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A B S T R A C T

Patulin is a toxin that can be found in damaged or moldy fruits, especially apples. Very high detection sensitivity 
can be achieved using the SERS (Surface Enhanced Raman Scattering) technique, which provides information 
about molecular vibrations. However, unexpected desorption of target toxins from the surface of the SERS 
substrate and interference from other substances pose a major challenge. Here we investigate a competitive 
binding strategy for reliable SERS analysis of PAT. Core-Raman molecule-shell (CMS) structures and program
mable, specific DNA interactions are utilized to regulate Raman signal intensity without affecting the embedded 
Raman molecules. Specfically, aptamer-functionalized CMS structures are combined with metal-organic scaffold 
nanoparticles that possess complementary DNA sequences. In the presence of PAT, binding of the aptamer to the 
toxin leads to degradation of the hybrid nano assembly, which can be measured by a change in the SERS signal. 
This SERS strategy enables turn-off sensing in apple juice over a wide range (10 pg/mL to 1 μg/mL), with a 
detection limit as low as 0.02 ng/mL. Analysis of real samples gives results consistent with high-performance 
liquid chromatography (HPLC) test. The excellent selectivity and sensitivity of the SERS sensor demonstrate 
its potential for a wide range of SERS sensor applications.

1. Introduction

Contamination with mycotoxins is a global challenge for ensuring
food safety (Kabak et al., 2006). Ingestion of food-borne mycotoxins can 
cause acute symptoms of serious illness or long-term health effects, 
typically leading to cancer and immune deficiencies (Haque et al., 
2020). Patulin (PAT) is a mycotoxin commonly found in contaminated 
apples and apple products, but it also exists in moldy pears, apricots, 
tomatoes, figs, cheese and grains like corn, rice, and wheat, etc. (Mahato 
et al., 2021). Consumption of contaminated food can lead to acute 
symptoms, including vomiting and gastrointestinal disturbances, while 
chronic exposure has been linked to immunotoxicity, mutagenicity, and 
genotoxicity (Wei et al., 2020). PAT not only endanger human health, 
but also affect food safety and nutrition by restricting access to healthy 
food. As a secondary metabolite produced by various molds, including 

Byssochlamys, Penicillium, and Aspergillus, patulin is particularly associ
ated with Penicillium expansum, which is responsible for the rot of stored 
apples (Mukherjee et al., 2022). Apples are one of the most worldwide 
cultivated temperature fruits as its high nutritional value and seasonal 
availability (Feng et al., 2021). The maximum limit for PAT in apple 
juice set by the Codex Alimentarius Commission is 50 μg/L, which is 
same with the standard announced (50 μg/kg) by the food safety au
thorities from USA and China, while European Union decreased the 
maximum level to 10 μg/L of PAT in apple products (Cioates Negut et al., 
2023). Generally, PAT is determined by chromatographic techniques, 
such as liquid chromatography-tandem mass spectrometry (LC/MS), gas 
chromatography-mass spectrometry (GC/MS) and HPLC. Although 
these methods are sensitive, reproducible, and accurate, they invariably 
require bulky, expensive instruments, skilled persons, laborious sample 
preparations (Datta et al., 2024). With the expanding global supply 
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Badhulika, 2024). However, there is little report on SERS sensor based 
on MOFs for PAT detection.

In this study, we innovatively designed a SERS sensor based on CMS 
structure and MOFs, where the programmable ligand was utilized as a 
switch to regulate the SERS response, and the reliable signal-off SERS 
detection of PAT was obtained (Scheme 1). The MOFs-based particles 
were used as a substrate to anchor additional CMS nanostructures, 
forming nano-assemblies with the assistance of programmable ligands. 
This approach significantly amplified the SERS signals. Through 
competitive binding, the signal was quenched in the presence of PAT, 
which enhanced the signal variation at lower concentration of PAT 
without interference with the SERS spectra. The MOFs, (Uio-66) was 
synthesized with functionalization of complementary probe, while the 
plasmonic CMS structure embedded in SERS tags was modified by 
capture probe for PAT. The relevance of the SERS performance to the 
MOFs structure and the shell thickness was explored systematically, it 
was found that the MOFs substrate further magnified the SERS signals by 
gathering more CMS structure in one particle, and the silver shell could 
block the internal signal by inhibiting the penetration of excitation laser 
and emission SERS signals. Under optimize conditions, these two 
nanocomposites were assembled through DNA hybridization with high 
SERS signals. In the presence of PAT, the PAT bound to the capture 
aptamer and decomposed the assembly, leading to the shedding of the 
plasmonic nanoparticles into the supernatant. Here, the signal changes 
were manipulated by the target-responsive duplex DNA sequence, 
avoiding the directing interaction between the target and Raman 
molecule. Benefiting from the CMS plasmonic structure and switchable 
SERS mechanism, the SERS sensor showed a high sensitivity, good 
selectivity, and rapid response for PAT detection in apple juice. This 
strategy provides a new solution for monitoring chemical contamina
tions in environmental, medical, and food safety field.

