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roved ratiometric SERS sensor for
rhodamine 6G in chili powder using a metal–
organic framework support†
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Internal standard molecule 4-mercaptobenzoic acid (4-MBA) embedded Au core-Ag shell nanorods (Au-

MBA@Ag NRs) were prepared by a seed-mediated growth method, then loaded on octahedral MIL-88B-

NH2 to obtain a novel ratiometric SERS substrate of Au-MBA@Ag NRs/PSS/MIL-88B-NH2 (AMAPM) for

detecting rhodamine 6G (R6G) in chili powder. The porous structure and excellent adsorption ability of

MIL-88B-NH2, allowed for increased loading of Au-MBA@Ag NRs, thereby shortening the distance

between adsorbed R6G and the “hot spot” resulting from local surface plasmon resonance (LSPR) of Au-

MBA@Ag NRs. Based on the SERS characteristic peak ratio of R6G to 4-MBA, the ratiometric SERS

substrate displayed improved accuracy and excellent performance for R6G detection, with a wide linear

range of 5–320 nM and a low detection limit of 2.29 nM as well as fine stability, reproducibility and

specificity. The proposed ratiometric SERS substrate offered a simple, fast and sensitive sensing strategy

for R6G detection in chili powder, which demonstrated potential applications in food safety and the

analysis of trace analytes in complex matrices.
1. Introduction

In recent years, the development of socioeconomics has made
food safety an important issue for both industry and
consumers, as it directly impacts people's health and even their
lives.1 During the production process of food, numerous
contaminants, including pesticides, antibiotics, toxins, bacte-
rial and heavy metals, may remain or be illegally added in food,
posing a signicant risk to consumers. Rhodamine 6G (R6G),
a derivative of xanthene dye, has been widely used in agricul-
ture, textile, paper and printing industries, but it is highly toxic
to the human body and other organisms so it is strictly banned
in the food industry.2 However, due to the intense pink color
and low cost, R6G is oen illegally added in food to attract
consumers. Therefore, a simple, fast and sensitive detection
method for trace R6G in food with complex matrices is an
urgent requirement for food safety.
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Over the past decades, various detection techniques, such as
uorescence, HPLC, MS, and LC-MS,3–6 have been used to detect
R6G in food. However, these methods still suffer from tedious
pre-treatment, expensive instruments, and time-consuming
procedures which greatly limit the rapid and on-site detec-
tion. In contrast, surface-enhanced Raman spectroscopy (SERS)
has gained enormous concern due to the excellent detection
ability of simple, rapid, highly sensitive and non-invasive, so it
has been applied to detect trace analytes in medicine, food and
the environment.7,8 However, traditional noble metal nano-
particles based SERS substrates are non-selective and suscep-
tible to sample matrix.9–11 Therefore, to enhance SERS
performance and selectivity, some novel materials was used to
construct functionalized SERS substrates, which have achieved
more applications for high sensitive and selective detection of
target substances.12–14

Metal–organic frameworks (MOFs) are one kind of crystal-
line porous materials with periodic network structures formed
by self-assembly of organic ligands and metal ions or metal
clusters through coordination reactions.15 These materials have
unique properties such as high specic surface area, good
chemical stability and tunable structures,16,17 which have
received increased attention in many elds.18–23 Beneted from
the porous structure and large specic surface area, MOFs could
load more noble metal nanoparticles and adsorb more target
molecules on its surface and pores, which allowed the target
molecule to be closer to “hot spot” generated by the local
surface plasmon resonance (LSPR) of noble metal
RSC Adv., 2023, 13, 10135–10143 | 10135
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Scheme 1 Preparation of AMAPM substrates and SERS detection of R6G.
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nanomaterials. Therefore, MOFs may be an ideal substrate for
the construction of novel composite SERS substrate for sensitive
detection of R6G.

