FDTD)
simulation results show that the 4-MBA-functionalized Au@ZIF-8 SERS
paper can efficiently recognize the volatile amine molecules. By using
the platform, putrescine and cadaverine are detected with a detection
limit of 76.99 and 115.88 parts per billion (ppb), respectively. More-
over, the platform is successfully applied to the determination of
freshness for salmon, chicken, beef, and pork samples. We anticipate
that the MOF-coated SERS platforms can be used for the detection of
various molecules in the vapor phase.

2. Materials and methods

Materials: Gold (III) chloride hydrate (99.9%), 2-methylimidazole
(99.0%), zinc acetate dehydrate (99.9%), brilliant cresyl blue (BCB),
phthaldialdehyde (99.0%), putrescine (98.5%), cadaverine (97.0%),
dichloromethane (99.8%), trichloromethane (99.5%), acetaldehyde
(99.5%), and filter paper were purchased from Sigma-Aldrich (MO,
USA). 4-MBA (95.0%) was purchased from BOC Sciences (NY, USA).
Ethanol (99.9%), methanol (99.5%), and N-hexane (95.0%) were pur-
chased from Samchun Chemical (Seoul, Korea). Doubly ionized water
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(water quality 18.3 MQ cm resistance) was obtained from Human Cor-
poration (Seoul, Korea). Salmon (Norway), chicken (Korea), beef
(Korea), and pork (Korea) were purchased from a local grocery store.

Fabrication of Au impregnated paper: The cellulose filter paper (1.5 x
1.5 cm?) (Whatman 42, GE Healthcare, IL, USA) was treated in a 10%
H2S04 solution for 2 h and washed with water. The cellulose paper was
then treated in a 10% NaOH solution for 2 h and washed with water. The
cleaned cellulose paper was kept in a vacuum oven at 40 °C for drying.
For the fabrication of Au impregnated paper, 150 pL of HAuCly solution
(dissolved in ethanol, 100 mM) was spread on the cleaned cellulose
paper and dried at 25 °C. Next, the plasma reduction process was carried
out with an Ar plasma (100 W) for 30 min under an Ar flow rate of 5 L/
min. After the plasma reduction, the paper was immediately dipped into
water to remove unreacted Au precursor ions, obtaining the Au
impregnated paper. For the SERS measurements of the Au impregnated
paper, the paper was incubated with a BCB solution (1 pM) for 15 min or
incubated with 4-MBA solution (dissolved in ethanol, 100 uM) for 24 h.
The SERS spectra of BCB were obtained directly after the incubation and
those of 4-MBA were obtained after washing with the solvent.

Fabrication of Au@ZIF-8 SERS paper: The ZIF-8 precursor solution
was prepared by mixing 2-methylimidazole and zinc acetate dihydrate
(40:1 M ratio in methanol). The Au impregnated paper was immersed in
the ZIF-8 precursor solution for 40 min, washed with methanol, and
dried by N; gas flow. This procedure was repeated three times. For the
SERS measurements of the Au@ZIF-8 paper, the paper was incubated
with 4-MBA solution (dissolved in ethanol, 100 uM) for 24 h and washed
with the solvent (Fig. S1 in Supporting Information).

Fluorescence measurement: The Au impregnated and Au@ZIF-8 SERS
papers were placed in a chamber with 200 pL of phthaldialdehyde so-
lution (dissolved in ethanol, 100 pM). The chamber was heated to 50 °C
and this temperature maintained for 1 h. The fluorescent molecules
adsorbed on the Au impregnated and Au@ZIF-8 SERS papers were
monitored via laser scanning confocal microscopy.