2. Materials and methods

2.1. Materials

Zirconium(IV) chloride (98 %), 2-Aminoterephthalic acid 
(>98 %),4-mercaptobenzoic acid (4MBA), and Tris(2-carboxyethyl) 
phosphine (TCEP) were purchased from Aladdin Scientific Corp. 
(China). Acetic acid (>99.8 %), N,N-Dimethylformamide (>99.5 %), 
Sodium borohydride (>98 %) and Hydroxylammonium chloride (99 %) 
were obtained by China National Pharmaceutical Group Co Ltd (Sino
pharm). The complementary probe (cDNA) and capture probe (aptamer) 
were prepared by GenScript Biotech Corporation. Ultrapure water was 
prepared in our lab using a laboratory water purification system (18.2 
MΩ·cm).

2.2. Instruments and characterizations

D8-advance instrument (Bruker AXS Ltd., Germany) was used to 
acquire the nanoparticles’ X-ray diffraction (XRD) pattern. The nano
particles’ Fourier transform infrared spectra (FTIR) transmittance 
spectra were recorded by a FTIR spectrometer (WQF-510A FT-IR, Bei
jing Rayleigh Analytical Instrument Co., Ltd., China) in the range 
4000–650 cm 1 at room temperature. The SEM images were obtained 
by field emission scanning electron microscopy (SEM, JEOL Ltd., Japan). 
SPLD-RAMAN-785-Q Spectrometer (Hangzhou SPL photonics Co Ltd., 
China) with a laser excitation wavelength of 785 nm was used to record 
all the SERS measurements.

2.3. Synthesis of UiO-66@Au

Hydrothermal synthesis method was employed to prepare 
zirconium-based MOFs material (Cao et al., 2023). UiO-66: zirconium 
tetrachloride (ZrCl4 62.9 mg) and 2-amino terephthalic acid 
(H2BDC-NH2 48.9 mg) was placed in a 250 mL beaker, and 7.2 mL of 

chains and increasing demand for food, there is a growing need for 
rapid, portable detection methods that are fast, cost-effective and 
require minimal sample treatment and handling.

In recent years, various nanosensors based on electrochemical and 
optical methods have been developed for onsite rapid detection of my-
cotoxins (Datta et al., 2024; Hermann et al., 2018; Xing et al., 2020). 
Among these detection methods, surface-enhanced Raman scattering 
(SERS) stands out as a versatile technique that offers high sensitivity and 
selectivity in food samples (Ma et al., 2024; Martinez and He, 2020; Xu 
et al., 2017). Being a vibrational spectroscopic technique, SERS provides 
structural information about the target analyte in complex media and 
has the potential for single molecule detection. Additionally, SERS sig-
nals have strong light stability, making SERS tags a promising substitute 
for conventional optical tags, such as quantum dots and fluorescent 
dyes, in various sensing applications. Consequently, labeled SERS 
techniques have been widely used in environmental monitoring, medi-
cal diagnosis, social security, and food safety (Wang et al., 2012; Wu 
et al., 2021). But SERS methods still faces challenges of high repro-
ducibility, stability, high Raman enhancement signal and uniformity in 
quantitative analysis. The SERS signals are highly dependent on the 
morphology of the substrate (Yang et al., 2024). It is a big challenge to 
build up sensitive and stable SERS nanoprobes. SERS active 
core-molecule-shell nanoparticles provided strong and stable SERS sig-
nals, demonstrating admirable SERS performance in quantitative SERS 
analysis (Li et al., 2023; Lin et al., 2020). Ren et al. firstly reported this 
kind of plasmonic structure and subsequently employed the Raman 
molecule as an internal reference to mitigate external interferences, 
obtaining reliable quantitative analysis (Shen et al., 2015). Numerous 
similar SERS nanoprobes have been developed and utilized for highly 
sensitive analysis (Chen et al., 2022; Li et al., 2024). These CMS struc-
tures cannot prevent the internal molecules from external interference 
but also provide uniform and enhanced SERS hot spots. Nevertheless, 
this type of design is not capable of using the internal Raman molecules 
to detect external targets, as they are separated by the shell and cannot 
exhibit a target-activated SERS response. To detect the mycotoxin, it is 
generally necessary to additionally modify Raman molecules on the 
external surface (Jiao et al., 2022; Yin et al., 2024). However, this 
approach encounters the same issues as those faced by exposed Raman 
probes.

