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Abstract

A versatile surface-enhanced Raman scattering (SERS) assay has been established that can realize rapid and sensitive
determination of sildenafil (SIL) and pioglitazone hydrochloride (PIO) adulteration in healthcare products. Metal—organic
frameworks-silver nanoparticles (MOFs-AgNPs) with SERS activity were successfully prepared via in situ synthesis AgNPs
on the MOFs surface. By virtue of the adsorptivity of MOFs, the MOFs-AgNPs could effectively concentrate the drug mol-
ecules on the electromagnetic enhancement areas of AgNPs. Moreover, the MOFs-AgNPs substrate exhibited more sensitive
SERS activity than classical AgNPs with linear range of 1.0 x 107—1.0x 10> mol L™ for SIL and 8.0x 10~"=3.0 x 10~ mol
L~! for PIO and limit of detection (LOD) of 4.8 x 108 mol L~! for SIL and 1.4x 10~” mol L™! for PIO. The designed method
realized the determination of SIL and PIO in commercial tablets and healthcare products with recoveries of 93.8-108.0%
and 93.0-104.0%, respectively, with relative standard deviation (RSD) of 2.7—4.1% and 2.2-4.2%, respectively. The present
system displayed little interference effect on determination. This work provides a multifunctional route for the determination

of other drugs via the SERS technology.

Keywords Surface-enhanced Raman scattering - MOFs-AgNPs - Sildenafil - Pioglitazone hydrochloride - Healthcare

products

Introduction

Sildenafil (SIL), a type of phosphodiesterase type 5 inhibi-
tor, has an effect on treating male erectile dysfunction and
alleviation of pulmonary hypertension [1]. However, com-
mon side effects such as headache, flushing, indigestion, vis-
ual abnormalities, and decreased blood pressure overlap may
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occur after taking the drug [2]. Pioglitazone hydrochloride
(PIO), am oral antihyperglycemic agent, is suitable for the
treatment of type-2 diabetes. Improper dosage or overdose of
PIO will increase the risk of bladder cancer [3]. These drugs
are considered prescription and must be administrated under
the guidance of the doctor. In view of the low side effects
of health products and regulation of human body functions,
some manufacturers have illegally added chemical drugs to
various health products to demonstrate high efficiency and
immediate effect [4]. According to the relevant regulations,
the addition of drugs in food or healthcare products is pro-
hibited. Once the SIL and PIO are illegally adulterated to
health products, consumers may be at risk of kidney and
liver damage for long time ingest. With this regard, deter-
mining whether healthcare products are illegally added with
SIL and PIO is urgently needed.

At present, the researches for determining SIL and PIO
mainly include electrochemical assay [95, 6], ultraviolet spec-
trophotometric assay [7], high-performance liquid chroma-
tography assay (HPLC) [8, 9], thin layer chromatography-
surface-enhanced Raman spectroscopy assay (TLC-SERS)
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[10, 11], fluorescence assay [12], liquid chromatography-
mass spectrometry assay (LC-MC) [13], LC-MC/MC [14],
and SERS[15-17]. These analytical methods employed to
realize high sensitivity and accurate determination. For
example, HPLC allows to separate and analyze multiple
components simultaneously. Electrochemical assay can
rapidly obtain the composition of complex system, fluores-
cence shows high sensitivity, and ultraviolet spectrophoto-
metric has wide application field. However, they also have
certain drawbacks. For example, the operation of HPLC is
relatively time-consuming, and fluorescence may suffer from
photobleaching. And the quantitative determination of TLC
is not ideal. Thus, developing a rapid and sensitive approach
to detect chemical drugs in illegally added natural health
products is significant.