In this study, we developed a simple and sensitive ratio-
metric SERS sensing strategy based on MOFs for the detection
of R6G in chili powder (Scheme 1). Firstly, internal standard
SERS nanoprobes based on Au@Ag core–shell nanorods (NRs)
embedded with 4-mercaptobenzoic acid (4-MBA) (Au-MBA@Ag
NRs) were prepared by a seed-mediated growth method. Next,
octahedral MIL-88B-NH2 was synthesized by a microwave-
assisted method, then loading with poly (sodium 4-styrenesul-
fonate) (PSS) threated Au-MBA@Ag NRs through electrostatic
interaction, thus a novel ratiometric SERS substrate of Au-
MBA@Ag NRs/PSS/MIL-88B-NH2 (AMAPM) was obtained. The
porous structure and the ne adsorption ability of MOFs
enhanced the loading of Au-MBA@Ag NRs as well as the
adsorption of R6G, which could shorten the distance between
R6G and LSPR resulted “hot spot” to enhance the SERS signals.
Based on the SERS characteristic peak ratio of R6G to the
internal standard molecule 4-MBA in AMAPM, the novel ratio-
metric SERS substrate displayed improved accuracy and excel-
lent detection performance for R6G, with a wide linear range,
low detection limit, and ne stability, reproducibility and
specicity. Therefore, this work paved a new approach to food
safety detection using MOFs based ratiometric SERS sensors.
2. Experiments
2.1 Chemicals and materials

2-aminoterephthalic acid (NH2–H2BDC, 98.0%) was purchased
from Shanghai Titan Scientic Co., Ltd (Shanghai, China). Poly
(sodium 4-styrenesulfonate) solution (PSS, 30 wt% in H2O, Mw
10136 | RSC Adv., 2023, 13, 10135–10143
= 70 000), HAuCl4$3H2O, L-ascorbic acid (AA) and 4-mercapto-
benzoic acid (4-MBA) were purchased from Sigma-Aldrich
(Shanghai, China). FeCl3$6H2O, cetyltrimethylammonium
bromide (CTAB), silver nitrate (AgNO3) and N,N-dime-
thylformamide (DMF) were purchased from Chengdu Kelong
Co., Ltd (Chengdu, China). Hexadecetyltrimethylammonium
chloride (CTAC), rhodamine 6G (R6G) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). All reagents were used without further purication, and
experimental water was Milli Q water with a resistance of 18.2
MU cm. All glass apparatuses and stir bars were immersed in
freshly prepared aqua regia solution (V(HCl) : V(HNO3) = 3 : 1)
overnight, and then washed several times with water.

2.2 Instruments

In this work, a homemade portable Raman device was used for
SERS detection, which included a semiconductor CW laser
operating at 785 nm (Laser 785-5HF, Oceanhood, Shanghai)
with controllable power over the range of 0–500 mW, and
a compact Raman spectrometer (NOVA, Ideaoptics, Shanghai)
with a blazed grating of 600 line per mm, furthermore, a 3-axis
stage (RB13M/M, Thorlabs, USA) was used to place the silicon
chip for test, the laser power was set to 150 mW, and the
spectral acquisition time was set to 5 s. Microwave device (MDS-
6G, SINEO, Shanghai) was used to synthesis the MIL-88B-NH2.
Zeta potentiometer (NanoBrook 90Plus PALS, America), trans-
mission electron microscopy (TEM, Talos F200S G2, Germany),
scanning electron microscopy (SEM, Thermo scientic Apreo
2C, America), Fourier transform infrared spectrometer (FT-IR,
Nicolet iS10, America), X-ray diffraction (XRD, Rigaku Ultima
IV, Japan) and UV-visible spectrophotometer (UV-vis, Shimadzu
UV-2600, Japan) were performed to characterize nanomaterials.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence spectrophotometer (FL, Hitachi F-7000, Japan)
was used to determine the adsorption efficiency of R6G.