To realize sensitive and reliable SERS detection in mycotoxin 
detection, a possible approach is to implement an external switch, 
drawing inspiration from the fluorescence quenching strategy. Metal- 
organic frameworks (MOFs) are advanced porous materials with large 
surface areas, exhibiting great potential for the storage and transport of 
chemical cargoes (Samuel et al., 2024; Zhou et al., 2012). MOFs have 
demonstrated outstanding performance in variety of applications 
(Zhang et al., 2024). Additionally, their desirable traits such as great 
surface areas and customizable pore channels make them highly 
appealing for sensing applications in food safety (Wang et al., 2019). 
With the assistance of chemically programmable ligands, for example 
DNA, the manipulation of interparticle interactions was realized. In the 
hybrid nanoclusters, MOFs particle-satellite clusters hold promise for 
sensing applications (Wang et al., 2017).

The competitive binding strategy is a key approach for detecting 
small molecules (Li et al., 2020). This method relies on the competition 
between the recognition units and the small molecule for binding to a 
limited number of affinity ligands (Zhao et al., 2019; Guo et al., 2024). 
When a small molecule target is present, it displaces the affinity ligand 
from the recognition units, leading signal variation due to the unbound 
sensing probe. This strategy is commonly employed in the design of 
fluorescent sensor(Zhang et al., 2019). Given the stability and enhanced 
properties of SERS signals, it is significant to develop as a SERS sensor 
using this competitive binding strategy (Sun et al., 2021). The functional 
properties and tunable structure of MOFs have expanded the range of 
biosensing mechanisms when combined with other nanomaterials, 
leveraging the advantages of multi-materials systems (Ravipati and 



acetic acid (Hac) and 60 mL of N,N′-dimethylformamide (DMF) were 
added to it. The mixture was sonicated for 30 min until completely 
dissolved. After dissolution, it was transferred to a high-pressure reac
tion vessel equipped with a polytetrafluoroethylene liner, heated to 
120◦C for 24 h. Then the reaction vessel was cooled to room tempera
ture, yielding a yellowish solution. The generated solution was centri
fuged at 9000 rpm for 5 min, and the resulting UiO-66 precipitate was 
collected. The precipitate was washed alternately by DMF and anhy
drous ethanol for 5–6 times, then dried in a vacuum oven at 60◦C for 
12 h to obtain UiO-66(NH2) as a milky white solid powder.

Decoration of MOFs with gold nanoparticles (Zhang et al., 2021): 
1.8 mg of UiO-66 was dispersed in 2 mL of water, followed by addition 
of 20 mL of chloroauric acid solution (0.25 mM), and vigorously stirred 
at 4◦C for 5 min. Then, 0.1 mL of sodium citrate solution (5 % wt) and 
1 mL of freshly prepared sodium borohydride solution (0.01 M) were 
rapidly added sequentially. The solution immediately changed from 
light yellow to reddish-brown. After continuing stirring for 6 min, the 
reaction was stopped by centrifugation at 9000 rpm for 10 min, the 
supernatant was discarded, and the precipitate was dispersed in 8 mL of 
water, denoted as UiO-66@Au seed.

0.8 mL of above seed solution was added to 7.2 mL of HAuCl4 
(0.27 mM) solution under stirring at 800 rpm, sodium citrate solution 
was added to achieve a molar ratio of 3:1 with HAuCl4, then 76 μL of 
hydroxylamine hydrochloride solution (40 mM) was added. The reac
tion was stirred at room temperature for 30 min, yielding UiO-66@Au.

2.4. Preparation of UiO-66@Au modified by complementary probe

The complementary DNA (cDNA: SH-5’-GCGGGTTGGCGGGCC-3’) 
(10 μM) and 10 mM of TCEP was mixed with the same volume, and the 
mixture was incubated at 37◦C for 30 minutes to activate the thiol 

groups. Then, 60 μL of the activated cDNA solution was added to 440 μL 
of UiO-66@Au solution, which were incubated at 37◦C for 12 h. After
ward, the nanocomposite was purified by centrifugation and resuspend 
in 500 μL of buffer solution, obtaining the UiO-66@Au-cDNA.

2.5. Preparation of Au@4MBA@Ag

Gold nanoparticles were prepared as the core firstly. 100 mL of 
HAuCl4 solution (0.01 %) was heated to boiling. Then 1.6 mL of sodium 
citrate solution (1 %) was added quickly, followed by gentle stirring for 
6 min. The color of the solution changes from light yellow to deep purple 
and then gradually to wine red. The reaction was stopped in an ice bath, 
and the solution was stored at 4◦C for later use.

