Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

ZIP-8/Ag-based size-selective SERS nanoplatform
for ultrasensitive urea detection in milk samples:
effects of analyte molecular dimensions on
adsorption capacity and sensing performancef
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Being well-known as an excellent sorbent, metal-organic frameworks (MOFs) have been employed to
intergrate with noble metal nanoparticles to fabricate active substrates for surface-enhance Raman
spectroscopy (SERS) sensing applications. In this work, we employed three organic molecules with
different molecular dimensions, including urea, methylene blue (MB) and Congo red (CR) for
investigating SERS performance of a ZIP-8/Ag heterostructure. While every dimension of urea is smaller
than the pore size of ZIP-8, MB and CR has one dimension larger than that of the pore size. The results
show that only urea experienced large SERS enhancements on ZIP-8/Ag sensing platform. In contrast,
MB and CR exhibited lower SERS intensity on ZIP-8/Ag than on pure Ag nanoparticle substrates.
Adsorption capacities of those analyte were then calculated to confirm that urea could be adsorbed into
ZIP-8/Ag at the best rate. The size-dependent mechanism of analyte adsorption and improving SERS
signal 4-nitrophenol (4-NP) and
chloramphenicol (CAP). Thanks to the size-selective adsorption, small molecules such as urea and 4-NP

was then confirmed using two other organic compounds:
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can be effectively detected in the presence of large interfering molecules, which is useful for developing

DOI: 10.1035/d4ra07695h advanced SERS applications. The ZIP-8/Ag-based SERS sensor could detect urea at impressive
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) has been regar-
ded as a powerful molecular analytical tool that allows rapid
and highly sensitive detection of chemical and biological
compounds based on the characteristic vibration of their
bonds."? Noble metal nanoparticles (NPs), such as Au, Ag, Cu,
etc., are usually employed as SERS active substrates, thanks to
localized surface plasmon resonance (LSPR) on their surface.>*
To be detailed, the resonance coupling between the incident
laser at certain wavelengths and the metal substrate occurs and
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concentrations as low as 1.48 x 1071° M in standard solutions and 108 M in milk.

forms a strong electromagnetic field, leading to enormous
enhancement of Raman signal of the analytes absorbed on the
surface of the substrate.>® As a result, the SERS signal can be
collected, reflecting its presence in the analytical samples. On
one hand, the close distance between the analyte and the metal
surface allows it to experience the strong electromagnetic field
to promote SERS enhancement in electromagnetic mecha-
nism.>* On the other hand, the close distance is convenient for
charge transfer, which is the main principle of chemical SERS
enhancement.»® Therefore, in the effort of improving SERS
sensing systems, researchers have designed and developed
different SERS substrates for better adsorption of analytes. In
addition to the key materials of noble metal NPs, the incorpo-
ration of sorbent components such as graphene oxide”® and
different semiconductors including MnO,,*'° ZnO," TiO,," etc.,
leading to detection of various organic compounds at impres-
sive detection limit. More recently, intergrating noble metal NPs
with porous structures to create hybrid materials has been
a promising approach to develop effective SERS active
substrates.

Metal-organic frameworks (MOFs) are is a kind of porous
crystalline material created by the self-assembly of metal ions or
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clusters and organic molecules as nodes and ligands, respec-
tively.”*'* Thanks to its superior porosity, great chemical
stability, large specific surface area and good tunability, MOFs
shows a wide range of applications including molecular
adsorption,**'® separation,'”*® and storage.">'” Therefore, MOFs
are promising sorbent materials to combine with noble metal
NPs to generate hybrid SERS substrates, in which analytes can
be adsorbed into the porous structure of MOF, leading to the
increase of local concentration of the analyte around the noble
metal NPs. Consequently, more molecules can experience SERS
effect generated around the NPs in the excitation of the laser,
resulting in the improvement of SERS signal of the targeting
molecules. Hence, MOFs — noble metal SERS platforms have
been employed to develop sensing systems for various analytes,
using different types of MOFs. For example, Cai et al. fabricated
a core-shell SERS platform with AuNPs as the core and MIL-101
as the shell. This structure allowed methenamine to be adsor-
bed onto the substrate, resulting in a detection limit (LOD) of
5.0 x 107 '° M.* A similar strategy have been applied to prepare
another Au@ZIF-8 core-shell NPs in a study of Li's group to
sense 3 different VOCs, including toluene, chlorobenzene and
ethylbenzene.” However, in a 2022 study, Yang et al. claimed
that the full encapsulation of MOF layer around noble metal NP
in those structures is inconducive to energy collecting and
exchanging, therefore, they developed an un-fully encapsulated
core-shell structure with Ag nanowires and ZIP-8, leaing to
detection of two water-insoluble pesticides methylparathion
and carbaryl with LODs as low as 7.6 x 10°° M and 5.7 x
10~° M, respectively.?* Similar heterostructures with the cores of
nanowires were established to generate SERS sensors for CO,
(ref. 22) as well as thiram and melamine.>® In another strategy,
MOFs have also become a platform for NPs decoration. Zhang
et al. introduced a corn-like Ag@carbon structure consisting of
AgNPs decorated on a carbonated MOF platform, resulting in
the formation of fixed spacing distance of AgNPs of 7 nm to
generate SERS hot spot to enhance Raman intensity of three
organic dyes (i.e., methylene blue (MB), malachite green and
crystal violet).?* Although there have been various combinations
of metal NPs and MOFs fabricated using different strategies,
targeting analytes of distinct natures, each study often focused
on one type of analytes such as VOCs, gases, organic dyes,
pesticides, etc. Meanwhiles, the efficiency of MOF as a sorbent
platform may vary with different analytes. Unfortunately, there
was few discussion on the differences in SERS enhancement of
different analytes on one certain metal-MOF heterostructure to
clarify the effect of different analytes on SERS performance of
a metal-MOF sensing platform.