2.3 Preparation of internal standard SERS nanoprobe (Au-
MBA@Ag NRs)

Firstly, Au NRs were prepared by a classical seed-mediated
growth method.24,25 Briey, 0.6 mL of newly prepared and
frozen NaBH4 (0.01 M) aqueous solution was added into the
10 mL mixed solution of CTAB (0.1 M) and HAuCl4 (0.25 mM)
with vigorous stirring, and reacted for 2 min to form a brown-
yellow solution. Then, the prepared seed solution was kept in
a water bath at 30 °C for 2 h. As for preparation of the growth
solution, 50 mL CTAB (0.2 M), 330 mL AgNO3 (0.04 M), 50 mL
HAuCl4 (0.25 mM) and 500 mL AA (0.1 M) were added to the
solution successively under gentle stirring, and the color of
solution changed from dark yellow to colorless. Then, 120 mL
prepared seed solution was added to the mixture under mild
stirring. The purplish red solution was obtained by water bath
at 30 °C for 6 h, then the products were centrifuged at 12
000 rpm for 10 min, washed with water, and nally dispersed in
10 mL water. Secondly, 10 mL 4-MBA ethanol solution (0.1 mM)
was added into 1 mL of Au NRs and incubated overnight to
prepare Au-MBA NRs, aer centrifuged at 12 000 rpm for
10 min, the products were dispersed into 3 mL CTAC (0.02 M),
the internal standard molecule 4-MBA was loaded on the
surface of Au NRs by strong Au–S bond.26,27 Finally, the internal
standard SERS nanoprobes were prepared by shell growth
method,28 6 mL AgNO3 (0.1 M) and 24 mL AA (0.1 M) were added
in Au-MBA NRs solution and stirred for 1 min. Then the mixture
was placed in a water bath maintained at 65 °C for 2.5 h,
centrifuged and dispersed in 1 mL water.

2.4 Preparation of MIL-88B-NH2

MIL-88B-NH2 was prepared according to the reported literature
with slight modication.29 Briey, 417 mg NH2–H2BDC and
622mg FeCl3$6H2O were added to 50 mL DMF. Themixture was
homogenized by ultrasound for 10 min, then transferred into
a 4-polytetrauoroethylene reactor and heated at 150 °C for
20 min using a microwave machine at the power of 300 W.
Then, the reddish-brown crystals of MIL-88B-NH2 were washed
with DMF three times followed by CHCl3 replacement. Finally,
the as-prepared MIL-88B-NH2 were stored at 4 °C aer vacuum
drying.

2.5 Preparation of MOFs based SERS substrate

5 mL as-prepared Au-MBA@Ag NRs were added in 5 mL PSS
(0.5%, w/v in H2O) followed by 20 min shaking. Aer centri-
fuging at 10 000 rpm, the PSS wraped Au-MBA@Ag NRs (Au-
MBA@Ag NRs/PSS) were washed three times with water to
remove residual PSS and dispersed in 5 mL water. Next, 1 mL
Au-MBA@Ag NRs/PSS was added to 2 mLMIL-88B-NH2 aqueous
dispersion (1 mg mL−1) following 20 min shaking. Then the
obtained MOFs based SERS substrate of Au-MBA@Ag NRs/PSS/
MIL-88B-NH2 (AMAPM) was centrifuged and washed three
times with water. Finally, the obtained AMAPM SERS substrate
was dispersed in 2 mL water and stored at 4 °C.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.6 SERS measurements

479 mg R6G was dissolved in 100 mL water (1 mM) as the stock
solution for further use. The pH of R6G aqueous solution with
different concentrations was adjusted to 5 with dilute hydro-
chloric acid, and the ionic strength was adjusted to 0.02 (mol
L−1) with NaCl (0.1 M). 125 mL Au-MBA@Ag NRs or 250 mL
AMAPM was mixed with 1 mL R6G aqueous solution with
different concentrations, and incubated at room temperature
for 60 min. Next, the dispersion was centrifuged at 8000 rpm for
10 min to obtain the nano composite of R6G/Au-MBA@Ag NRs
or R6G/AMAPM, which was then dispersed in 50 mL water for
direct SERS detection. All data were obtained from three parallel
experiments. The characteristic peak intensity ratio of R6G to
the internal standard molecule 4-MBA was used for quantitative
analysis.
2.7 Real sample detection