5 mL of the Au solution was mixed with the Raman molecule (4MBA) 
(5 ×10 6 M), and stirred at 400 rpm for 1 h to promote Au-S bond 
formation. The unbound molecules were removed by centrifugation at 
9000 rpm for 9 min. Then, 100 μL of sodium citrate (1 %) and 250 μL of 
ascorbic acid (1 mM) were added to the centrifuge tube, under stirring at 
800 rpm, followed by slow addition of 300 μL of 10 mM AgNO3 
(approximately 15 s/drop). The reaction was stirred for 30 min, 
continually, then centrifugation (8500 rpm, 15 min) was conducted to 
remove the supernatant. The final nanoparticles (Au@4MBA@Ag) were 
resuspended in 1 mL of water.

2.6. Preparation of Au@4MBA@Ag functionalized by capture probe

30 μL of capture probe (aptamer: 5’-GGCC CGCC AACC CGCA TCAT 
CTAC ACTG ATAT TTTA CCTT-3’-SH) (10 μM) was mixed with 30 μL of 
TCEP (10 mM), and incubated at 37◦C for 30 min to activate the thiol 
groups. Then, the mixture was added to 440 μL of Au@4MBA@Ag so
lution, with incubation at 37◦C for 12 h. Afterward, the nano- 

Scheme 1. Schematic illustration for the synthesis and sensing mechanism of the developed sensor for detecting PAT in apple juice.



was added to different spiked sample tubes. The mixture was shaken for 
15 min, then centrifuged at 6500 rpm for 15 min, the precipitate was 
discarded, and the volume was adjusted to 25 mL. Additionally, 5 mL of 
commercial apple juice was mixed with PAT standard solution, to get the 
spiked samples (25, 75, 125 μg/kg, respectively), then 20 mL of ultra
pure water was added to obtain the PAT extraction solution from the 
juice.

The amount of PAT in spiked samples was detected by our SERS 
sensor, and calculated based on the following equation: 

X =
ρ × V

m 

where X represents the PAT content in the spiked samples (μg/kg), ρ 
represents the PAT concentration in the sample solution calculated ac
cording to the standard curve (ng/mL), V represents the final volume of 
the sample after pretreatment (mL), and m represents the sample mass 
(g).

The Recovery rate (= Detection value/Spiked value × 100 %) was 
used to verify the accuracy of the developed method.

3. Results and Discussion

3.1. Characterizations of UiO-66 and UiO-66@Au

The UiO-66 nanoparticles were synthesized based on a hydrothermal 
method (Hu et al., 2015). As the scanning electron microscopy (SEM) 
image showed, the UiO-66 exhibited an octahedral crystal structure 
(Fig. 1a). The FTIR spectroscopy was carried out to study the chemical 

Fig. 1. (a) SEM image of UiO-66. (b) The FTIR spectra of UiO-66. (c) PXRD patterns of UiO-66 and UiO-66@Au. (d) UV–vis spectra of UiO-66 and UiO-66@Au. (e) 
SEM image of UiO-66@Au and the corresponding EDS elemental mapping images showing Zr (green) and Au (blue) in the same area. (f) The UV–vis spectra of UiO- 
66@Au, which were prepared under various molar ratio of Na3Cit/HAuCl4. (g) The SEM images of UiO-66@Au, which were prepared under various molar ratio of 
Na3Cit/HAuCl4.

hybridizations were purified by centrifugation and resuspend in 500 μL 
of buffer solution to obtain the final Au@4MBA@Ag-apt.

2.7. Preparation of the nanocomposite for PAT assay

The UiO-66@Au-cDNA was mixed with Au@4MBA@Ag-apt, and 
incubated at 37◦C for 2 h. Then the unbound Au@4MBA@Ag-apt was 
removed by centrifugation at 4500 rpm for 5 min, and precipitate 
nanocomposite was redispersed in buffer solution.

Various PAT standard solutions (100 μL, 0.001, 0.01, 0.05, 0.1, 0.5, 
1, 10, 50, 100, 250, and 1000 ng/mL) were mixed with 100 μL of nano- 
hybridization respectively. The mixture was incubated for 1.5 h, then 
the dissociated Au@4MBA@Ag-apt was removed by centrifugation at 
4500 rpm. The reminded nano-hybridizations were redispersed 100 μL 
of buffer solution. Then 2 μL of solution was dropped on a aluminum foil 
for SERS measurement. The testing parameters are: laser 638 nm, power 
100 mW, accumulation time 5 s. Each concentration was tested for 5 
times to get the averaged spectra. The linear relationship was built based 
on the intensity of characteristic peaks of 4MBA (at 1586 cm 1) vs the 
concentration of PAT.