Detection of gaseous molecule using Au@ZIF-8 SERS paper: For the
detection of putrescine, the 4-MBA-functionalized Au@ZIF-8 SERS
paper was placed in the chamber. Next, putrescine solution (dissolved in
methanol) was added in the bubbler vessel and a N, gas stream flowed
into the chamber through the bubbler at 100 sccm. After 10 min, the
Au@ZIF-8 SERS paper was removed from the chamber, and SERS
measurement was conducted. The gaseous concentration of putrescine
was regulated by adjusting the concentration of putrescine in methanol.
Cadaverine and other molecules (methanol, dichloromethane, N-hex-
ane, trichloromethane, and acetaldehyde) were tested through the same
procedures.

Food spoilage detection using Au@ZIF-8 SERS paper: The food samples
were spoiled at 37 °C. Fresh food samples were prepared as controls.
Each food sample (10 g) was placed in a container with an integrated
Au@ZIF-8 SERS paper. After 20 min, the Au@ZIF-8 SERS papers were
taken out of the container and SERS measurements were conducted.

Theoretical calculation: Optical interactions of Au impregnated and
Au@ZIF-8 papers were simulated with a commercial FDTD software
(Lumerical Solution 8.21). The FDTD simulations were performed with
periodic boundary conditions on the x- and y-axes and with a perfectly
matched layer boundary condition on the z-axis. A uniform mesh of 0.1
x 0.1 x 0.1 nm® was used in all simulations. The refractive indexes of
the background mediums were assumed to be 1.0 for air, n = 1.43 and k
= 0.012 for MOF, and n = 0.2 and k = 3.32 for Au. To describe the
optical interactions of Au NPs on a cellulose fiber, Au NPs (8 nm) with
1.5 nm of interparticle gaps were considered in the FDTD simulations.
The field enhancement, |E|?/|Eo|%, was monitored by 90 cross-sectional
E-field monitors normal to the incident light direction with 0.1 nm
spacing (Fig. S2 in Supporting Information). Multiplication values of the
field enhancement, |E|*/|Eg|%, calculated at wavelengths of the Raman
excitation (632 nm) and the Raman shift (690 nm), were averaged over
all E-field monitors.

Instrumentation: The morphologies of the samples were analyzed by
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SEM (Magellan 400 XHR system, FEI, OR, USA). EDX images were ob-
tained using the same SEM equipment with an EDX detector (80 mm?,
Aztec software, Oxford Instruments, Abingdon, UK). XRD measurements
were recorded on a multipurpose thin-film X-ray diffractometer
(RIGAKU, Tokyo, Japan) using Cu Ka radiation (1.5406 A). The porous
properties of the samples were investigated by determining their N, gas
adsorption and desorption isotherms at —195.746 °C using 3 Flex in-
strument (Micromeritics, GA, USA). Fluorescence images were obtained
using a laser scanning confocal microscope (Olympus FV 1000, Tokyo,
Japan). SERS spectra were obtained using a Raman spectrometer
(XperRam 200, Nanobase Inc., Seongnam, Korea). A 632 nm visible
diode-pumped solid-state laser with a power of 4 mW was focused on the
samples with a beam diameter of 2.5 pm.

3. Results and discussion
3.1. Fabrication and characterization of Au@ZIF-8 SERS paper

Cellulose paper-based SERS substrates have garnered significant
attention due to advantages such as biodegradability, low price, porta-
bility, easy storage, and flexibility (Ogundare et al. 2019). Furthermore,
cellulose has a notably weak SERS response, resulting in low interfer-
ence and background signals during SERS measurement (Ogundare et al.
2019). Several paper-based SERS platforms, such as Au NPs on paper
(Chen et al. 2017), Ag@Au NPs on paper (Kim et al. 2017), reduced
graphene oxide/Ag NPs on paper (Xiao et al. 2017), and Ag NPs on alkyl
ketene dimer treated paper (Lee et al. 2018), have been developed.
Currently, research interest is focused on the application of paper SERS
substrates in contexts such as biomedical, food, textile dye, painting,
pharmaceutical, and forensic analyses (Ogundare et al. 2019). However,
studies on gaseous molecular sensing using the paper-based SERS plat-
form are still lacking. Su et al. (2018) recently reported that metal center
atoms in MOFs can form coordination bonds with the carboxyl groups of
cellulose papers, facilitating the immobilization of MOFs on the surfaces
of cellulose. Cellulose/MOF hybrid substrates have been widely used for
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gas separation and/or adsorption (Matsumoto et al. 2016; Q. Yang et al.
2017). Inspired by these studies, we combined MOFs with a paper-based
SERS platform for the efficient detection of gaseous molecules.