Inspired by the aforementioned ideas, in this study, we
prepared SERS active substrates based on ZIP-8/Ag for the
detection of several organic analytes with different molecular
dimensions, including urea (3.0 x 4.97 x 5.34 A),”> MB (17.0 x
7.6 x 3.3 AP* and Congo red (CR) (1.4 x 9.3 x 21.0 A).”” Among
those, urea has been illegally added into dairy products to
inflate their protein contents, which may cause kidney diseases
in human. MB and CR are widely used dyes, which are carci-
nogenic and non-biodegradable. Therefore, they have been
targets for SERS detections. On the other hand, ZIP-8 framework
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exhibited the pore size of 11.6 A as reported in previous
studies.”®?** SERS measurements of those analyte showed
differences in SERS enhancements of distinct analytes. While
SERS signals of urea at different concentrations on ZIP-8/Ag
were significantly improved in comparison to those on pure
AgNPs, SERS signals of larger molecules at different concen-
trations on ZIP-8/Ag were even lower than those on pure AgNPs.
It suggested that to be effectively adsorbed onto the Ag/ZIP-8
substrate, the analyte should be smaller that the ZIP-8 pore
size at every dimension. The adsorption rates of the analytes
onto Ag/ZIP-8 was confirmed by absorption spectra. Thanks to
the differences in SERS enhancement in the presence of ZIP-8,
the heterostructure was a size-selective SERS substrate for
detection of organic compounds and ZIP-8 worked as a size-
filter for the adsorption of analytes. It was convenient to
develop SERS sensors for real samples, which contained large
organic molecules. On ZIP-8/Ag heterostructure, urea was
detected at concentrations as low as 1.48 x 10~ '° M in standard
solutions and 10~® M in milk samples. The study proposed
a size-selective mechanism for Ag/ZIP-8 SERS substrate and
suggested a quick step to determine if the targeting analyte was
suitable for the SERS sensing system. This time-saving strategy
could be convenient for researchers who would like to develop
metal-MOF SERS substrates, which requires effective adsorp-
tion of analytes into the MOF matrix.

2. Materials and methods

2.1. Materials and SERS substrates

2-Methylimidazole, zinc nitrate hexahydrate (Zn(NOj3),-6H,0,
>98%), polyvinylpyrrolidone (PVP), sodium citrate (NazCsHs0-,
99.9%), urea, methylene blue, Congo red, 4-nitro phenol and
chloramphenicol, purity >98%, were purchased from Sigma-
Aldrich Chemical Company (USA). Two silver plates (purity
99.99%) were prepared with dimensions of 100 mm x 5 mm X
0.5 mm. All chemicals were at analytical reagent grade and were
used without further purification. In addition, double-distilled
water was used in all experiments.

Aluminum (Al) substrates were fabricated as described in our
previous study with dimensions of 1 ecm x 1 ¢cm x 0.2 cm with
a surface-active area with a diameter of 0.2 cm.*" The substrates
were immersed in a diluted hydrochloric acid solution to
remove the oxides/hydroxides on the surface, washed with
ethanol and double distilled water in an ultrasonication bath
for 15 min, then dried naturally at room temperature.

2.2. Synthesis of ZIF-8 and AgNPs

ZIF-8 was prepared using the solvothermal method with poly-
vinylpyrrolidone (PVP) as a modulator. In a typical procedure,
892 mg of Zn(NO3),-6H,0 (4.37 mmol) and 493 mg of 2-meth-
ylimidazole (6.00 mmol) were dissolved in 100 mL of ethanol,
followed by constant stirring at room temperature. After 20 min
of stirring, 687.5 mg of PVP was added into the solution, fol-
lowed by 6 h of continuous stirring. The product (ZIP-8) was
collected by centrifugation at 16 000 rpm for 15 min, washed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with ethanol, and then subjected to evacuation at 80 °C for 24 h
under vacuum.

AgNPs were prepared via a facile electrochemical method in
0.1% sodium citrate as described in our previous study.**** Two
clean silver plates were placed vertically face to face as two
electrodes. Electrolysis was undertaken at room temperature
under uniform magnetic stirring at 200 rpm for 2 h.

2.3. Preparation of ZIF-8/Ag

ZIF-8/Ag nanocomposites were synthesized using a simple
physical mixing method. 15 mg of ZIF-8 powder was distributed
in 15 mL of double-distilled water under uniform stirring for
30 min and mixed with 15 mL of AgNP solution. Subsequently,
magnetic stirring at high rate for 30 min was required to ensure
a homogeneous distribution of the components (500 ppm).