2.8. Application of detecting spiked samples

Apple and commercial apple juice were selected as real samples to 
verify the practical feasibility of our sensor. 5 g of fruit pulp was mixed 
with PAT standard solution to make different spiked samples (20, 50, 
100 μg/kg). Then, 10 mL of water and 20 mg of pectinase were added to 
the fruit pulp and incubated at 40◦C water bath for 1 h for enzymatic 
hydrolysis. Next, 15 mL of extraction solution (acetonitrile: water = 9:1) 
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gold nanoparticles on UiO-66@Au did not experience any decomposi
tion, demonstrating the good stability of UiO-66@Au.

3.2. Preparation of Au@4MBA@Ag

The plasmonic nanostructure of Au@4MBA@Ag was synthesized 
step by step (Xue et al., 2024). First, the gold nanoparticles were syn
thesized by the citrate-based reduction method (Ji et al., 2007). The 
UV–vis spectra showed the characteristic adsorption peak of Au nano
particles at 512 nm (Fig. 2a). Later, the Raman molecule (4MBA) was 
conjugated to the surface of Au nanoparticles through the formation of 
Au-S bond. Finally, The Ag coating on the surface of Au nanoparticles 
was achieved by reducing AgNO3 with a strong reducing agent (a 
mixture of sodium citrate and ascorbic acid) as their similar lattice 
constant (Au (0.408) and Ag (0.409) with a difference of 0.2 %) (Ma 
et al., 2010). The finalized bimetallic core-shell nanoparticles 
(Au@4MBA@Ag) displayed two characteristic peaks located at 407 nm 
and 486 nm, corresponding to the Ag shell and Au core, respectively 
(Fig. 2a), while the blue-shifted surface plasmon absorbance of Au 
indicated coupling between the Ag layers and Au (Haidar et al., 2019). 
The core-shell structure was further verified in detail by TEM. In the 
TEM images, the core-shell structure showed a clear boundary with the 
central dark and outer bright layer contrast, representative of the Au 
(core) and Ag (shell) (Fig. 2b).

To optimize the SERS signals, various amount of 4MBA and AgNO3 
were used in the preparation of Au@4MBA@Ag. The Au nanoparticles 
were incubated with different concentration of 4MBA, with increased 
concentrations, the Raman signals intensity of 4MBA also increased 
(Fig. 2c). At the concentration of 5 × 10 6 mol/L, the Raman intensity 
got the maximum, indicating the balance between the Raman 
enhancement and the dispersity of nanoparticles. We found, at a higher 
concentration, 4MBA induced the aggregation of Au nanoparticles, and 
the slight Raman intensity decrease. The plasmonic Ag shell can inter
fere with the SERS performance of the embedded Raman molecule (Dai 
et al., 2020). To achieve the maximum SERS enhancement, Ag shell of 
varying thickness were synthesized by adjusting the amount of AgNO3 
during the preparation process. As the volume of AgNO3 increased from 
150 μL to 400 μL, the thickness of the Ag shell also increased. This was 
confirmed by the UV–vis spectra, which showed a shift of the plasmon 
band associated with Ag shell from 400 nm to 410 nm, accompanied by 
an increase in intensity. Meanwhile, the characteristic peak of the Au 
core at around 486 nm gradually dispersed (Fig. 2d). This resulted in 
increased Raman intensity up to an AgNO3 volume of 300 μL. However, 
beyond this optimum amount, the thicker Ag shell began to block the 
emission of SERS signals, conversely, resulting in a decrease in Raman 
intensity (Fig. 2e). These findings underscore the importance of opti
mizing the Ag shell thickness for achieving the best SERS performance. 
In addition, the SERS enhanced performance of different substrates was 
investigated under the same conditions (the same testing parameters 
and the same concentrations of 4MBA) (Fig. 2f). The intense Raman 
scattering peaks of the aromatic ring vibrations (ν8a) at 1582 cm 1 in 
4MBA in the spectra of Au@4MBA@Ag was 10 times higher than that of 
Au@4MBA, demonstrating the core-molecule-shell structure could 
provide significantly enhanced Raman scattering and enhanced the 
sensitivity of PAT detection effectively.

