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Abstract

Aristolochic acid nephropathy (AAN) has drawn increasing public attention. Organic anion transporters (OATs) are
considered to be responsible for mediating nephrotoxicity of aristolochic acids (AAs), as AAs are typical OAT1 sub-
strates that exhibit anionic properties and contain one hydrophobic domain. Inspired by the OAT1 three-dimensional
structure or substrate/protein interactions involved in transport, we designed a magnetic polymeric hybrid, mimicking
the effect of basic and aromatic residues of OAT1, for efficient enriching aristolochic acid I (AA I) and aristolochic acid II
(AA II) in Traditional Chinese patent medicines (TCPM). N, N-dimethylaminopropyl acrylamide (DMAPAm) was used
as a cationic monomer and copolymerized with divinylbenzene (DVB) onto the surface of monodisperse magnetic
nanoparticles (denoted as MNs@SiO2T-DvbDam). The magnetic polymer hybrid demonstrated high selectivity and
capacity for AAs, which was mainly attributed to (1) electrostatic interactions from the cationic or basic moiety of
DMAPAm and (2) the hydrophobic and p-p stacking interactions from the aromatic ring of DVB. Additionally, the
surface of the hybrid exhibited amphiphilic property according to the ionization of DMAPAm, thus improving the
compatibility of the adsorbent with the aqueous sample matrix. This strategy was proven to be robust in the analysis of
real drug samples, which was characterized by a good linearity, high recovery and satisfactory reusability. This work
confirmed that the proposed tool could be a promising candidate for enhancing the extraction selectivity of AAs in
Traditional Chinese medicines (TCM).

Keywords: Amphiphilic, Aristolochic acids, Ionization, Magnetic copolymer, Traditional Chinese patent medicines

1. Introduction

A ristolochic acids (AAs) are a group of struc-
turally related nitrophenanthrene carboxylic

acid naturally produced in Aristolochic and Asa-
rum plant species, which have been used world-
wide as herbal medicine for centuries to treat
inflammatory and infectious disorders [1e3] such
as gastrointestinal complaints, fungal skin diseases,
poisoning caused by a snake bite and so forth.
However, it has been reported that AAs are closely
associated with some diseases extremely like kid-
ney failures [4e6]. It is further confirmed the

rapidly progressive kidney fibrotic disease caused
by high concentrations of AAs in the drugs is
named as aristolochic acid nephrology (AAN). The
nephrotoxic mechanism of AAs involves the
abnormal cellular transport of anionic drugs of AAs
by organic anion transporters (OATs) [7]. In addi-
tion, AAs are regarded as potent carcinogen for
intrahepatic bile duct carcinomas in China [8] as
well as liver carcinomas in southeast Asian coun-
tries [9]. Furthermore, AAs can interact with DNA,
and the DNA adducts further disturb the meta-
bolism pathways [10]. Many countries such as
America, England and Germany severely restricted
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the use of AAs [11]. Moreover, International
Agency for Research on Cancer (IARC) listed AAs
and related plants as group 1 carcinogens [12]. The
Chinese Pharmacopoeia in 2020 definitely excluded
high level AAs-containing herbs such as Ma-Dou-
Ling (Dutchmanspipe Fruit) and Tian-Xian-Teng
(Aristolochiae Herba). However, some AAs-contain-
ing herbs such as Xi-Xin were still allowed to use
as important crude ingredients [13]. Considering
potent toxicity of AAs and their possible exposure
in drugs, it was imperative to establish highly
sensitive and selective detection methods for
AAs, especially aiming at AAs-containing Tradi-
tional Chinese patent medicines (TCPM) in the
market.
Among the common detection methods, high

performance liquid chromatography (HPLC) and
liquid chromatography/mass spectrometry (LC/MS)
provide a high separation efficiency and detection
sensitivity [14e20]. Moreover, HPLC is more
commonly used in the laboratory for the determi-
nation of AAs analogs due to its cost-effective
property. One challenge with detecting AAs at low
abundance is huge interference from the matrix of
TCPM [21]. Therefore, many approaches have been
developed for the enrichment of AAs. Recently,
magnetic solid phase extraction (MSPE) has attrac-
ted intense attention due to its excellent magnetic
separation capacity. Additionally, it is available for
multiple choices in detection methods at the back-
end. More importantly, the shell around magnetic
particles can easily be modified by different func-
tional groups via covalent chemical reactions which
ensures long term stability and efficient conjugation
[22e24]. There were a few researches related to
magnetic separation towards AAs detection [25e30].
Among them, most researches tended to combine
magnetic particles with molecular imprinted poly-
mers (MIPs) to ensure high selectivity [26e28], while
MIPs-based adsorbents existed the drawbacks of
incomplete elution of the template molecules and
long equilibration time.
Inspired by the three-dimensional structure of