A schematic illustration of the Au@ZIF-8 SERS paper fabrication
process is displayed in Fig. 1a. First, the cellulose paper was cleaned and
kept in a vacuum oven for drying. The EDX elemental analysis of bare
cellulose paper is shown in Fig. S3 in Supporting Information. The Au
precursor ion solution was then dropped on the clean cellulose paper. As
the OH groups of cellulose backbone exhibit strong negative charges,
Au®" ions can be adsorbed on the paper routinely. The dry plasma
reduction process was then carried out with an Ar plasma for 30 min.
During the process, plasma-induced electrons reduce the Au®* ions to Au
atoms, densely and uniformly forming Au NPs all over the surface of the
cellulose paper (Fig. S4a in Supporting Information). The EDX mapping
analysis results also confirm the successful fabrication of Au impreg-
nated paper (Fig. S4b in Supporting Information). The prepared Au
impregnated paper provides strong SERS enhancement. As shown in
Fig. S4c in Supporting Information, the highly enhanced Raman spec-
trum of BCB could be obtained from the Au impregnated paper
substrate.

The Au@ZIF-8 SERS paper platform was prepared by immersing the
Au impregnated paper into the methanolic solution of 2-methylimida-
zole and zinc acetate dihydrate (40:1 M ratio). ZIF-8 is composed of
the tetrahedrally coordinated Zn ions linked by imidazolate organic li-
gands (Park et al. 2006). The ZIF-8 layer can be formed on the paper
simply because the carboxyl groups of the paper can form coordination
bonding with Zn ions (Su et al. 2018). We deposited three layers of ZIF-8
on the Au impregnated paper with growing periods of 40 min for each,
in consideration of the previously reported optimal condition (Koh et al.
2018). Fig. 1b is a side-view SEM image of the Au@ZIF-8 SERS paper
platform, showing that the ZIF-8 layer is uniformly formed on the Au
impregnated paper. The inset is a photograph of the Au@ZIF-8 SERS
paper. The dark purple color was preserved after the coating of MOF.
The chemical composition of the Au@ZIF-8 SERS paper was character-
ized by EDX elemental mapping analysis (Fig. 1c). The Zn and Au

Fig. 1. a) Schematic illustration of Au@ZIF-8 SERS
paper fabrication process. b) Side-view SEM image of
Au@ZIF-8 SERS paper. Scale bar denotes 5 pm. Inset
is photograph of Au@ZIF-8 SERS paper. c¢) EDX
elemental mapping images of Au@ZIF-8 SERS paper.
Scale bar denotes 5 pm. d) XRD spectra of cellulose
paper (black), Au impregnated paper (blue), Au@ZIF-
8 SERS paper (red), and simulated ZIF-8 (green).
Black dots indicate the peaks originated from cellu-
lose. Blue dots indicate the peaks originated from Au.
Red dots indicate the peaks originated from ZIF-8. e)
N, sorption isotherms for Au impregnated paper
(blue) and Au@ZIF-8 SERS paper (red) at 77 K. Solid
and open symbols represent adsorption and desorp-
tion, respectively. f) Confocal microscopic images of
Au@ZIF-8 SERS paper (top) and Au impregnated
paper (bottom) after surface adsorption of fluorescent
gaseous molecule (phthaldialdehyde). Scale bars
denote 50 pm. (For interpretation of the references to
color in this figure legend, the reader is referred to the
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elements originated from ZIF-8 and Au NPs, respectively, were observed
(red and yellow color distributions in Fig. 1c). The C element from the
organic ligands of ZIF-8 and the cellulose paper was also observed
(green color distribution in Fig. 1c).