2.4. Characterizations and measurements

The microscopic morphology and structure were analyzed by
scanning electron microscopy (SEM, Hitachi S-4800) operated at
an acceleration voltage of 5 kV. Ultraviolet-visible (UV-vis)
absorption spectra of obtained materials were recorded using
a JENWAY 6850 double-beam spectrophotometer with 10 mm-
path length quartz cuvettes. Power X-ray diffraction (XRD,
BrukerD5005 X-ray diffractometer) with strictly mono-
chromatized Cu Ko, (A = 1: 5406 A) under a voltage of 40 kv and
a current of 30 mA was utilized to identify the phase and
chemical composition of the samples. The composition and
chemical properties were monitored by Raman spectroscopy
(Horiba Macro-RAM™) with 785 nm laser excitation.

Urea, MB, CR, 4-NP and CAP solutions (5 puL) with various
concentrations were directly drop-casted onto the prepared
substrates and dried naturally at the temperature room before
the SERS measurement. The SERS spectra were collected using
with a MacroRaman™ Raman spectrometer (Horiba) equipped
with a 100x objective with a numerical aperture of 0.90, at
a focal length of 115 nm, using the laser power 45 mW at a 45°
contact angle. An exposure time of 10 s was used with three
accumulations.

Milk was purchased from a local supermarket in Hanoi
(Vietnam). Urea-spiked milk was prepared by adding an
appropriate volume of urea standard solution into the milk.
Subsequently, the spiked milk was drop-casted directly on the
prepared substrates for SERS measurements.

2.5. Adsorption of urea, MB and CV into/onto ZIP-8/Ag
matrix

The adsorption level of urea, MB and CV into ZIP-8/Ag matrix
was evaluated using UV-vis spectroscopy. 10 pL of analyte
solution (5 mM) added into 2.0 mL of ZIP-8/Ag solution (50
ppm). Adsorption spectra of the samples were recorded right
after the addition and after 5 min, 10 min, 20 min, 30 min and
so on, until the intensity of the absorption band each
compound achieved a steady state.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characteristics of ZIP-8/Ag

Fig. 1a shows SEM images of ZIF-8 in a uniform crystal
morphology with good size distribution with the mean diameter
of about 100 nm without any obvious aggregation. Besides, the
ZIP-8 particles exhibit a relatively smooth surface. Full charac-
terization of ZIP-8, including X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR), thermal gravimetric analyses (TGA)
and pore size calculation of around 11 A were established in our
previous report.”® Even in the addition of AgNPs, the ZIF-8
structure remained intact (Fig. 1b). AgNPs with the size of
approximately 20 nm have been attached on the ZIP-8 nano-
structure, forming a rougher surface, which is promising to
generate promising SERS effect. The size of AgNPs is in good
agreement with our previous study.** The size of AgNPs is also
so large that they cannot be loaded into the MOF structures. As
the composite was prepared via physical mixing method, AgNPs
could only attach onto the surface of ZIP-8 frames.

Fig. 1c shows Raman spectrum of ZIP-8/Ag in comparison
with that of ZIP-8. The Raman spectrum of ZIP-8 exhibit various
peaks at 685 cm ™, 836 cm™ ', 953 ecm ™', 1022 cm Y, 1146 em ™Y,

1180 cm™*, 1348 cm ™!, 1460 cm ™, 1500 cm™, 1510 cm ™ and

2924 cm ™. Most of those bands, including 836 cm ™", 953 cm ™",
1022 cm ™%, 1180 cm ™%, 1384 em ™%, 1500 em ™Y, 1510 cm ™ ' and
2924 cm ™, was assigned to methyl group and imidazole ring
vibrations (Table S1%). The bands at 685 cm ™', 1146 cm™ ' and
1460 cm ' was associated with imidazolium ring puckering,
C-N and methyl bending, respectively.** In the presence of Ag,
the Raman spectrum show an intense sharp band at around
300 cm ™, corresponding to Ag-O stretching, representing the
presence of AgNPs in the matrix. As the ZIP-8 structure stayed
intact in the addition of AgNPs, the characteristic bands of ZIP-8
still remains. However, due to the high intensity of the band at
300 cm ™%, those bands look less intense. However, the bands at
685 cm %, 953 cm ™Y, 1022 em ™Y, 1384 em ™Y, 1500 cm ! and
2924 cm ™! could still be observed in this spectrum.

3.2. Effects of molecular dimensions of analytes on SERS
performance of ZIP-8/Ag: an explanation based on adsorption
capacity
To investigate the effect of molecular dimensions of analytes on
SERS efficiency of ZIP-8/Ag, three organic compounds with
different properties have been selected, including urea, MB and
CR. First, urea is a small molecule with dimensions of 3.0 x
4.97 x 5.34 A in which every dimension is smaller than the
pore size of ZIP-8 of 11.6 A.2*3° Urea is not charged, but it is
highly polar. The other compounds were MB with the dimen-
sions of 17.0 x 7.6 x 3.3 A, and CR with the dimensions 1.4 x
9.3 x 21.0 A.*” Each compound has one dimension larger than
the pore size of ZIP-8. Besides, while MB is negatively charged in
solution, CR is positively charged. SERS signals of urea, MB and
CR at different concentrations was recorded on two SERS
substrates: pure AgNPs and ZIP-8/Ag for comparison purpose.
Fig. 2a-c display SERS spectra of urea on ZIP-8/Ag in
comparison with those on pure AgNPs. Urea has been reported
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Fig. 1