Chili powder produced by four manufacturers was purchased
from the local market. Before SERS measurement, four chili
powder samples were treated using the following method.
Briey, 1.00 g of chili powder was extracted with 20 mL of
methanol : water (1 : 1, v/v) for 30 min and then the solid was
then ltrated and washed three times with 20 mL of methanol :
water (1 : 1, v/v). All supernatant was collected and diluted 20
times with water. Aer the pH and ionic strength were adjusted
to 5 and 0.02 (mol L−1), respectively, the obtained sample
solution was applied for SERS detection using the above
optimal SERS condition.
3. Results and discussion
3.1 Characterization of Au-MBA@Ag NRs

Au NRs were selected as the seeds for the fabrication of Au@Ag
core–shell NRs due to their anisotropic shapes that can generate
a strong electromagnetic eld.30 As can be seen from Fig. 1A, Au
NRs had a rod structure of about 40 nm in length and 10 nm in
width. The UV-vis spectrum of Au NRs (Fig. 1B) displayed two
surface plasmon resonance (SPR) bands that referred to trans-
verse and longitudinal plasmon bands. The strong band at
733 nm resulted from the resonant propagation of surface
plasmon along the longitudinal axis, another weak band at
515 nm was attributed to the presence of impurities or a small
amount of spherical gold nanoparticles in Au NRs solution.30

Aer modication of 4-MBA on Au NRs, the SPR band was red-
shied from 733 nm to 756 nm, indicating that 4-MBA was
successfully graed onto Au NRs.

The SERS performance of Au-MBA@Ag NRs was affected by
the thickness of silver shell. For Au@Ag core–shell nano-
structure, nanoparticles with thin Ag shells on Au cores had
similar optical properties to pure Ag NP.31 In this work, the
amount of AgNO3 was optimized during the preparation of Au-
MBA@Ag NRs (S1 in ESI†). As shown in Fig. 1C, the TEM image
of Au-MBA@Ag NRs prepared by 6 mL AgNO3 (0.1 M) and 24 mL
AA (0.1 M) showed a rod-like structure about 50 nm in length
and 20 nm in width with obvious core–shell structure, and the
thickness of Ag shell was about 5 nm. UV-vis spectra and colors
RSC Adv., 2023, 13, 10135–10143 | 10137
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Fig. 1 (A) TEM image of Au NRs. (B) Uv-vis spectra of Au NRs (a) and Au-MBANRs (b). (C) TEM image of Au-MBA@Ag NRs prepared at 6 mL AgNO3

(0.1 M) and 24 mLAA (0.1 M). (D) Uv-vis spectra of Au-MBA@Ag NRs prepared with different amounts of AgNO3 (0.1 M) and AA (0.1 M): (a) 0 mL and
0 mL, (b) 4 mL and 16 mL, (c) 6 mL and 24 mL, (d) 8 mL and 32 mL, (e) 10 mL and 40 mL, (f) 12 mL and 48 mL, (g) 14 mL and 56 mL. The inset image was the
digital photo of corresponding Au-MBA@Ag NRs dispersion.
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of Au-MBA@Ag NRs prepared with different amounts of AgNO3

(0.1 M) and AA (0.1 M) are shown in Fig. 1D. With the increase of
AgNO3 and AA, the SPR bands of Au gradually blue-shied and
the intensity of characteristic peaks also increased. Meanwhile,
the SPR bands of Ag (about 400 nm) gradually appeared and the
intensity increased. The color of Au-MBA@Ag NRs gradually
transferred from light purple to green and then brown.