We further analyzed the paper platforms using X-ray diffraction
(XRD). The bare cellulose paper shows XRD peaks at 14.5, 16.4, and
22.5° (black spectrum in Fig. 1d). These peaks originated from (110),
(200), and (004) planes of cellulose (marked as black dots in Fig. 1d).
The XRD spectrum of the Au impregnated paper shows two additional
peaks at 38.0 and 44.3° (blue spectrum in Fig. 1d), consistent with (111)
and (200) crystal planes of Au (marked as blue dots in Fig. 1d). The XRD
spectrum of the Au@ZIF-8 SERS paper (red spectrum in Fig. 1d) exhibits
six additional peaks at 7.3, 10.4, 12.7, 14.7, 16.4, and 18.0° (marked as
red dots in Fig. 1d). These XRD peaks correspond to the simulated ZIF-8
pattern of the (110), (200), (211), (220), (310), and (222) planes (green
spectrum in Fig. 1d), and are highly consistent with previously pub-
lished studies (Kim et al. 2019; Park et al. 2006). The XRD results sup-
port the successful formation of Au NPs and ZIF-8 layer on cellulose
paper.

After the preparation of Au@ZIF-8 SERS paper, the gas adsorbing
ability of the paper was investigated by Ny sorption isotherm analysis.
The Au@ZIF-8 SERS paper presents type I isotherm, a typical pattern of
microporous materials (red solid and open symbols in Fig. 1e). The rapid
increase of the adsorbed N3 volume (V,qs) at relatively low pressure is
attributed to the micropore nature of the Au@ZIF-8 SERS paper (Su et al.
2018). The second increase of V,qs at relatively high pressure around 0.9
(P/Py) indicates the meso/macroporosity of the Au@ZIF-8 SERS paper
(Suetal. 2018). The Ny adsorption capacity of the Au@ZIF-8 SERS paper
is remarkably high compared to that of the Au impregnated paper (blue
solid and open symbols in Fig. 1e). The calculated specific surface areas
of Au@ZIF-8 SERS paper and Au impregnated paper are 426.9 and
0.8758 m? g1, respectively. The improved gas adsorption capacity of
Au@ZIF-8 SERS paper is mainly attributed to the abundant adsorption
sites of ZIF-8. Moreover, the integration of ZIF-8 with the cellulose
network enriches the porous structure, increases the specific surface
area significantly, and is beneficial for capturing and adsorbing gaseous
molecules.

Previous experimental and theoretical reports suggest that ZIF-8-
coated substrates offer tremendous interactions and collisions between
gaseous molecules and the substrates (Qiao et al. 2018). The increase in
collision frequency and the corresponding loss of kinetic energy can
prolong the contact time of gaseous molecules with the porous ZIF-8
layer, increasing the possibility of gaseous molecule absorption (Qiao
et al. 2018).

The gaseous molecular capturing ability of the Au@ZIF-8 SERS paper
was further examined by laser scanning confocal microscopy (Fig. 1f).
The Au@ZIF-8 SERS and Au impregnated papers were placed in a closed
chamber that was then diffused with phthaldialdehyde. The confocal
microscopic image of Au@ZIF-8 paper shows well-distributed fluores-
cent molecules in the paper (top panel of Fig. 1f). In contrast, no fluo-
rescent image is observed from the Au impregnated paper (bottom panel
of Fig. 1f). This result verifies that the Au@ZIF-8 SERS paper possesses
strong gaseous molecular absorbing ability, and is useful for the detec-
tion of gaseous molecules.