SERS, with the merits of high sensitivity, nondestructive
testing, and characteristic “fingerprint” properties, has been
widely used in the field of chemical and biological analysis
as a powerful analysis technology [18, 19]. The excellent
SERS performance depends on the use of SERS substrate
with strong local surface plasmon resonance (LSPR) and
high affinity toward target molecules. Unfortunately, many
drug molecules have small Raman scattering cross section
and low affinity with the nanoparticles, making them exhibit
low Raman activity or no SERS signal generation. On the
other aspect, the major shortcomings of in employing classi-
cal sliver nanoparticles (AgNPs), involving in easy aggrega-
tion and poor stability, may certainly limit their sensitivity
and reproducibility in SERS area. Thus, it is meaningful
for selecting the hybrid functional materials as the SERS
substrate to realize reliable quantitative analysis of illegal
added drug molecules in complex matrix.

Metal—organic frameworks (MOFs) are considered prom-
ising hybrid porous materials consisted of metal ions or
clusters and organic ligands through coordination bonds. In
recent years, the MOFs materials have exhibited widespread
application in catalysis, gas storage, sensing, and drug deliv-
ery. In addition to these traditional fields, MOFs materials
have received enthusiasm from researchers in SERS applica-
tions. Benefiting from the advantages of large surface area,
adjustable pore structure, and abundant active sites, MOFs
can not only stabilize the nanoparticles, but also effectively
capture the target molecules adjacent to the surface of the
metal. SERS substrates based on MOFs materials have been
constructed [20, 21]. Furthermore, most MOFs materials
possess excellent chemical and thermal stability, which pro-
vides the possibility of post-modification and post-synthesis.
Therefore, the attractive MOFs/nanoparticles composites
integrate the preconcentration effect of MOFs and electro-
magnetic enhancement of nanoparticles to amplify the SERS
signal, which will greatly enhance the SERS performance
of drug molecules with weak Raman activity and solve the
problem in drugs detection. Compared with the classical
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nanoparticles, these composites are more stable and show
higher affinity to drug molecules and improve the sensitivity
of SERS determination. Furthermore, the nanoparticles that
anchored MOFs substrates display the better SERS enhance-
ment than other MOFs-SERS substrates (nanoparticles
embedded or encapsulated in MOFs matrix), whose SERS
signal originated from “hot spots” areas is directly enhanced
in the interface between MOFs and nanoparticles without
any block [22, 23]. So far, there are few reports dedicating
to the construction of MOFs combined with metal substrates
for determining illegal addition of chemical drugs to health-
care products. Hence, the MOFs materials combined with
metal nanoparticles start to be regarded as prospective mode
for improving the SERS sensitivity in the determination of
drug molecules.

The present study was devoted to fabricating the MOFs-
SERS substrate composed of noble metal nanoparticles
and MOFs, which could adsorb the analytes, concentrate
the drug molecules on electromagnetic enhancement area
of AgNPs and improve the affinity of the substrate to drug
molecules, further solving the problem of low SERS sig-
nal of drug molecules and realizing sensitive analysis of
SIL and PIO. The molecular structures of SIL and PIO are
shown in Fig. S1. Herein, Fe** ions as nodes and tereph-
thalic acid (PTA) as a linker were selected to build MOFs,
named as MIL101(Fe), and MOFs-AgNPs SERS substrate
was obtained via in situ synthesis of AgNPs using tannic
acid (TA) as reducing agent. The MOFs with adsorption
properties and ultra high surface area gave an opportunity
to bring target molecules approaching the surface of AgNPs.
The resulting MOFs-AgNPs substrate offered a route for sen-
sitive SIL and PIO analysis. Furthermore, the work reveals
high superiority in the determination of drugs in commercial
tablets and natural healthcare products.