To evaluate the SERS performances of Au-MBA@Ag NRs
prepared with different amounts of AgNO3, R6G was used as the
Fig. 2 (A) SERS spectra of Au@Ag-MBA, Au@Ag-R6G and Au-MBA@Ag-R
NRs preparedwith different amounts of AgNO3 (0.1 M) and AA (0.1 M): (a) 0
10 mL and 40 mL, (f) 12 mL and 48 mL, (g) 14 mL and 56 mL.

10138 | RSC Adv., 2023, 13, 10135–10143
probe molecule for the evaluation. As can be seen from Fig. 2A,
the characteristic peaks of 4-MBA at 1077 cm−1 (n(C–S) aromatic
stretching), 1585 cm−1 (n(C–C) stretching) and that of R6G at
612 cm−1 (C–C–C ring in-plane vibration movement), 773 cm−1

(doop (C–H) stretching), 1313 cm−1 (xanthene core and amide
group), 1363 cm−1 (xanthene core and amide group), 1511 cm−1

(ys(C–C) stretching) could be obviously observed in the SERS
spectra by using Au@Ag NRs as SERS substrate.32–34 Addition-
ally, the SERS performance for R6G detection of Au-MBA@Ag
6G. (B) SERS performances for R6G (10 mm) detection of Au-MBA@Ag
mL and 0 mL, (b) 4 mL and 16 mL, (c) 6 mL and 24 mL, (d) 8 mL and 32 mL, (e)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NRs prepared with different amounts of AgNO3 (0.1 M) and AA
(0.1 M) were compared. As shown in Fig. 2B, the best SERS
performance of Au-MBA@Ag NRs was achieved by adding 6 mL
of AgNO3 (0.1 M) and 24 mL of AA (0.1 M), so they were selected
as the optimal preparation amount for Au-MBA@Ag NRs
preparation.

Fig. S1† shows the Zeta potentials of Au NRs, Au-MBA NRs
and Au-MBA@Ag NRs prepared with 6 mL AgNO3 (0.1 M) and 24
mL AA (0.1 M). The positive charge of Au NRs was probably due
to the adsorbed CTAB which was used as a protective agent
during the preparation process. Aer 4-MBA graed onto Au
NRs via Au–S bond, the positive charge of Au-MBA NRs
decreased. The binding of 4-MBA may have led to the desorp-
tion of CTAB from Au NRs surface. Then the positive charge of
Au-MBA@Ag NRs was increased compared to Au-MBA NRs,
which might due to the adsorption of CTAC during the prepa-
ration of Au-MBA@Ag NRs. The change of Zeta potential was
obvious evidence for the successful preparation of Au-MBA@Ag
NRs SERS nanoprobes.

3.2 Characterization of MIL-88B-NH2

Fe-based MOFs of MIL-88B-NH2 were prepared by a microwave-
assisted method. As shown in Fig. 3A, the morphology of MIL-
88B-NH2 displayed a regular octahedral shape with a particle
size of 200–300 nm. As can be seen from Fig. S2,† the XRD peaks
Fig. 3 (A) SEM image of MIL-88B-NH2. (B) FT-IR spectrum of MIL-88B-
AMAPM (5–85°).

© 2023 The Author(s). Published by the Royal Society of Chemistry
at 6.6° (100), 8.8° (101), 9.0° (102), 16.3° (200), 16.8° (103), 17.8°
(202), 20.0° (210), 22.0° (212), 24.8° (300) and 27.0° (311) sug-
gested that MIL-88B-NH2 obtained a highly crystalline structure
and successfully fabricated by amicrowave-assisted method.35,36

Additionally, as shown in Fig. 3B, the FT-IR absorption peaks at
3338 cm−1 (N–H), 3470 cm−1 (N–H), 1655 cm−1 (C]O),
1579 cm−1 (C]C), 1385 cm−1 (C–O), 1258 cm−1 (C–N), 770 cm−1

(Fe–O–Fe) and 571 cm−1 (Fe–O–Fe) also clearly demonstrated
the successful preparation of MIL-88B-NH2.29