3.3. Conjugation of aptamers and assembly of SERS sensor

The complementary probe and capture probe were conjugated to the 
surface of UiO-66@Au and Au@4MBA@Ag, respectively, through the 
formation of strong Au-S bonds and Ag-S bonds. The successful conju
gation was confirmed by UV–vis spectra and zeta potential measure
ments. A new band was observed at 260 nm, corresponding to the 
characteristic peak of aptamer, derived from the nucleic acid bases 
(Fig. 3a and Fig. 3b). Because of the presence citrate ions on the gold 
surface, the zeta potential values of UiO-66@Au and Au@4MBA@Ag 

structure of the MOFs (Fig. 1b). The peaks at 660 cm 1 and 765 cm 1, 
respectively, originated from the longitudinal and transverse vibrations 
of Zr-O bonds. The four peaks appeared at 3461 cm 1, 3346 cm 1, 
1655 cm 1, 1382 cm 1, and 1258 cm 1 belonged to the absorption 
peaks of νas (N-H), νs (N-H), δ(N-H), ν(C-H) and ν(C-H) in 2-aminoter-
ephthalic acid (Olorunyomi et al., 2022). The peak at 1570 cm 1 was 
assigned to C-O-Zr (Liu et al., 2019). The powder X-ray diffraction 
(PXRD) pattern revealed the crystallinity of UiO-66 (2θ=7.53◦ and 
2θ=8.65◦) (Fig. 1c), which was analogous to a previous report (Xiang 
et al., 2020). The UiO-66 exhibited a preferable adsorption capacity to 
AuCl , as the smaller size of AuCl4- (~5.4 Å) than the pore size of UiO-66 
(6 Å) (Lin et al., 2017; Lin et al., 2019). Later, the AuCl4- was reduced by 
sodium citrate and sodium borohydride, Au nanoparticles were in situ 
prepared on the surface of MOFs, leading to the successful construction 
of UiO-66@Au. From the PXRD pattern, four new diffraction peaks 
emerged at 38.25º, 44.35º, 64.66º, and 77.65º appeared, in agreement 
with the pattern of gold nanoparticles corresponding the (111), (200), 
(220) and (311) panels (Radziuk et al., 2010). From the UV–vis ab-
sorption spectra (Fig. 1d), the UiO-66 had no absorption in the test 
range, while UiO-66@Au showed a new absorption peak at 535 nm 
which is similar with that of gold nanoparticles. The amplified SEM 
image (Fig. 1e) of UiO-66@Au showed the particle was rough with small 
particles on the surface. But the octahedral structure of UiO-66 was 
unchanged after the deposition of Au nanoparticles, confirmed the 
structural stability of UiO-66. The Au NPs was further proved by the 
related energy-dispersive X-ray spectroscopy (EDS) elemental mapping 
analysis, the elemental mapping images indicated the homogeneous 
distribution of Zr (green color) and Au (blue color) on the entire 
framework (Fig. 1e) and the successful synthesis of UiO-66@Au. The 
corresponding elemental analysis spectra was shown in Fig. S1, indi-
cating the presence of Au and Zr element.

To make sure more cDNA could be conjugated to the surface of UiO- 
66@Au, it was necessary to have more gold nanoparticles on the surface, 
but it also needed to keep the balance between the amount of gold 
nanoparticles and the morphology of final particles. The deposition of 
Au nanoparticles was tuned by the molar ratio of Na3Cit/HAuCl4, from 
1:1–8:1. The corresponding UV–vis absorption spectra and samples’ 
color of UiO-66@Au were shown in Fig. 1f. These data demonstrated the 
formation of gold nanoparticles, with the color changed from bule to 
purplish red. From 1:1–3:1, these nanoparticles exhibit an intense peak 
absorption peak around 536 nm with a blue-shift, which might be 
associated with the diploe coupling in the Au nanoparticles (Jenkins 
et al., 2014). Nevertheless, the spectra are red shit after 4:1 and the 
absorption peaks become higher and broader. This may be induced by 
the formation of independent gold nanoparticles and the aggregation of 
particles. We observed that a 3:1 ratio is necessary to coat uniformly 
MOFs (Fig. 1g). The SEM images of 3:1 UiO-66@Au showed that it has 
rougher and denser surface than that under the lower ratio (1:1 and 2:1), 
and the relatively stable structure. The close distance between gold 
nanoparticles might accelerate the particles’ diploe coupling, which was 
consistent with the phenomenon of blue-shift in the UV–vis spectra. We 
have increased the molar ratio to examine the role of excess gold. We 
found that under these conditions the size of gold particles became 
bigger (4:1). Further successive enlargement of the ratio (6:1, 8:1) 
resulted in a dissociation of gold nanoparticles. This meant that during 
these reactions the two types of gold nanoparticles were formed and led 
to nonuniform coating (Fig. 1g). This was possibly cause by the faster 
reaction kineties under higher ratio, the gold nanoparticles were formed 
directly by the reduction of HAuCl4 with Na3Cit in the aqueous solution. 
We also tested the stability of UiO-66@Au by storage at 4 ◦C for 180 
days. The stability was evaluated by the fluctuation of the ability of SERS 
enhancement at specified time interval (Fig. S2). After a certain storage 
period, UiO-66@Au was mixed with 4MBA (10 4 M) for 30 min, fol-
lowed by Raman test. After 7 times measurement, the RSD of the in-
tensity of characteristic peak was only 2.68 %, and during each 
measurement the RSD of this was below 5 %. These results showed the 