3.2. Detection of putrescine and cadaverine using Au@ZIF-8 SERS paper

The freshness of packaged food is usually estimable by its expiration
date. However, foodborne illnesses may still occur prior to the expira-
tion date owing to unexpected contamination or improper storage
conditions (Labuza et al. 1990). Conversely, some food may be safely
consumed even after the expiration date because the expiration date
does not indicate the actual status of the foodstuff (Gunders, 2012).
According to the Food and Agriculture Organization of the United Na-
tions (FAO), one-third of all food produced for human consumption (1.3
billion tons per year) is wasted annually, regardless of its actual food
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quality (FAO, 2011). In the United Kingdom, it has been estimated that
60% of the food wastes from households (4.2 million tons) are safe to
consume, causing an annual economic loss of 12.5 billion dollars
(Quested et al. 2013). Therefore, the development of an effective plat-
form for the monitoring of food quality is essential.

For the precise detection of putrescine and cadaverine, two impor-
tant gaseous indicators of early food spoilage, the Au@ZIF-8 SERS paper
platform was modified with 4-MBA (Fig. 2a). The employment of 4-MBA
is advantageous for the SERS-based detection of putrescine and cadav-
erine because 4-MBA can act as a Raman reporter as well as a specific
receptor for the volatile amine molecules via Schiff base reaction (Handa
et al. 2010; Minamiki et al. 2019). When the 4-MBA-functionalized
Au@ZIF-8 SERS paper is present in a food container, the putrescine
and cadaverine released from the food are accumulated into the ZIF-8
layer and then react with 4-MBA on the paper platform. As p-mercap-
to-N-(4-amino butylidene) aniline and p-mercapto-N-(5-amino pentyli-
dene) aniline can be produced after Schiff base reactions of putrescine
and cadaverine, respectively, with 4-MBA, it is feasible that gaseous
amine molecules can be detected specifically by observing the SERS
spectrum change (Fig. 2b). Most of the previously proposed SERS-active
platforms with MOF nanostructures detect gaseous molecules based on
the fingerprint SERS spectra of the molecules accumulated in the pores
of MOFs (Koh et al. 2018; Lai et al. 2020; Lee et al. 2017; Phan-Quang
et al. 2019; Qiao et al. 2018; Yang et al. 2019). In this study, we
attempted to detect putrescine and cadaverine selectively through their
reactions with 4-MBA. Qiao et al. (2018) proved that this type of strat-
egy is effective for the selective detection of volatile molecules using
SERS.

The SERS spectra of 4-MBA obtained from Au@ZIF-8 SERS paper and
Au impregnated paper are shown in Fig. 2c. The strong bands at 1074
and 1583 cm™, assigned to the C-S stretching vibration and aromatic
C—C stretching vibration, respectively, were obtained from the papers
(Mondal et al. (2015). The enhancement factor (EF) of Au@ZIF-8 SERS
paper was estimated to be 1.0 x 10° and that of Au impregnated paper to
be 8.7 x 10° (Fig. S5 in Supporting Information). The Au@ZIF-8 SERS
paper is also highly stable because Au is an inert material and thus re-
mains unoxidized at ambient conditions (Fig. S6 in Supporting Infor-
mation). Furthermore, it has been reported that ZIF-8 coating can
prevent the oxidation of metal nanostructures (Kim et al. 2019).
Consequently, the SERS activity of Au@ZIF-8 paper can be preserved for
an extended period.

As the reproducibility of SERS-active platforms is critical to the
reliable detection of target molecules, we measured a total of 50 SERS
spectra of 4-MBA from the randomly selected Au@ZIF-8 SERS papers
(Fig. S7 in Supporting Information). All spectra showed the enhanced
Raman signals of 4-MBA, and the relative standard deviation (RSD) of
the 1074 cm™~! band intensities was calculated as 14.19% (red bar in
Fig. 2d). For comparison, 50 SERS spectra of 4-MBA-modified Au
impregnated papers were obtained (Fig. S8 in Supporting Information).
Similar SERS spectra were observed and the RSD of the 1074 cm ™! band
intensities was 9.60% (blue bar in Fig. 2d). The RSD value of the SERS
paper increased after the coating of ZIF-8. This irreproducibility might
be attributed to the non-uniform ZIF-8 layer. Additionally, the irregular
structures of cellulose fibers might cause inaccuracy in focusing laser
spots on the paper substrates, inducing the increase of RSD.