3.3 Characterization of MOFs based SERS substrate

To prepare AMAPM, the as-prepared Au-MBA@Ag NRs were rst
functionalized by PSS through a non-covalent method to obtain
PSS wrapped Au-MBA@Ag NRs (Au-MBA@Ag NRs/PSS). Then,
by electrostatic self-assembly process, the negative Au-MBA@Ag
NRs/PSS was self-assembled on MIL-88B-NH2 to obtain
AMAPM. The preparation ratio (volume ratio, v/v) of MIL-88B-
NH2 to Au-MBA@Ag NRs/PSS was also optimized (S2 in ESI†). As
shown in Fig. S3,† in which the adsorption percentage of R6G
and the ratio of characteristic peak intensity of 1363 cm−1 (R6G)
to 1077 cm−1 (4-MBA) were used to evaluate the adsorption
efficiency and SERS performance of R6G, respectively. When the
preparation ratio was 2 : 1, both adsorption efficiency and SERS
performance for R6G were the best. As shown in Fig. 3C, aer
the decoration of Au-MBA@Ag NRs/PSS by electrostatic
NH2. (C) SEM image of AMAPM. (D) XRD patterns of MIL-88B-NH2 and

RSC Adv., 2023, 13, 10135–10143 | 10139
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adsorption on the surface of MIL-88B-NH2 to obtain AMAPM,
the rod-like Au-MBA@Ag NRs were evenly distributed on the
surface of MIL-88B-NH2 and the octahedral morphology of MIL-
88B-NH2 was still well maintained. Furthermore, from the
comparision of XRD in Fig. 3D between MIL-88B-NH2 and
AMAPM, except the diffraction peaks of MIL-88B-NH2 at 8.8°
(101), 16.8° (103), 27.0° (311), AMAPM also displayed additional
diffraction peaks of Au and Ag at 38.3° (111), 44.3° (200), 64.8°
(220) and 78.1° (311), which demonstrated that the crystallinity
of the loaded Au-MBA@Ag NRs was good and the crystal
structure of MOFs was not damaged aer AMAPM construction.

Meanwhile, Zeta potential was also used to conrm the
assemble process of AMAPM. As shown in Fig. S4,† Au-MBA@Ag
NRs and MIL-88B-NH2 exhibited a positive potential of
13.54 mV and 22.94 mV, respectively. In order to assemble Au-
MBA@Ag NRs on the surface of MIL-88B-NH2, Au-MBA@Ag
NRs were wrapped with PSS and the Zeta potential of Au-
MBA@Ag NRs/PSS reversed to −32.80 mV. Aer decoration of
Au-MBA@Ag NRs/PSS on the surface of MIL-88B-NH2 through
electrostatic interaction, the prepared AMAPM showed a weak
positive potential of 1.83 mV which hinted the successful
preparation of AMAPM. Due to the high adsorption effect
originated from the large specic surface of MIL-88B-NH2 and
the excellent SERS performance of Au-MBA@Ag NRs on
AMAPM, the AMAPM SERS substrate maybe exhibited good
detection ability for R6G.
3.4 Optimization of SERS detection conditions

To obtain optimal adsorption effect and SERS performance for
R6G, the SERS detection conditions based on AMAPM were
Fig. 4 (A) SERS spectra of R6G solution with different concentrations (0,
the linear relationship between SERS intensity at 1363 cm−1 and R6G c
tionship between the ratio of SERS signal intensity (I1363/I1077) and R6G c
R6G solution with different concentrations (0, 5, 10, 20, 40, 80, 160, 32
between SERS intensity at 1363 cm−1 and R6G concentration for AMAPM
signal intensity (I1363/I1077) and R6G concentration for AMAPM SERS sub