Experimental
Materials and apparatus

Sodium hydroxide (NaOH), silver nitrate (AgNOj3), sodium
chloride (NaCl), crystal violet (CV), iron (III) chloride
hexahydrate (FeCl;-6H,0), sildenafil (SIL), and pioglita-
zone hydrochloride (PIO) were supplied from Dingguo
(Beijing, China, www.dingguo.com). N,N-dimethylfor-
mamide (DMF), terephthalic acid (PTA), and tannic acid
(TA) were obtained from Aladdin (http://www.aladdin-e.
com). Sucrose, glucose, chitosan, starch, silica fume (SiO,),
H,;BO;, H;PO,, HAC, NaF, KCl, NH,Cl, CuCl,, and FeCl,
were provided from Chemical Works (Beijing, China, www.
beijingchemworks.com). The BR buffer was prepared with
a mixture of Hy;PO, (0.04 mol L™"), H;BO; (0.04 mol L™1),
HAc (0.04 mol L), and NaOH (0.02 mol L") to adjust pH.
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Some health products and commercial tablets were obtained
at the local pharmacy, including two different types of drinks
which are used for anti-fatigue, tablets, and oral liquids
with hypoglycemic treatment effects. All chemical reagents
were used in the experiment without further refinement.
Ultra-pure water (18.2 MQ) was carried out with through
all experiments. The apparatus sections were shown in the
Supporting Information.

Preparation of MIL-101(Fe)-AgNPs

MIL-101(Fe) and TA-protected AgNPs synthesis were
described in the Supporting Information. MIL-101(Fe)-
AgNPs was fabricated via an in situ synthesis strategy [24].
Firstly, MIL-101(Fe) (15 mg) was ultrasonically dissolved
in water (9.5 mL), and 0.5 mL of TA solution (40 mg mL™")
was quickly dissolved into the dispersion of MIL-101(Fe)
under stirring. Stirred for 20 s, the dark blue product TA-
MIL-101(Fe) was obtained by centrifugal separation and
washed three times with water for removing the excess TA.
The formation of TA-MIL-101(Fe) was due to the compl-
exation between the unsaturated Fe(III) on the MIL-101(Fe)
surface and the hydroxyl group in TA, thereby fixing TA
to the surface of MOFs. The prepared TA-MIL-101(Fe)
was then dispersed in water (9.5 mL), and K,CO; (0.5 mol
L") was used to adjust the pH value of the solution to 7.5.
Finally, the 0.5 mL of AgNO; (0.2 mol L") solution was
slowly added to the TA-MIL-101(Fe) dispersion at 600 rpm.
During the reaction, TA was used as a reductant to reduce
Ag*tto Ag’, resulting in the growth of AgNPs on the MOFs
surface. All the whole experiment process was maintained
under the room temperature. Stirred for 1 h, the black prod-
uct (MIL-101(Fe)-AgNPs) was collected through centrifu-
gation and washed with water three times. Finally, the as-
synthesized MIL-101(Fe)-AgNPs product was dried in the
vacuum oven and then dispersed in ultra-pure water (1 mg/
mL) for further use.

Preparation of standard and sample solutions

The standard stock solutions with an ultimate concentra-
tion of 1.0x 107> mol L~! were made by dissolving SIL
and PIO in ultra-pure water and NaOH solution (0.1 mol
L~"). Different target concentrations are obtained by dilut-
ing the standards. Commercial tablets and natural healthcare
products were adopted as real sample solutions for analysis.
Commercial tablets (SIL tablet containing 50 mg of SIL per
tablet and PIO tablet containing 15 mg of PIO per tablet)
were ground into uniform powder in agate mortar. Accu-
rately, 10 mg samples was dissolved in 10 mL methanol and
mixed uniformity. The mixture was ultrasonic for 10 min
and centrifuged at 4000 rpm for 10 min; then the superna-
tant was collected for analysis. Natural healthcare products

exist in the form of tablets, drinks, and oral liquids. Tablet
in healthcare products was ground into uniform powder in
agate mortar. Then, 1.0 g samples were accurately weighed,
added in 20 mL methanol solution, and then transferred into
a 50-mL centrifuge tube. The mixture was ultrasonic for
10 min and centrifuged at 4000 rpm for 10 min. After that,
the supernatant was taken for sample analysis. Drinks were
used directly without further treatment, and oral liquids were
diluted tenfold with ultrapure water for further use.

Determining of SIL and PIO

For SIL, MOFs-AgNPs solution (320 pL), BR buffer (50
pL), and SIL or real sample solution (50 pL) with differ-
ent concentrations were added into the EP tubes in order.
After gentle shaking to mixture the solution, 80 pL of 0.2 M
NaCl solution was added in and then left for 5 min at room
temperature. After that, the resulting solution was pipetted
by capillary tube for SERS detection. Raman spectra were
obtained under 532 nm laser excitation. The SERS intensity
based on 1402 cm™! of SIL peak was chosen for quantitative
analysis. All the experiments were carried out five times.