OAT1, in which both basic amino acids and aro-
matic amino acids were proven to be required for
transport of negatively charged substrates [31], we
designed a magnetic polymeric hybrid, mimicking
the effect of basic and aromatic residues of OAT1,
for efficient enriching aristolochic acid I (AA I) and
aristolochic acid II (AA II) in TCPM. Cationic
compound with positively charged amine was a
good choice for binding AAs. N, N-dimethylami-
nopropyl acrylamide (DMAPAm) as a typical
cationic monomer was widely used for industrial
and biomedical purposes, such as sludge

treatment [32], gas transport [33], protein separa-
tion [34], cell purification [35] and drug delivery
[36,37]. In this study, we introduced DMAPAm on
the surface of magnetic nanoparticles via poly-
merization in order to enhance the selectivity for
AAs. After protonation of DMAPAm, the surface
of the nanoparticles became hydrophilic, thus
improving the compatibility of the adsorbent with
the aqueous sample matrix. The single ionizable
property of the polymer layer was not perfect with
respect to the hydrophobicity and conjugation of
the phenanthrene ring of AAs. Therefore,
divinylbenzene (DVB) was copolymerized to ach-
ieve double anchors into AAs through hydropho-
bic and p-p interactions. Next, we applied the
copolymer grafted magnetic hybrid to analyze AA
I and AA II in TCPM.

2. Materials and methods

2.1. Chemicals and reagents

AA I and AA II were purchased from Sigma
Aldrich (St. Louis, MO). Chlorogenic acid, ursolic
acid, quercetin and berberine were from Chengdu
Pufei De Biotech Co., Ltd (Chengdu, China).
FeCl3$6H2O, sodium acetate anhydrous (NaAc),
trisodium citrate, tetraorthosilicate (TEOS), 3-(tri-
methoxysilyl) propyl methacrylate (TPM), DVB,
DMAPAm, 2,2-azobisisobutyronitrile (AIBN) were
obtained from Aladdin Industrial Co., Ltd
(Shanghai, China). Formic acid, methanol, acetoni-
trile and ethylene glycol were bought from
Shanghai Macklin Biochemical. Co., Ltd (Shanghai,
China). The solvents listed above were of chro-
matographic grade.

2.2. Instrument and HPLC conditions

The morphologies of magnetic nanocomposites
were observed using a SU8010 scanning electron
microscope (SEM, Hitachi, Japan) and JEM 2100F
transmission electron microscope (TEM, JEOL,
Japan). Infrared spectra were recorded with a
Nicolet 6700 FT-IR spectrophotometer (Thermo
Scientific, USA). Magnetic properties were
measured by a LakeShore 7404 vibrating sample
magnetometry (VSM, LakeShore, USA).
Quantitative analysis was carried out with an

Agilent 1260 series liquid chromatography system
(Agilent Technologies, USA). A ChromCore C18
column (4.6 � 250 mm, 5 mm) was chosen for chro-
matographic separation. 20 mL of samples were
injected into the system and eluted with mobile
phase of acetonitrile (containing 0.1% formic acid)
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and water (containing 0.1% formic acid). The
gradient program was shown in Table S1, and the
detection wavelength was set at 390 nm.

2.3. Preparation of magnetic adsorbents of
MNs@SiO2T-DvbDam

The MNs@SiO2T-DvbDam nanocomposite was
synthesized in three steps. The synthesis procedure
was illustrated in Fig. 1A. Firstly, magnetic nano-
particles Fe3O4 (abbreviated as MNs) were prepared
by solvothermal approach based on the literatures

[38]. Subsequently, the nanoparticles were coated
with silica (MNs@SiO2T) and then introduced with
double bond (MNs@SiO2T) according to previous
work [39], for which TEOS was adopted as silica
source, and TPM was served as a silane coupling
agent. In a typical procedure of free polymerization,
the functional monomer of DMAPAm and the
crosslinking agent of DVB were copolymerized on
the surface. MNs@SiO2T-DvbDam was obtained.
The overall synthetic procedure was shown in
Fig. 1A and the synthetic details were in supporting
information.