10140 | RSC Adv., 2023, 13, 10135–10143
optimized (S3–S6 in ESI†). As shown in Fig. S5,† with the
increase in AMAPM amounts, the adsorption efficiency for R6G
gradually increased. However, when the amounts of AMAPM
exceeded 250 mL, the adsorption efficiency didn't increase
signicantly. From Fig. S6,† when R6G adsorption time of
AMAPM was more than 60 min, the adsorption efficiency
increased slightly. In addition, both adsorption efficiency and
SERS performance for R6G detection were the best when pHwas
5 (Fig. S7†). As shown in Fig. S8,† the adsorption efficiency of
R6G increased with the increase of ionic strength of the solu-
tion, but the SERS performance for R6G was the best when the
ionic strength was 0.02 mol L−1. Aer comprehensive consid-
eration, 250 mL AMAPM, adsorption time of 60 min, pH 5 and
ionic strength of 0.02 mol L−1 were selected as the optimum
detection conditions in this work.
3.5 R6G detection based on AMAPM

Under optimal conditions, 1 mL R6G aqueous solutions with
different concentrations were mixed with 125 mL of Au-
MBA@Ag NRs or 250 mL AMAPM as SERS substrate and then
used for the SERS measurement. For Au-MBA@Ag NRs
substrate as shown in Fig. 4A–C, the Raman intensity of R6G
characteristic peak at 1363 cm−1 increased generally with the
increase of R6G concentration (Fig. 4A). In the concentration
range of 20 to 160 nM, both the Raman intensity of 1363 cm−1

(Fig. 4B) and the ratio of intensity (I1363/I1077) (Fig. 4C) showed
a linear relationship with the concentration of R6G with
a correlation coefficient (R2) of 0.9812 and 0.9861, indicating
a poor correlation. Meanwhile, the error bar also hinted the
existence of a large measurement error. In contrast, when using
20, 40, 80, 160, 320 nM) using Au-MBA@Ag NRs as SERS substrate, (B)
oncentration for Au-MBA@Ag NRs SERS substrate, (C) the linear rela-
oncentration for Au-MBA@Ag NRs SERS substrate, (D) SERS spectra of
0, 640 nM) using AMAPM as SERS substrate, (E) the linear relationship
SERS substrate and (F) the linear relationship between the ratio of SERS
strate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) The SERS spectra and (B) SERS signal intensity at the AMAPM SERS substrate of R6G (80 nM), rhodamine B (RB, 1000 nM), methyl red
(MeRd, 1000 nM), congo red (CR, 1000 nM), lemon yellow (E102, 1000 nM) and themixed solution contained the same concentration of R6G and
interferents at the same time.
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the AMAPM substrate as shown in Fig. 4D–F, the Raman
intensity of R6G characteristic peak at 1363 cm−1 increased
generally with the increase of R6G concentration (Fig. 4D). The
Raman intensity of 1363 cm−1 (Fig. 4E) showed a linear rela-
tionship with the concentration of R6G between 5 to 320 nM but
got a poor R2 of 0.9510 and a large error bar. However, for the
ratio of intensity (I1363/I1077) (Fig. 4F), it exhibited improved
accuracy and an excellent linear relationship with the concen-
tration of R6G between 5 to 320 nM with good R2 of 0.9900 and
low limit of detection (LOD) of 2.29 nM (3s). Thus, based on the
ne adsorption effect of AMAPM substrate for R6G and the
corrective action of the internal standard method using 4-MBA
as the internal standard molecule, the ratiometric SERS sensor
exhibited a wide linear range and ne sensitivity as well as high
accuracy.

Additionally, this as-constructed SERS sensor had also been
compared with numerous R6G detection methods reported in
literature. As shown in Table S1,† traditional methods such as
UV-vis, HPLC and uorescence usually suffered from complex
pretreatment, expensive instrument, and high detection limits.
Although some SERS methods had also been developed, most
SERS methods exhibited narrow linear ranges and high detec-
tion limits. However, for this as-constructed AMAPM based
SERS sensor, both the detection limit and the linear range were
improved and very good results were achieved. This could be
attributed to the large specic surface area and the good
adsorption effect for R6G of MOFs in AMAPM SERS substrate to
keep the R6G molecule close to the Au-MBA@Ag NRs hot spot
area to enhance the Raman signal.
Table 1 Recovery of detection R6G in chili powder sample