to be a low Raman cross-section molecules, resulting in its low
SERS signal on many substrates.***® Urea molecule contains
only one carbonyl group (-C=0) and two amino groups (-NH,).
As a result, at the concentration of 102 M, the presence of urea
absorbed on AgNPs is reflected in the SERS spectrum with only
one characteristic band at 1010 cm™', representing C-N
stretching mode (Fig. 2a). However, the SERS intensity at this
band is relatively low of about 500 a.u. In the incorporation of
ZIP-8 into the SERS substrate to create ZIP-8/Ag, the SERS
intensity is significantly improved. The SERS intensity of urea
(107° M) on ZIP-8/Ag at the band of 1010 cm ™ is approximately
9 times higher than that on pure AgNPs. Similarly, at the
concentration of 10~* M, while the SERS intensity of urea on
AgNPs is even lower, the SERS spectrum of this analyte on ZIP-8/
Ag still exhibits a characteristic band. Furthermore, at concen-
tration as low as 10> M, there is no band detected in the SERS
spectrum of urea on AgNPs. However, the SERS spectrum of
urea on ZIP-8/Ag still reflects the presence of urea in the sample
with a clear peak at 1010 cm ™ '. Hence, using ZIP-8/Ag as the
substrate, the SERS signal of urea have been enhanced obvi-
ously, compared to the use of pure AgNPs.

Similarly, SERS spectra of MB at different concentrations
(107° to 107 M) were also recorded on AgNPs and ZIP-8/Ag

View Article Online
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(a) and (b) SEM images of ZIF and ZIF/Ag, respectively; (b) Raman spectra of ZIF-8 and ZIF-8/Ag.

substrates. On AgNPs, SERS spectrum of MB (10~° M) shows
sharp and intense peaks at 450 cm ™%, 1315 cm™*, 1420 cm™*
and 1613 cm™ ", The peak at 450 cm™ " was assigned for skeletal
deformation vibration of C-N-C, respectively. The band at
1315 cm™ ' was associated with the N-O, symmetric stretching
vibration. The bands at 1420 cm™ " and 1620 cm ™" were corre-
sponding to stretching modes of C-N and C-C ring,
respectively.’”* In the presence of ZIP-8 in the SERS substrate,
we observed a significant decrease in SERS intensity at every
characteristic band as shown in Fig. 3a. At the band of
450 cm™ ', at which the SERS intensity of MB is usually
employed to calculate its concentration in several previous
studies, the SERS intensity of MB on AgNPs is nearly 3.5 times
higher than that on ZIP-8/Ag. A similar trend was also observed
at the two other concentrations of MB, including 10°® M
(Fig. 3b) and 10”7 M (Fig. 3c). At the lowest concentration of
107 M, on ZIP-8/Ag, the characteristic band could be rarely
detected on the SERS spectrum while still being obvious in the
SERS spectrum of the analyte on AgNPs. Hence, the modifica-
tion in material did not lead to any improvement in SERS
performance of the substrate. In contrast, it reduced the SERS
intensity of MB, and therefore, lowered the detection ability of
the sensing platform.

5000 iGiob 5006
a) 1010 cm™ Urea-10=M b) Urea-104mM C) Urea-10"5m
4 Vs (C-N
4000 s(C-N) \\ 30004 —~15004
) 3 3
& 30004 & 1010 cm” <
2z 220004 - (e 2410004
® = ! ‘& 1010 cm”
£ 20004 g g -
E £ 10005 S
10004 = ZIF-8/Ag =
0 0

800

900

1000 1100
Raman Shift (cm'1)

1200 1300 800 900

1000
Raman Shift (cm-1)

1100 1200 1300
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Fig. 2 SERS spectra of urea at 107> M (a), 10~* M (b) and 107> M (c) on AgNPs and ZIP-8/Ag substrates.
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Fig. 3 SERS spectra of MB at 107> M (a), 107 M (b) and 10~ M (c) on AgNPs and ZIP-8/Ag substrates.

Concerning another organic dye, CR, Fig. 4a shows the SERS
spectrum of CR (10~* M) on ZIP-8/Ag in comparison to that on
AgNPs. Similar to the case of MB, SERS spectrum of CR on
AuNPs exhibits sharp peaks at 1150 cm™', 1270 cm ',
1450 cm ' and 1600 cm ™', The band at 1150 cm-1 was assigned
to asymmetric stretching of N-N groups. The band at 1270 cm ™
was associated with hydrazone C-N- stretching vibrations. The
bands at 1450 cm™ ' and 1600 cm ™" were related to C=C and
C-C stretching of the aromatic ring, respectively.*® On ZIP-8/Ag,
the peaks are relatively indistinct, and the peak at 1450 cm ™" is
nearly undetectable. Moreover, the SERS intensity of CR on ZIP-
8/Ag is also lower than that on AgNPs. For example, at the peak
of 1270 cm™*, the SERS intensity of CR on AgNPs is around 1.7
times higher than that on ZIP-8/Ag. At the lower concentration
of 107> M, on AgNPs, several peaks of CR can be detected at low
intensity in the SERS spectrum while the presence of CR can not
be confirmed through its SERS spectra on ZIP-8/Ag (Fig. 4b). At
the lowest concentration of 107® M, no characteristic peak is
detectable in both spectra (Fig. 4c). Once again, the incorpora-
tion of ZIP-8 in the Ag-based SERS substrate did not improve its
SERS sensing performance.