were 38.01 mV and 33.21 mV, respectively, but they became more 
negatively charged after the modification (-44.3 mv, and 37.69 mv) 
(Fig. 3a and Fig. 3b, insert). This increase in negative charge is attributed 
to the negatively charged nucleic acids (Röthlisberger and Hollenstein, 
2018), indicating successful aptamer conjugation. The maximum func
tionalization of capture probe on the surface of Au@4MBA@Ag was also 
explored by increasing the concentration of capture probe in the reac
tion of conjugating aptamer. The amount of capture probe on 
Au@4MBA@Ag-apt was monitored by UV–vis spectroscopy measure
ment (Fig. S3). When the concentration was above 600 nM, the char
acteristic adsorption peak of aptamer became stable, indicating the 
saturation of aptamer on the surface.

The SERS sensor was prepared through the hybridization of com
plementary probes with the capture probe in UiO-66@Au-cDNA and 
Au@4MBA@Ag-apt, respectively. The SERS signals of the assemblies 
increased as the mass ratio of UiO-66@Au-cDNA to Au@4MBA@Ag-apt 
was increased (Fig. 3c). When the ratio was 1:4, the SERS intensity got 
the maximum which was chosen for forming the assemblies. As the large 
size of UiO-66 (~200 nm), the SERS sensor could be easily separated by 
centrifugation. With the same amount of Au@4MBA@Ag, the SERS 
sensor could be easily separated under low speed of centrifugation 
(4500 rpm, 5 min), while only a small part of Au@4MBA@Ag was 
separated under the same condition (Fig. 3d). These results demonstrate 
the feasibility of the SERS sensor for sensing application based on 

Fig. 2. (a) The UV–vis spectra of Au nanoparticles and Au@4MBA@Ag nanoparticles. (b) TEM image of Au@4MBA@Ag. (c) The SERS spectra of Au nanoparticles by 
incubating with various concentrations of 4-MBA. (d) The UV–vis spectra of Au@4MBA@Ag, which was prepared by using different amount of AgNO3 in the 
preparation process. Insert, the images of aqueous Au@4MBA@Ag solution by increasing the amount of AgNO3 (from left to right). (e) The SERS spectra of 
Au@4MBA@Ag, which was prepared by using different amount of AgNO3 in the preparation process. (f) Raman spectra of Au, 4MBA, Au@4MBA, and Au@4M
BA@Ag, the Raman spectra intensity of 4MBA were compared at the same concentration.



competitive binding.

3.4. Analytical application and selectivity evaluation

The Raman reporters embedded in Au@4MBA@Ag-apt produce 
quantitative SERS signals, avoiding the interference from samples and 
the state of nanoparticles. Therefore, the fabricated SERS sensor dis
played the potential application for the detection of PAT. The Raman 
peak at 1582 cm 1 showed the maximum intensity and was chosen as 
the discrimination position for the quantitative analysis of PAT. In the 
presence of PAT, the higher selectivity of capture probes for the targets 
induced structural variations in the aptamers and the dissociation of 
Au@4MBA@Ag-apt from MOFs. The remaining Au@4MBA@Ag-apt and 
UiO-66@Au-cDNA assemblies were completely separated by centrifu
gation, and there are only dissociated Au@4MBA@Ag-apt in superna
tant. SERS intensities at 1582 cm 1 decreased with increasing 
concentrations PAT of PAT from 0.01 ng/mL to 1000 ng/mL (Fig. 4a). 
The discrimination of PAT was saturated at higher concentration. The 
repeatability and signal stability was evaluated by testing 49 points in 
one sample, and the RSD was only 6.33 % (Fig. S4). This was due to the 
superiority of CMS structure, demonstrating the good performance of 
this SERS sensor in sensing applications. A standard curve between SERS 
intensity at 1582 cm 1 and PAT concentration (0.05–250 ng/mL) was 
established with a good linear relationship (Fig. 4b). The limit of 
detection (LOD) is calculated to be 0.02 ng/mL based on 3σ criterion. A 
summary of previous works on PAT detection is presented in table S1, 
confirming that the developed SERS sensor enables quantitative detec
tion of PAT with a low LOD. The selectivity of the sensor was explored 

using Alternariol (AOH) and Ochratoxin A (OTA). At the same concen
tration of PAT, the sensor exhibited an equivalent response when 
detecting PAT in the presence of either AOH or OTA. Notably, there was 
no significant decline in the sensor’s response when AOH and OTA were 
detected separately at the same concentrations (Fig. 4c). These findings 
demonstrated that the SERS sensor could effectively distinguish PAT 
from other mycotoxins by displaying a highly selective decrease in the 
SERS response.