To examine the volatile amine molecular detection, we constructed a
gas generation system composed of a pressure regulator, bubbler, mass
flow controller (MFC), and chamber (Fig. 3a). The 4-MBA-functional-
ized Au@ZIF-8 SERS paper platform was placed in the chamber and
the target molecule was stored in the bubbler vessel. For detection,
putrescine or cadaverine flowed into the chamber through Nj streaming
for 10 min, and then the Au@ZIF-8 SERS paper platform was removed
from the chamber. Fig. 3b displays the SERS spectrum recorded from the
4-MBA-functionalized Au@ZIF-8 SERS paper after the detection of pu-
trescine (10~% v/v) (red spectrum). Compared to the SERS spectrum of
4-MBA-functionalized Au@ZIF-8 SERS paper before the reaction with
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Fig. 2. a) Schematic illustration of putrescine and
cadaverine detection using 4-MBA-functionalized
Au@ZIF-8 SERS paper. b) Reactions of putrescine
and cadaverine with 4-MBA on Au@ZIF-8 SERS
paper. c¢) Representative SERS spectra of 4-MBA
measured from Au@ZIF-8 SERS paper (red) and Au
impregnated paper (blue). d) Plot of 1074 cm™! band
intensities of 4-MBA measured from Au@ZIF-8 SERS
paper (red), and Au impregnated paper (blue). Data
represent the average + standard deviation from 50
measurements. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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putrescine, the peak at 1638 cm™* was newly observed. This peak cor-

responds to C=N stretching of the imine, indicating the bonding be-
tween the —-NH; group of putrescine and the -CHO group of 4-MBA
(Qiao et al. 2018). The transition of the SERS spectrum testifies that
putrescine can be selectively detected by the 4-MBA-functionalized
Au@ZIF-8 SERS paper platform. We also investigated the detection of
putrescine using the 4-MBA-modified Au impregnated paper (blue
spectrum in Fig. 3b). The similar SERS spectrum was observed; however,
the 1074 and 1583 cm ™! peak intensities of Au impregnated paper are
~1.2 times lower than those of Au@ZIF-8 SERS paper. The high
dielectric constant of ZIF-8 can prevent electric field decay, boosting the
SERS enhancement (Qiao et al. 2018).

This result is further supported by the simulated electric field dis-
tributions of Au@ZIF-8 SERS and Au impregnated papers (Fig. 3c). SERS
enhancements are proportional to the biquadrate of the electric field.
The simulation result suggests that the electric field intensity of
Au@ZIF-8 SERS paper is stronger than that of Au impregnated paper.
More importantly, the 1638 cm™! peak intensity of Au@ZIF-8 SERS
paper is ~3.5 times higher than that of Au impregnated paper. This
indicates that the ZIF-8 layer induces the concentration and enrichment
of the gaseous target molecule, improving the sensing performance of
the platform. The experimental and theoretical results verify that
Au@ZIF-8 SERS paper can not only accumulate/enrich gaseous mole-
cules but also provide additionally enhanced Raman signals of mole-
cules. Meanwhile, the normal Raman spectra of putrescine and
cadaverine are shown in Fig. S9 in Supporting Information. These
spectra differ completely from the spectra of Au@ZIF-8 SERS paper after
the detection of gaseous molecules.