Our previous studies claimed when coated on Al substrates,
AgNPs that were synthesized using electrochemical methods
could self-assemble to form close interparticle distance of 3-
5 nm.*"** This distance generates large enhancements in SERS
signal of the analytes, leading to the appearance of the sharp
peaks in the SERS spectra of MB (10> M) and CR (10~* M) on
AgNPs. Moreover, even a low Raman cross-section as urea could

5000.

exhibit its characteristic band clearly on this substrate. By
intergrating with ZIP-8 in the nanocomposite material, we
sacrificed this self-assembly as AgNPs could not distribute as
uniformly and create such interparticle distance on the surface
of ZIP-8. It could be the reason for its poor SERS performance
while sensing MB and CR. However, the presence of ZIP-8 in the
SERS substrate did not always reduce the SERS performance of
the sensing platform. In fact, SERS signal of urea on ZIP-8/Ag
has been significantly improved, compared to the use of pure
AgNPs. It could allow urea to be detected at a low LOD, which
will be calculated in the following section. ZIP-8 and other MOF
structures are well-known sorbent materials which can adsorb
analytes into its matrix as a step of preconcentrating before
SERS measurement, leading to enhancement of SERS signal.
Thus, the adsorption could have been the key for the improve-
ment in urea sensing performance of ZIP-8/Ag, in comparison
to the other analytes. The adsorption of urea, MB and CR into
ZIP-8/Ag was investigated via an absorption model in Section
2.5. The changes over time in the absorption intensity of urea
solution in the presence of ZIP-8/Ag were displayed in Fig. S1f
(right). With the increase of incubation time, the characteristic
absorption band of urea at 200 nm decreases, representing the
adsorption of urea into the ZIP-8/Ag matrix. Similarly, the
changes over time in the absorption intensity of MB and CR
solutions in the presence of ZIP-8/Ag were shown in Fig. S2b and
S3b,t respectively. However, absorption spectra of MB and CR
does not change significantly during incubation time. Using the
absorption intensity obtained at 200 nm for urea, 663 nm for

2000,

1000
a) CR-10%M b) CR-10°M C) CR-10M
40004 s - _ 24004
0 —~ 7504 1270 :
2 1270 5 2
—.30004 7 /1450 < 1150 ~—18004
2 1600 > 5004 N 2
g 20004 ' 3 21200.
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Fig. 4 SERS spectra of CR at 107* M (a), 107> M (b) and 10~° M (c) on AgNPs and ZIP-8/Ag substrates.
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MB and 498 nm for CR, the concentration of each compound
was calculated using the Beer-Lambert law:

A =c¢le (»

in which A is the absorption intensity, ¢ is the molar absorption
coefficient (L mol ' em™"); I is the optical path length (cm); and
¢ is concentration of the solution (mol L'). The molar
absorption coefficients for urea, MB and CR are the slope of the
plot in Fig. S1a, S2a and S3a,T respectively.

Fig. 5 shows the changes in concentration of urea, MB and
CR in the solution over incubation time. Concerning urea, over
the 90 minute of incubation, the absorption intensity at 200 nm
decreases continuously (Fig. Slaf), reflecting on the concen-
tration of urea in the solution. The lower the concentration in
solution, the higher amount of analyte adsorbed into/onto ZIP-
8/Ag structure. Thus, when the steady state is reached after
50 min of incubation, the urea concentration in solution is
around 31.0 pM, which is 62.0% relative to that of the initial
solution. Concerning MB and CR concentration only slightly
changed during incubation. MB solution reached the steady
state after 30 minutes at the concentration of 48.7 uM, which is
97.4% relative to that of the initial solution. Besides, the steady
state of the CR solution was achieved after 20 min of incubation
at the concentration of 47.5 pM, which is 95.0% relative to that
of the initial solution.

The adsorption capacity of an adsorbate, g, which is the
amount of the adsorbate adsorbed per unit mass of the adsor-
bent at the equilibrium state (mg g '), is usually calculated
using the equation:

g = (Cl — Ce) x V (2)

m

in which C; and C. are the initial and equilibrium concentra-
tions of the adsorbate, respectively (mg L™'); V is the solution
volume V; and m is the mass of the adsorbent (g).