For PIO, MOFs-AgNPs solution (350 pL), BR buffer (50
pL), and PIO or real sample solution (50 pL) with vari-
ous concentrations were added in the EP tubes in order.
After being mixed, the 50 pL of 0.15 M NaCl was added
in and then left for 5 min at room temperature; finally the
SERS spectra were collected under 532 nm laser excitation.
The SERS intensity located at 628 cm™! of PIO peak was
selected for quantitative analysis. All the experiments were
carried out five times.

The synthesis route of MOFs-AgNPs and the procedure
of SERS detection are depicted in Scheme 1.

Results and discussion
Characterization of MOFs and MOFs-AgNPs

The FT-IR spectra of TA, MOFs, TA-MOFs and as-pre-
pared MOFs-AgNPs substrate are obtained in Fig. S2a. The
characteristic broad bands around 1598 and 1394 cm™' of
MOFs correspond to the O—C—O symmetric and antisym-
metric stretching modes deriving from free ligand. Besides,
the apparent peak at 552 cm™! is related to Fe—O bond
stretching [25]. These data also proved the successful syn-
thesis of MIL-101(Fe) by metal ions coordinating with free
ligand. The detailed peak attribution of TA was placed in the
Supporting Information. The peaks appeared at 1685 and
1585 cm™! of TA-MOFs and MOFs-AgNPs are related to the
stretching mode of C=0 and aromatic C=C bonds of TA.
The decrease of the absorption bands at 3000-3500 cm™! in
the spectrum of MOFs-AgNPs is owing to the oxidation of
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Scheme 1 Schematic illustration of the MOFs-AgNPs synthesis and the SERS detection procedure

the phenolic hydroxyl groups. Taking all together, it could
be concluded that n electrons originating from the carbonyl
groups of the TA molecules transferred to the free orbitals
of the silver ions[26], thereby forming Ag NPs.

The obtained UV-Vis spectra for MOFs and MOFs-
AgNPs are presented in Fig. S2b. The peak at about 247 nm
of MOFs can be corresponded to the # — z* transition of
the aromatic C=C bonds in PTA ligand [20]. On the other
aspect, it can be seen clearly that the MOFs-AgNPs exhibit a
broad absorption in the region of 500-800 nm, which should
be assigned to the SPR peak of AgNPs [27].

The XRD patterns of MOFs and MOFs-AgNPs samples
are depicted in Fig. S3. The characteristic peaks correspond-
ing to MOFs are observed and are similar to that previously
reported [28]. The obvious diffraction peaks of MOFs-
AgNPs lying in 38.1°, 44.3°, 64.4°, and 77.5°, attributing to
(111), (200), (220), and (311) of Ag (JCPDS no. 65-2871),
confirm the existence of Ag in the MOFs-AgNPs compos-
ite. The detailed descriptions are given in the Supporting
Information.

The morphologies of MOFs and MOFs-AgNPs were
characterized by SEM and TEM. The SEM and TEM images
(Fig. 1a and 1b) indicate that the prepared MOFs with well-
dispersed distribution display a uniform and smooth octa-
hedral structure, with a diameter of about 500 nm. After
reducing AgNO; by TA on the surface of the MOFs, the
SEM image of MOFs-AgNPs in Fig. 1c¢ shows that AgNPs
are successfully loaded on the surface of MOFs and have
no obvious effect on the morphology of MOFs. Meanwhile,
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well-dispersed AgNPs in MOFs matrix can be clearly
demonstrated by its TEM image in Fig. 1d, indicating that
MOFs-AgNPs composites have been successfully prepared.

Enhancement factor

To investigate the SERS activity of MOFs-AgNPs compos-
ites, crystal violet (CV) was employed as the Raman model
analyte for evaluation. The calculated enhancement factor
(EF) value reached 4.9x 10°, and the SERS spectra of CV
of 10 random collection points were recorded which showed
well uniformity and the relative standard deviation (RSD)
was 7.2%. The detailed description and experimental process
were presented in supporting information (Fig. S4, Fig. S5,
and Table S1).