By using the 4-MBA-functionalized Au@ZIF-8 SERS paper platform,
putrescine was detected in the concentration range 0-10"* (v/v)
(Fig. 3d). The SERS peak at 1638 cm™! gradually increased with the
concentration of putrescine, while other peaks remained stable. Based
on this result, we adopted the relative SERS intensity of I1638/1074 for
the quantitative analysis of putrescine. The plot of I138/I1074 versus the
concentration of putrescine shows that the relative SERS intensity lin-
early increases depending on the gaseous concentration (Fig. 3e). The
linearly fitted line was y = 9.16x + 73.04 with an R? value of 0.9529,

where y is the relative SERS intensity of I;633/I1974 and x is the con-
centration of putrescine. The limit of detection (LOD) was estimated to
be 7.69 x 1078 (v/v) corresponding to 76.99 ppb, following the 36/S
rule, where o is the standard deviation of linear regression and S is the
slope of the calibration curve. Additionally, cadaverine was detected
using the 4-MBA-functionalized Au@ZIF-8 SERS paper in the range from
0 to 10~ (v/v) (Fig. 3).

Similar to that of the putrescine detection result, the 1638 em? peak
intensity increased with the concentration of cadaverine. The plot of
I638/I1074 versus the concentration of cadaverine suggests that the LOD
of 1.15 x 1077 (v/v) corresponds to 115.88 ppb. The LOD values for
putrescine and cadaverine are comparable to or even better than those of
previously reported sensing devices (Ma et al. 2018; Oh et al. 2019; H.
Yang et al. 2017). Considering that the concentrations of putrescine and
cadaverine are approximately 5-8 parts per million at the initial stage of
meat decomposition (Xu et al. 2020), the current LOD values are
competitive for food spoilage detection.

The 4-MBA-functionalized Au@ZIF-8 SERS paper platform provided
slightly fluctuated SERS signals with RSD value of 14.19% due to the
irregular ZIF-8 layers and cellulose fibers. Nevertheless, putrescine and
cadaverine could be detected quantitatively using the paper platform.
This is attributed to employment of the relative SERS in the analysis of
volatile molecules. Both 1074 and 1638 cm™! bands are related to the
reproducibility of the Au@ZIF-8 SERS paper; however, the 1638 cm™!
band is only associated with the gaseous molecular detection. Therefore,
the I1638/l1074 value can be reliable regardless of the reproducibility of
the SERS-active platform. This type of strategy has been previously used
for the precise analysis of molecules using SERS signals (Qiao et al.
2018).

The selectivity of the developed method was examined by employing
several kinds of gaseous molecules including putrescine, cadaverine,
methanol, dichloromethane, N-hexane, trichloromethane, and acetal-
dehyde. The concentration of the gaseous molecule was 10~*(v/v). Each
volatile molecule flowed into the chamber containing the 4-MBA-func-
tionalized Au@ZIF-8 SERS paper for 10 min and the SERS spectrum
was measured (Fig. 4a). When putrescine or cadaverine was tested, the
1638 cm™! peak appeared (red spectra in Fig. 4a). When other volatile
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Fig. 4. a) SERS spectra measured from Au@ZIF-8 SERS papers after reaction with diverse gaseous molecules. b) Plot of I;63g/I1074 Versus gaseous molecules. Data

represent the average + standard deviation from 10 measurements.

molecules were tested, the SERS signals of the bare paper platforms were
preserved (black spectra in Fig. 4a). The plot of I638/I1074 Versus the
volatile molecules further proves that the selective detection of putres-
cine and cadaverine is feasible using the 4-MBA-functionalized Au@ZIF-

8 SERS paper. Although the I1438/11974 values of dichloromethane and N-
hexane seem to increase slightly, they are much lower than the LOD of
the current method. Considering that the pore aperture of ZIF-8 is 3.4 A
and can be expanded to 7.6 A (Peralta et al. 2012), putrescine and
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cadaverine can be efficiently absorbed in ZIF-8. The porosity of ZIF-8
may assist the selective detection of a gaseous target in a complex
environmental condition, allowing for accurate food spoilage detection.