This equation could be employed to calculate the adsorption
capacities of urea, MB and CR into/onto ZIP-8/Ag. C; is the
initial concentration of each analyte, which is 50 pM. The
adsorption capacities of urea, MB and CR was estimated to be
22.8mgg ' =3.8x10 “molg !,83mgg ! = 2.6 x 10> mol

110
- Urea
—e—CR
1004 —A—MB
2 904
(=]
<
< 804
704 Saturation state
604
0 20 40 60 80 100

Time (minute)

Fig. 5 Changes in relative concentration of urea, MB and CR in the
presence of ZIF-8/Ag in solution during incubation time.
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¢ 'and 34.8 mg g ' = 5 x 10> mol g~ . Therefore, urea has
the largest adsorption capacity, followed by CR and then MB. In
another word, on a certain ZIP-8/Ag substrate, the number of
urea molecules which can be adsorbed into/onto the substrate
is the highest, followed by that of CR and then MB, urea > CR >
MB. The difference in adsorption capacity of the three analytes
is in correlation with the difference in their SERS enhancement
on ZIP-8/Ag. It further confirmed that SERS enhancements
achived on ZIP-8/Ag was related to the adsorption of the ana-
lytes into/onto the substrate. These differences reminds the
distinctions in their properties. To be detailed, every dimension
of urea molecule is smaller than the pore size of ZIP-8. It could
have allowed it to be adsorbed into the MOF matrix, and locally
concentrated within the SERS substrate. In contrast, large
molecules with one dimension larger than ZIP-8 pore size could
have not been well-adsorbed into the matrix. However, Fig. 5
and the calculated adsorption capacities show that there was
still a small amount of MB and CR adsorbed onto the substrate.
They could have adsorbed on the surface of the material. It is
worth reminding that in solution, CR is negatively charged,
thus, it was convenient for it to be adsorbed on the nodes of
Zn** on ZIP-8/Ag. Meanwhile, MB is positively charged, and it
could have been adsorbed on citrate-coated AgNPs. Although
urea is not charged, it is highly polar. Through ion-dipole
forces, urea molecules could have also interacted with Zn**
node to be adsorbed on the surface. However, the adsorption of
analyte on the surface of the substrate seemed not to signifi-
cantly enhance their SERS signal, reflecting in the poor
performance to sense MB and CR using ZIP-8/Ag. In addition, to
clarify the contribution of surface adsorption of analyte to the
SERS enhancement, we destroyed the ZIP-8 frames in ZIP-8/Ag
using ultrasonication and employed it as SERS substrate to
record SERS spectrum of urea (10 * M) and compare it with
SERS spectrum of urea on AgNPs (Fig. 6b). Fig. 6a shows SEM
image of ZIP-8 after ultrasonication on the left, displaying that
ZIP-8 particles have been broken into fragments. On the right,
SEM image of ZIP-8/Ag after ultrasonication exhibit bright
particles with the size of 20-30 nm, which could be AgNPs.
Furthermore, the image is blurred, which could be due to the
presence of organic fragments in the mixture. Eventhough the
MOF structure was destroyed, Zn>" still remained in the mixture
to interact with urea molecules. However, Fig. 6b shows no
significant enhancement in SERS signal of urea on
ultrasonication-treated ZIP-8/Ag in comparison to that on
AgNPs. Therefore, the impact of analyte adsorption on the
surface of urea via this interaction was negligible compared to
its adsorption into the MOF matrix. Moreover, as the ZIP-8
structure were destroyed, the self assembly of AgNPs could be
observed in Fig. 6a (right) with interparticle distance of less
than 5 nm, which is similar to our previous reports.*>** There-
fore, obtained SERS spectra on treated ZIP-8/Ag of all three
analytes are similar to those on AgNP. The results of MB (Fig. 6¢)
and CR (Fig. 6d) reconfirm our hypothesis that by using ZIP-8/
Ag, we sacrificed the advantage of AgNP self assembly in the
Al substrate. Only if the analyte is small enough to be adsorbed
into the MOF matrix to be concentrated, an enhancement in
SERS signal can be achieved. This adsorption helps to gather

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the analyte molecules at a close distance to the AgNPs, which is
the centres of SERS effect, allowing the analyte to experience
SERS enhancement in both chemical and electromagnetic
mechanism. It suggests a size-selection approach, which could
be useful to develop applications of ZIP-8/Ag based SERS
Sensors.

ZIP-8/Ag was then utilized to develop SERS-based sensors for
urea detection.

3.3. ZIP-8/Ag-based SERS sensors for urea detection

Fig. 7a demonstrates SERS spectra of urea at eight concentra-
tions (1072 to 107'° M) on ZIP-8/Ag. The presence of the char-
acteristic band of urea at 1010 cm™ " could be observed in the
SERS spectra with concentrations down to 10~° M. Plot of log-
arithmic SERS intensity at 1010 em™ ' against logarithmic
concentration of urea shows a good linear relationship in the
region from 10~° M to 10> M with a linear regression of R> =
0.97 (Fig. 7b). For each point of the plot, three spectra were
collected at three different spots on the SERS substrate. Based
on the linear equation shown in Fig. 7b, LOD was calculated to
be 1.48 x 10~ '° M, which is much more impressive than many
reported noble metal-based SERS sensors for urea (Table 1).
LOD was calculated as described in ESI.{ Besides, the repro-
ducibility of the method was evaluated by measuring SERS
signal of urea (10> M) on 5 ZIP-8/Ag substrates, which were
prepared independently using the same protocol, as shown in
Fig. 7d. SERS intensities of urea at 1010 cm ™" were employed to
calculate relative standard deviation (RSD) as shown in ESL}
Thanks to the simplicity of the sample preparation, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

reproducibility RSD was estimated to be 13.91%, indicating
good reproducibility of the method. In addition, measuring
SERS signal of urea on ten different positions on a substrate
resulted in similar SERS intensity (Fig. 7c). The uniformity RSD
was calculated to be 13.02%.