Concentration of addition (nM)

Measured concentration (nM)

1 2

20 19.68 17.02
40 43.16 39.50
80 80.96 80.79

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.6 Specicity, reproducibility and stability of the SERS
sensor

Specicity, reproducibility and stability were important aspects for
the performance evaluation of the SERS sensor. For specicity,
a series of interferents including rhodamine B (RB, 1000 nM),
methyl red (MeRd, 1000 nM), congo red (CR, 1000 nM), lemon
yellow (E102, 1000 nM) were selected to evaluate specicity by
measuring the SERS signals of these interferents under the same
conditions and compared with R6G (80 nM). As shown in Fig. 5,
with an excess (up tenfold) amount of interferents, there was
almost no interference for R6G detection and the SERS sensor
exhibited superior selectivity for R6G which contributed to the
specic adsorption of AMAPM SERS substrate for R6G and then
gave rise to the Raman signal for R6G. The results demonstrated
that the AMAPM SERS sensor had good selectivity for R6G and the
coexisting interferents had little or no inuence on the detection of
R6G. For reproducibility, the detection of R6G (80 nM) was
repeated 6 times under the same detection condition. As shown in
Fig. S9,† the relative standard deviation (RSD) of I1363 obtained in 6
detections was 22.21%. However, the RSD of I1363/I1077 obtained in
6 detections was only 4.69%, which indicated that the ratiometric
SERS method based on AMAPM SERS substrate could effectively
overcome environmental interference and make the results more
reproducible, thus ensuring the accuracy of the results. For
stability, 10 copies of AMAPM SERS substrate were stored at 4 °C
and 1 copy was taken out for the SERS signals detection under the
optimal conditions every 2 days up to 20 days. As shown in
Fig. S10,† according to the SERS signal intensity (1077 cm−1) of 4-
MBA on the AMAPM SERS substrate, the RSD was only 4.56%
Recovery (%) RSD (%)3 Average

19.11 18.60 93.02 7.53
41.10 41.25 103.13 4.44
80.46 80.74 100.92 0.32

RSC Adv., 2023, 13, 10135–10143 | 10141
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within 20 days, indicating that the AMAPM SERS substrate had
good stability and potential application for detection of analytes.
3.7 Real sample analysis

The content of R6G in the four chili powder samples was
determined under optimal SERS conditions and no R6G was
detected in the four samples. One sample was selected to eval-
uate the accuracy of the method by the blank spiked recovery
method. The SERS spectra of the real sample and spiked
samples of chili powder are shown in Fig. S11,† no R6G was
detected in the blank chili powder samples, while obvious SERS
signals of R6G were collected aer being spiked with different
concentrations. As shown in Table 1, the recoveries of R6G from
three concentrations were 93.02–103.13%, and RSD were 0.32–
7.53%, indicating that this ratiometric SERS sensor could ach-
ieve accurate and sensitive detection of R6G in chili powder
samples.
4. Conclusions

In conclusion, a ratiometric SERS substrate was successfully
prepared by decorating MIL-88B-NH2 with Au-MBA@Ag NRs
and applied for the detection of R6G in chili powder. The
porous structure and ne adsorption ability of MIL-88B-NH2,
contributed to an elevated loading amount of Au-MBA@Ag NRs
and adsorption amount of R6G on the AMAPM, resulting the
enhanced SERS signals intensity. Based on the SERS charac-
teristic peak ratio of R6G to the internal standard molecule 4-
MBA in AMAPM, the constructed ratiometric SERS substrate
displayed improved accuracy and excellent detection perfor-
mance for R6G with a wide linear range and low detection limit,
as well as ne stability, reproducibility and specicity. Real
sample analysis conrmed the proposed ratiometric SERS
sensing strategy as a simple, fast and sensitive method for
detecting R6G in chili powder, which showed great application
potential in food safety testing and the analysis of trace
components in complex matrices.
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