3.3. Food spoilage detection using Au@ZIF-8 SERS paper

Finally, the Au@ZIF-8 SERS paper was utilized for the detection of
food spoilage. As shown in Fig. 5a, the 4-MBA-functionalized Au@ZIF-8
SERS papers were integrated in food containers containing salmon,
chicken, beef, and pork samples. After storing for 20 min, the Au@ZIF-8
SERS papers were removed from the containers and SERS measurements
were conducted. In the presence of the spoiled food samples, the relative
SERS intensities of I1g3g/I1074 significantly increased (blue bars in
Fig. 5b), while low values of I;633/I1074 Were obtained in the presence of
fresh food samples (black bars in Fig. 5b). Full SERS spectra are dis-
played in Fig. S10. This result indicates that the Au@ZIF-8 SERS paper
can be useful to determine food spoilage through the detection of pu-
trescine and cadaverine. Note that the slightly low intensities of spoiled
beef and pork samples are due to their high fat content, which generates
fewer biogenic amine molecules during spoilage.

For the quantitative determination of biogenic amines in foods,
conventional analytical techniques such as high-performance liquid
chromatography (Hyotylainen et al. 2001), gas chromatography (Dunn
et al. 1976), flow reversal extraction chromatography (Sadok et al.
1996), mass spectrometry (Sadok et al. 1996), capillary electrophoresis
(Kovacs et al. 1999), electrochemistry (Muresan et al. 2008), and
potentiometry (Minamiki et al. 2019) have been applied. However,
these techniques require extensive sample preparation, huge instru-
mentation, poor receptor stability, and skilled personnel or expertise,
limiting accessibility to the general public. Recently, several electronic
devices for the detection of biogenic amines in foods have been devel-
oped, such as a conductive polymer-based printable sensor (Ma et al.
2018), bioelectronic nose employing olfactory receptor (H. Yang et al.
2017), and a field-effect transistor (Oh et al. 2019). To our knowledge,
the Au@ZIF-8 SERS paper platform is the first developed SERS platform
for the detection of putrescine and cadaverine.

As a result of the SERS technique, the paper platform provided high
sensitivity and a specific fingerprint spectrum of the target molecule.
The combination of SERS-active paper and ZIF-8 structure synergisti-
cally contributed to the improvement of detection performance. In
particular, the ZIF-8 layer enabled the accumulation of gaseous mole-
cules and the additional enhancement of SERS signals. Moreover, the
flexible Au@ZIF-8 SERS paper can be efficiently integrated with the food
packaging platforms. The biocompatibility of the Au@ZIF-8 SERS paper
also can minimize the contamination of food and reduce environmental
impact. Although the experiments in this study were conducted in a
laboratory, we expect that by using the portable Raman systems, the
Au@ZIF-8 SERS paper could be used for the on-site detection of food
spoilage.

4. Conclusion

Au@ZIF-8 SERS paper was developed and applied in food spoilage
detection. The platform was simply prepared via dry plasma reduction
and ZIF-8 coating on a cellulose paper. By using the 4-MBA-functional-
ized Au@ZIF-8 SERS papers, putrescine and cadaverine were selectively
detected with LODs of 79.99 and 115.88 ppb, respectively. The Au@ZIF-
8 SERS paper platform not only offered accumulation/enrichment of
gaseous molecules but also provided additional enhanced Raman signal
of molecules, allowing efficient detection of the gaseous molecules. The
Au@ZIF-8 SERS paper was also integrated with a food package
container, enabling the determination of freshness for salmon, chicken,
beef, and pork samples. We anticipate that the Au@ZIF-8 SERS paper
platform could be useful for the detection of various gaseous molecules,
and has potential for applications such as food quality determination,
environmental monitoring, and disease diagnosis.
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Fig. 5. a) Photographs of Au@ZIF-8 SERS paper (red box)-integrated food
storage container with various food samples. b) Plot of I1438/I1974 versus spoiled
(blue bars) and fresh (black bars) food samples. Data represent the average +
standard deviation from 10 measurements. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)
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