Raman spectra of SIL and PIO

The MOFs-AgNPs substrate was used to determine the SIL
and PIO. Figure 2a showed the normal Raman spectrum and
SERS spectra of SIL using the different substrates. For the
SERS of SIL, the major peaks are located at 1582, 1528,
1488, 1402, 1278, 1235, 928, 818, and 652 cm™~!. Accord-
ing to the previous report [15, 16], the SERS bands assign-
ments are listed in Table 1. The SERS peak at 1402 cm™! is
on account of the bending vibration of pyrazole ring, C-C
stretching mode, and C=C=C bending vibration in ben-
zene ring. The quantitative analysis of SIL is carried out on
the basis of the intensity at 1402 cm™! in SERS spectrum.



Microchim Acta (2021) 188: 351

Page50f 10 351

Fig. 1 SEM images of MOFs
(a) and MOFs-AgNPs (¢); TEM
images of MOFs (b) and MOFs-
AgNPs (d)
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Fig.2 a SERS spectra of 1.0x10™ mol L™! SIL on different SERS substrates and Raman spectrum of pure solid SIL. b SERS spectra of
5.0x 107° mol L™! PIO on different SERS substrates and Raman spectrum of pure solid PIO

Compared with the normal Raman spectrum of SIL, a slight
Raman shift can be observed in SERS spectra, indicating a
strong interaction between SIL and MOFs-AgNPs substrate.

The normal Raman spectrum and SERS spectra of PIO
are shown in Fig. 2b. The SERS peaks of PIO are mainly
marked at 1595, 1211, 1177, 822, and 628 cm™". The main
band contributions of PIO are shown in Table 1. It can be
clear that the peak of PIO at 1608 cm™! is notably enhanced

and red-shifts to 1595 cm™!. Besides, the peaks located at
1207 and 1179 cm™" shift to 1211 and 1177 cm™'[29]. The
peak at 829 and 859 cm™! from the MOFs-AgNPs substrate
is shown in Fig. S6. The shifts of Raman peaks and SERS
peaks are related to the interactions between the PIO and
AgNPs surface [30]. Among them, the peaks at 628 cm™!
originating from the stretching of C-N are used as marker
bands for PIO quantitative determination and analysis.
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Table 1 Assignment of peaks in SIL and PIO Raman spectra

SIL

PIO

Solid SERS Assignments

Solid SERS Assignments

652 652  d(Pyrimidine), ¥(C=O0) in pyrimidine 603 628 V(C-N)
819 818 d(Benzene ring), 1(C-0) in benzene ring, (N =C-N) in pyrimidine 874 Y(C-C), 8(C-C)
928 928 J(C-0O) 1179 1177 &(C-S), 8(C-H)
1241 1235 J(C=C-C) in benzene ring 1207 1211 w(C-N), C-H in-plane bending vibration
1272 1278 d(C-H), v(N-H) in pyrimidine ring 1245 C-H in-plane bending vibration
1408 1402 d(pyrazole ring), v(C-C), 3(C=C=C) in benzene ring 1608 1595 v(C=0), (C-N)
1490 1488 d(C-H) in pyrazole pyrimidine ring 1638 V(C-C), (C=0)
1531 1528 v(C-N) in pyrimidine ring, v(C-N) in pyrazole ring, (C-C) in pyrazole
ring
1582 1582 d(Benzene ring), 8(C=C=C) in pyrazole ring, v(C-N) in pyrimidine

ring

v Stretch vibration, é bend vibration

Different substrates, including MOFs, classical AgNPs,
TA-AgNPs, and MOFs-AgNPs, were used to determine
SIL and PIO, respectively. It is obviously found that the
MOFs without AgNPs cannot be for the detection of SIL
or PIO. Compared with classical AgNPs and TA-AgNPs,
the MOFs-AgNPs exhibit a dramatically stronger SERS
enhanced effect toward SIL and PIO. This is attributed to
the adsorption of SIL or PIO molecules by MOFs, which
makes more target molecules concentrating on the SERS
hot spots of AgNPs.