Table 1 shows that different strategies have been employed
to improve the sensing performance of the low Raman cross-
section molecule, urea. For example, bimetallic Au@Ag core
shelled NPs was prepared to improve the sensitivity, in
comparison to the use of pure AuNPs in a study of Hussain
et al.*> Besides, AgNPs with sharp tips such as nanodendrite and
nanostar were synthesized to create hot spots, amplifying SERS
signal of urea.*>** In order to forming hot spots, Verma et al.
decorated AgNPs on fibers of filter paper to enhance SERS signal
of urea.” Recently, we develop a technique called photo-
induced enhanced Raman spectroscopy (PIERS) with the use
of Ag-TiO,, requiring a step of UV pre-irradiation A = 365 nm
before SERS measurement.*® The pre-irradiation step causes
oxygen vacancies on the surface of TiO, semiconductor.
Therefore, electrons would jump from the oxygen vacancy states
to the conduction band of TiO, and then, they are injected to
the Fermi level of Ag, leading to the increase in density of
density of hot electrons on the surface of AgNPs, allowing more
electrons to be transferred to the analyte. Consequently, SERS
sensitivity of the sensing system was improved, resulting in an
LOD lower than the previously developed ones. In this study, we
chose another strategy of enhancing the adsorption level of urea
into the substrate using ZIP-8, leading to a huge drop in LOD,
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(c) Uniformity and (d) reproducibility of SERS sensors for urea on ZIF-8/Ag substrate.

compared to the others. It emphasizes the importance of
adsorption in SERS enhancement.

3.4. Size-selectivity and practicability of ZIP-8/Ag based SERS
sensor for urea detection

To confirm the size-selectivity of ZIP-8/Ag based SERS sensors
for urea detection, we performed SERS measurements of urea in
the presence of CR as an interfering compound. Solutions
containing urea and CR were prepared in distilled water with
concentrations of 10™* M, 10> M and 10°°® M of each
compound. At concentration of 10~ * M (Fig. 8a), the presence of
urea in the solution is reflected by the appearance of a sharp
and intense band at 1010 cm ™. Meanwhile, there is only one

Table 1 Several reported SERS-based urea sensors

characteristic band of CR detected at 1600 cm ™ '. At concen-
tration of 10> M (Fig. 8b), with dominant intensity, the band at
1010 cm ™' representing the presence of urea can be observed
clearly while the band at 1600 cm ™" is indistinct with low SERS
intensity. Reaching the lowest concentration of 10~ M, there
was only urea detected in the solution (Fig. 8c). Therefore, ZIP-8/
Ag show size-selectivity while detecting urea in the presence of
an interfering compound with one dimension larger than the
pore size of the MOF structure.

This size-selectivity is useful for applications of sensors. In
this study, we studied the practicability of ZIP-8/Ag based SERS
sensor using bottled milk. Milk always contains large molecules
such as lipids and proteins leading to high background signal,
which could interfere the detection of target analyte. With the

Substrate materials LOD Linear range Ref.
AU@AgNP 0.83 x 10° M 0.83 x 10°t0 1.33 x 107 M 42

Ag dendrite 33x107°M 33x10°t0 1.7 x 107> M 43

Au nanostar 33%x10*M 33%x10%t033 x 10 ' M 44

Ag nanostructures on filter paper 2x107*'M — 45
Ag-TiO, (UV pre-irradiation A = 365 nm) 46 x 10°°M 107%t0 107 M 36
ZIP-8/Ag 148 x 10°'°M 10 °t010°* M This work
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limited pore size, ZIP-8/Ag could act as a filter, which only allow
small molecules to be adsorb inside and experience SERS
enhancement. Fig. 9a shows the Raman spectrum of milk (red)
and SERS spectrum of milk on ZIP-8/Ag. Raman spectrum
exhibits no characteristic band. The SERS spectrum show
several peaks, including the intense peak at 250 cm ™', repre-
senting the presence of Ag. The other might be related to ZIP-8.
However, it is important that there is no intense band around
the Raman shift of 1010 cm ™', such as the band at 1003 cm ™,
which was assigned to C-H stretching in protein (phenylala-
nine).** Urea was spiked into bottled milk samples to obtain
different concentrations (10~° M to 10> M). SERS measure-
ments of those samples is displayed in Fig. 9b. The character-
istic band of urea at 1010 cm™ ' was detected in every samples
down to the concentration of 10~® M. Proteins and other large
molecules could have block the pores of MOF and prevent urea
to be adsorbed into ZIP-8 as effectively as in standard samples,
reducing the accuracy of SERS detecting and sensitivity of the
sensors. It results in recovery rates ranging from 88% to 115%
(Table S21). Moreover, the sensor could only detect urea at
concentrations down to 10~® M in milk, which is larger than

o]
N’

ZIF-8/Ag - Milk b)

Ag

Milk

Intensity (a.u)

LOD of 1.48 x 10 ' M in standard samples. However, the
recovery values have been improved compared to our previous
study using TiO,/Ag for urea detection with the recovery rate of
71% to 121%.%¢ It could be due to size-selectivity of the sensing
system, which reduced interfering noises by preventing
adsorption of milk proteins into the SERS substrate. More
importantly, ZIP-8/Ag is able to detect the presence of urea in
milk at concentrations as low as 10~® M without any pre-
treatment on the real samples.