To evaluate the sensor’s performance in a complex matrix, spiked 
apple juice samples were analyzed using the developed competitive 
SERS sensor. Various concentrations of PAT in spiked samples, including 
both fresh apples and commercial apple juice, were initially detected 
using standard HPLC method (Table 1), with recovery rates ranging 
from 90.22 % to 94.64 %. The results obtained from our SERS sensor 
(Fig. 4d) showed a strong correlation with those from HPLC analysis, 
with recovery rates ranging from 91.98 ± 4.47 % to 102.94 ± 4.97 %. 
These results suggested that our competitive SERS sensor has consid
erable potential for reliably detecting PAT in apples.

4. Conclusions

In this study, we developed a novel switchable SERS sensor based on
competitive binding for ultrarace detection of PAT. The programmable 
ligand, namely the duplex DNA sequence (aptamer + cDNA) serving as a 
switch was utilized to connect CMS structure and MOFs, and enabled the 
SERS sensor to carry out signal-off sensing without interfering the in
ternal Raman molecule. The UiO-66 further increased the SERS intensity 
of one particle, making it possible for highly sensitive detection. The 

Fig. 3. (a) The UV–vis spectra of UiO-66@Au before and after the modification of aptamer. Inset, the corresponding zeta potential of UiO-66@Au and UiO-66@Au- 
cDNA. (b) The UV–vis spectra of Au@4MBA@Ag before and after the modification of aptamer. Inset, the corresponding zeta potential of Au@4MBA@Ag and 
u@4MBA@Ag-apt. (c) The Raman spectra of the developed SERS sensor, which was assembled from various mass ratio of UiO-66@Au-cDNA to Au@4MBA@Ag-apt 
(from 1:2–1:4). (d) The Raman spectra of different types of nanoparticles with same amount of Au@4MBA@Ag, which were redispersed in same volume after 
centrifugation.



CMS plasmonic nanostructure provided enhanced and uniform hot 
spots, but the Ag shell could also hinder the SERS signal at greater 
depths. We investigated the optimized conditions for making the 
Au@4MBA@Ag-apt and UiO-66@Au-cDNA assemblies. The proposed 
sensor showed a wide detection range, low detection limit, and high 
selectivity, with great potential for real-world applications in apples and 
apple juice. This SERS approach is anticipated to have extensive appli
cations in food safety, environmental protection, diagnosis and 
biosensing.

In future research, several considerations should also be taken into 
account. Although “signal-off” sensing offers advantages such as a broad 
linear detection scope and simple fabrication, this strategy is con
strained by the maximal level of signal reduction. Specifically, the ob
tained signal can never get zero (i.e., 100 % signal reduction), while the 
“signal-on” sensing can achieve substantial signal gain due to a much 
lower background approaching zero in the absence of a target, along 
with a sufficient signal-to-background ratio. Furthermore, false positive 
results may arise following the degradation of the duplex DNA structure, 

which could impact the reliability of the sensor. To enhance the per
formance of the developed sensor, future research should focus on 
improving the sensitivity of the signal and enhancing the sensor’s anti- 
interference capabilities. This may involve exploring alternative sensing 
strategies, optimizing the binding mechanisms, and developing more 
robust recognition elements to minimize the effects of potential inter
ferents. Such advancements will pave the way for more reliable and 
effective applications in food safety and environmental monitoring.
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Fig. 4. (a) SERS spectra obtained by adding different concentrations of PAT to the SERS sensor. (b) The intensity correlation curve between PAT concentration and 
Raman characteristic peak at 1582 cm− 1. (c) The selectivity test of the developed SERS sensor against other mycotoxins (AOH: Alternariol, OTA: Ochratoxin A). (d) 
The applications of the developed sensor in spiked samples with various concentrations of PAT (red bars: apples, blue bars: commercial apple juice).

Table 1 
Recovery rate of PAT spiked in apples and apple juice samples detected by the develop SERS sensor and HPLC analysis.

Spiked samples PAT (μg/kg) SERS HPLC

Detected concentration (μg/kg) Mean recovery (%) RSD (%) Detected concentration (μg/kg) Mean recovery (%)

Apples 20.00 18.40 91.98 4.47 18.93 94.64
50.00 51.47 102.94 4.97 46.03 92.05

100.00 96.10 96.10 4.25 90.22 90.22
Apple juice 25.00 24.31 97.22 4.49 23.65 94.61

75.00 70.82 94.43 4.12 70.58 94.11
125.00 126.27 101.02 3.77 112.88 90.31

*RSD, relative standard deviation
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