The interaction between SIL/PIO and MOFs-AgNPs

The interaction between SIL/PIO and MOFs-AgNPs was
analyzed by UV-Vis and FT-IR spectra (Fig. S7 and
Fig. S8). These results indicated that the SIL/PIO bound
and interacted with AgNPs.

Optimization of experimental condition

To make sure the best SERS enhancement, the experi-
mental conditions for the determination of SIL and PIO,
including the pH, the incubation time, and the concentra-
tion of NaCl, were optimized. As for the effect of pH,
pH=3.04 and 4.11 were chose as the optimal pH value for
the SIL and PIO determination in the further experiment
in the Fig. S9, respectively. Figure S10 revealed that 5 min
of incubation time achieved the best enhanced effect and
0.2 M and 0.15 M of NaCl were selected as the optimal
parameters for determination of SIL or PIO in Fig. S11
and Fig. S12, respectively. The optimization details of
experiment conditions are presented in the Supporting
Information.
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The calibration plots

The Raman spectra of the designed detection method to SIL
and PIO with variation concentrations are presented in Fig. 3
at the optimized experiment conditions. It displays that the
SERS intensity will apparently increase with increasing of
SIL and PIO concentration. For SIL, the satisfactory lin-
ear range of SIL obtained at 1402 cm™! is from 1.0 x 107
to 1.0x 107> mol L™, and the linear equation is given as
y=7.06c +248.45 (R>*=0.990). The limit of detection
(LOD) of SIL is calculated to be 4.8 x 1078 mol L™! based
on a signal:noise (S:N =3). On the other hand, the stand-
ard curve for analyzing PIO is given within the range of
8.0x 1077-3.0x 107 mol L~!; the fitted linear equation is
presented as y=10.98c+ 111.90 and R?=0.998. The LOD
of PIO is calculated as 1.4 x 10”7 mol L™!. Furthermore,
comparison of this work with other strategies is performed
in Table 2. Compared to UV and LC-MC/MC, this method
exhibited higher sensitivity and wider linear range. The
present method using MOFs-AgNPs as a SERS substrate
showed lower LOD values than the SERS methods using
AgNPs in SIL determination [15, 16], and the determination
time only needs no more than 10 min, which can realize the
sensitive and rapid determination of SIL and PIO.

Effect of coexisting substances of SIL and PIO

To evaluate the specificity of this proposed strategy, vari-
ous coexisting interference substances, including metal
ions and some drug auxiliary materials such as chitosan,
starch, and silica fume (SiO,), were examined when the
concentration of SIL was 8.0 x 10 mol L~! and PIO was
5.0x 107 mol L~!. The concentration of the coexisting sub-
stances was 8.0x 10~ mol L™!. In Fig. 4, these coexisting
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Table 2 Cqmparison of other Method Linear range (mol L™ LOD (mol L") Ref
methods with the current
method for the determination of ~ ggRrg SIL 1.0x107-1.0x 107 48x1078 This work
SIL and PIO PIO 8.0x107-3.0x 107 1.4x1077
SERS SIL 2.1x107°-2.1x107 2.1x107° [15]
2.1x107-2.1x107 2.1x107 [16]
PIO 5.0x107°-1.0x 1073 1.0x107 [17]
Electrochemistry SIL 9.0x107°-5.0x 1077 — [5]
PIO 1.0x107°-1.0x 1072 — [6]
[0A% SIL — —
PIO 2.5%10°-2.3x 107 — 7
HPLC SIL 1.0x10%-5.0x 1077 3.1x107° [8]
PIO 1.3%x107%-1.8x107 3.3x107 [9]
Fluorescence SIL — —
PIO 1.3%x107-3.3%x10° 4.1x%x107 [12]
LC-MC SIL 2.1x107°-2.1x107° 2.1x107° [13]
LC-MC/MC PIO 3.1x107°-6.2%1073 — [14]
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Table 3 Analytical results of