3.5. ZIP-8/Ag as a size-selective SERS substrate for other
analytes

To confirm the proposed mechanism of the size-selectivity of
the ZIP-8/Ag sensing platform, two other organic compound
with different dimensions was selected for SERS measurements.
The first one is 4-nitrophenol (4-NP) with the dimensions of 6.6
x 4.3 A, which are smaller than the pore size of ZIP-8. The
second one is chloramphenicol (CAP) with the dimensions of
17.5 x 7.3 x 22.1 A,*® among which two dimensions are larger
than the MOF pore size. With the dimensions of the two
compound, it can be expected that ZIP-8/Ag would improve the

Intensity (a.u)
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Fig. 9 (a) Raman spectrum of milk (red) and SERS spectrum of milk on ZIF-8/Ag (black); (b) SERS spectra of urea at different concentrations in

real samples of milk on ZIF-8/Ag substrates.
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SERS performance of sensing 4-NP, compared to the use of pure
AgNPs. In contrast, CAP would not be able to be adsorbed into
the matrix of ZIP-8/Ag, leading to the lower intensity of SERS
signal of CAP on this composite material in comparison to that
on AgNPs. Fig. S41 shows SERS spectra of 4-NP at different
concentrations (10> to 10~> M) on ZIP-8/Ag to compare with
those on AgNPs. As expected, at every characteristic band, SERS
intensity of 4-NP on ZIP-8/Ag is higher that on AgNPs at all
concentration. At the lowest concentration of 10> M, while
SERS spectrum of 4-NP on AgNPs does not show any charac-
teristic band, that on ZIP-8/Ag still exhibit sharp and intense
peaks, representing the presence of 4-NP. On the other hand,
the modification with ZIP-8 does not improve the SERS perfor-
mance of the SERS substrate for sensing CAP (Fig. S51). Similar
to the results of MB and CR, SERS intensity of CAP on ZIP-8/Ag
is lower than that on AgNPs at all characteristic peaks and all
concentration. At the lowest concentration of 10> M, ZIP-8/Ag
can not determine the presence of CAP while the other SERS
substrate promote the presence of its characteristic peaks.
Furthermore, size-selective experiments were also set up using
4-NP and CR (Fig. S67). Similar to urea, the characteristic peaks
of 4-NP can be detected down to concentration of 10~° M. At this
concentration, the characteristic peak of CR has disappeared.
The additional experiments on other analyte confirm the size-
selectivity of ZIP-8/Ag as a SERS based sensing platform. It
suggests a step of comparing dimensions of analytes and MOF
pore sizes when developing SERS active materials using MOF.
Both urea and 4-NP have dimensions smaller than the pore
size of ZIP-8. Therefore, it could be expected that both analytes
can be well adsorbed into ZIP-8 structures. Fig. S71 shows SERS
spectra of urea and 4-NP in mixed solutions (10~* to 10 ° M) on
ZIP-8/Ag. The presence of urea can be detected with the band at
1010 cm™ . Meanwhile, the presence of 4-NP is also confirm by
characteristic bands. The characteristic bands of 4-NP is listed
in Table S3.7 SERS intensities of urea at different concentra-
tions in the presence and absence of 4-NP as a interfering
molecule are compared in Fig. S8.7 The presence of 4-NP has led
to areduction in SERS intensity of urea. However, this reduction
is less than 5% at every concentration. Therefore, the presence
of small interfering molecule do not lead to significant influ-
ence on SERS performance of ZIP-8/Ag-based sensor for urea.

4. Conclusions

In this study, we fabricated ZIP-8/Ag nanocomposite using
simple physical mixing method. The nanocomposite was
employed as SERS substrates for detection of different analytes
with distinct dimensions, including urea, MB and CR, among
which urea has every dimensions smaller than the pore size of
ZIP-8 while the others has one dimension larger than that. The
dimensions of analyte exhibit obvious effect on their ability to
be adsorbed into/onto the SERS substrate as well as the SERS
performance. With appropriate dimensions, urea was the only
analyte adsorbed effectively into ZIP-8/Ag, leading to significant
improvements in SERS performance of the sensing systems.
ZIP-8/Ag, therefore, worked as a filter in a size-selective SERS
sensing platform. ZIP-8/Ag based SERS sensor could detect urea
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at concentrations down to 1.48 x 10~ '° M in standard solutions
and 10°® M in milk samples. The size-selectivity was re-
confirmed with two other analytes: a small one, 4-NP, and
a large one, CAP. The results were in good agreement with the
expectation that only 4-NP achieved large SERS enhancements
on ZIP-8/Ag. It suggests a simple step of comparing dimensions
of target molecules and MOF pore sizes before developing SERS
active materials using MOF nanostructures to optimize their
SERS performance.
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