- : Added Found Recovery RSD

SIL and PIO in commercial (x 107 mol L1 (x 107 mol L™ (%) (%)
tablets and natural healthcare

products (n=5) SIL  Commercial tablet 6.4 6.7 104.7 3.6

64.0 62.0 96.9 4.1

80.0 82.6 103.2 39

Drink 1 6.4 6.6 103.1 33

64.0 69.1 108.0 3.0

80.0 78.6 98.3 2.7

Drink 2 6.4 6.0 93.8 39

64.0 63.5 99.2 34

80.0 81.7 102.1 3.6

PIO Commercial tablet 10.0 10.3 102.5 2.2

100.0 94.9 94.9 33

200.0 204.2 102.1 4.0

Tablet in healthcare product 10.0 9.3 93.0 3.0

100.0 96.4 96.4 32

200.0 191.9 96.0 2.9

Oral liquid 10.0 10.4 104.0 4.2

100.0 98.5 98.5 2.8

200.0 196.6 98.3 35

substances have little interference to the SIL or PIO SERS,
with maximum relative errors less than 5.0%.

Sample analysis

For validating the accuracy of the designed SERS method,
the SIL (50 mg per tablet) and PIO (15 mg per tablet) in
commercial tablets samples were determined compared
with UV—Vis method. The results showed that the amounts
of SIL and PIO per tablet were 52.7 and 14.1 mg by SERS
method and the RSD were 3.8 and 3.2, respectively. The
contents of SIL and PIO per tablet were 51.5 and 14.7 mg
with RSD of 2.9 and 3.4 by UV-Vis method, respectively,
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Fig.4 Effect of coexisting substances
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which was not significantly different from SERS method.
The recoveries studies of three concentrations of SIL and
PIO standard solutions were performed in commercial
tablets samples. As illustrated in Table 3, the recoveries
obtained were 94.9-104.7% with RSD of 2.2-4.1%. These
results demonstrated that the designed SERS method was
suitable for the analysis of practical samples.

The established method was also applied to analyze
whether SIL/PIO had been illegally added in natural health
products. The healthcare products were analyzed, includ-
ing two different types of anti-fatigue drinks, hypoglyce-
mic tablets and oral liquids. SIL or PIO had not been found
in their respective natural healthcare products. For veri-
fying the practice application of this assay platform, cer-
tain concentrations of SIL or PIO standard solutions were
separately spiked into the respective real samples, and the
Table 3 shows the experiment results. The recoveries of
SIL obtained were 93.8—-108.0% and RSD varied from 2.7
to 3.9%. As for PIO, the recoveries were 93.0-104.0% and
RSD varied from 2.8 to 4.2%. The results indicated that
the proposed SERS approach based on the MOFs-AgNPs
substrate had well applicability. Some organic species and
drug molecules with Raman activity or Raman signal in
the real sample may interfere with the determination of
SIL and PIO. However, if the peak positions of these mol-
ecules in SERS spectrum are different from the analytes,
the determination will not be interfered, and qualitative
analysis and quantitative analysis may be achieved simul-
taneously through SERS “fingerprint” properties.
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Conclusions

In this work, MOFs-AgNPs composites are successfully
constructed as an efficient SERS substrate. Taking advan-
tage of the adsorption properties and large surface area of
MOFs, this new type of SERS substrates can force the tar-
get molecules closer to the SERS-active sites of AgNPs.
The as-prepared MOFs-AgNPs substrate exhibits superior
SERS performance than classical AgNPs, and the success-
ful quantitative determination of SIL and PIO suggests
that the MOFs-AgNPs substrate has a great application in
SERS analysis areas. Meanwhile, this established analyti-
cal method can be utilized to analyze the SIL and PIO in
commercial tablets and healthcare products with satisfactory
recovery. Some other drug molecules with Raman activity or
Raman signal in the real sample may be interfered with the
determination of analyte. This work shows great potential of
MOFs-AgNPs substrate in other drug molecules testing in
illegally added healthcare products.
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