Fig. 1. (A) Synthetic scheme of MNs@SiO2T-DvbDam. (B) Mechanism of action between AAs and MNs@SiO2T-DvbDam in the adsorption (a) and
desorption (b).
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2.4. Sample preparation and MSPE procedures

1.0 g of the powder or liquid TCPM was dissolved
in 20 mL of distilled water. The extracting solution
was filtered and adjusted to the right pH before
MSPE procedures. The details about names and
forms of TCPM were presented in Table 1.
The MSPE conditions, including the amount of

adsorbents, extraction time, and type of elution sol-
vent and elution time were optimized using a spiked
extracting solution of Weiyanning Keli. Then, the
extracting solution (2 mL) was mixed with 5 mg of
MNs@SiO2T-DvbDam and shaken for 4 min. The
adsorbents were quickly collected by a magnet and
washed with 2 mL of water. Subsequently, 1 mL of
acetonitrile containing 2% formic acid was added
and the elution was performed under ultrasonication
for 7 min. The eluent was evaporated to dryness
under a gentle stream of nitrogen at room temper-
ature. The residue was redissolved in acetonitrile
(1 mL) and filtered through a 0.22 mm membrane
prior to HPLC analysis.

2.5. Method validation

Linearity range and correlation coefficient were
employed to evaluate the response linearity for the
analytes. Under the optimized conditions, the
working standard solution mixtures of AA I and AA
II at five concentrations ranging from 0.03 to

2.0 mg mL�1 and from 0.04 to 2.0 mg mL�1 (n ¼ 6),
respectively, were analyzed. The calibration curves
were established using the peak areas against con-
centrations of AA I and AA II. The limits of detec-
tion (LOD) and the limits of quantification (LOQ)
were calculated by the formula of LOD ¼ 3 (SD/S)
and LOQ ¼ 10 (SD/S), respectively, where SD was
the standard deviation of the response and S was
the slope of the calibration plot. Method perfor-
mance was assessed by spiking with AAs at three
different concentrations (0.05, 0.25 and
1.00 mg mL�1) on blank TCPM samples. We chose
Weiyanning Keli containing no AAs as the blank
TCPM. The method precision was evaluated based
on the peak areas percent relative standard devia-
tion (%, RSD) measured through replicate analyses
of the spiked samples on the same day (n ¼ 6) and
over six separate days in two weeks. The method
accuracy was determined by analyzing AAs-spiked
samples, and the recoveries at different concentra-
tions were obtained by comparing the amount
calculated from the calibration curves, to the nom-
inal spike levels.

3. Results and discussion

3.1. Characterization of MNs@SiO2T-DvbDam

The morphology and detailed structures of MNs
and the final product MNs@SiO2T-DvbDam were
observed by SEM, as shown in Fig. 2A, the synthe-
sized MNs appeared raspberry-like spheres with
the average diameters of 320 nm. After coating with
the silica and copolymer layer (Fig. 2B), the average
size of the nanoparticles increased to approximately
390 nm, besides, the surface of spheres became
smooth compared to naked Fe3O4 particles. To
further observe the feature of MNs@SiO2T-
DvbDam, TEM was utilized to evaluate the coating
results, from which an obvious coreeshell structure
and monodisperse distribution were exhibited
(Fig. 2C). Two layers were observed on the surface
in the image at higher magnification (Fig. 2D), the
thickness was approximately 20 nm for the inner
layer of SiO2T and 10 nm for the outer layer of co-
polymers. All the electron microscopic results sug-
gested the successful modification of copolymers on
the surface of MNs.
The infrared adsorption spectroscopy was used

for investigating the formation of MNs@SiO2T-
DvbDam. As shown in Fig. 3A, the adsorption bands
at 580 cm�1 and 3413 cm�1 were attributed to
FeeOeFe stretching of Fe3O4 and OeH stretching
vibration of the absorbed water. The band at
1089 cm�1 was originated from SieOeSi stretching

Table 1. Results of HPLCa analysis of TCPM containing Xi-Xin.

Samples Dosage
forms

Content
of AA Ib

(mg mL�1)

Content
of AA IIc

(mg mL�1)

Biyuanshu Koufuye Liquid NDd ND
Tongtian Koufuye Liquid ND 0.06
Ditongbiyan Shui Liquid ND ND
Dingxiyatong

Jiaonang
Capsule ND ND

Xinfangbiyan
Jiaonang

Capsule ND ND

Chitongxiaoyanling
Keli

Granule ND ND

Jiuweiqianghuo
Keli

Granule ND ND

Weiyanning Keli Granule ND ND
Xiaoqinglong Keli Granule 0.04 ND
Xinqin Keli Granule ND ND
Chuanxiongchatiao

Wan
Condensed
pill

ND ND

Zhuifengtougu
Wan

Condensed
pill

ND ND

a High performance liquid chromatography.
b Aristolochic acid I.
c Aristolochic acid II.
d Not detected.
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vibration of silica layer, which demonstrated the
SiO2 was coated on the surface of Fe3O4. The char-
acteristic peaks of carboxylate of MNs were
observed near at 1630 cm�1 and 1403 cm�1. The
adsorption band at 1630 cm�1 showed higher in-
tensity and sharper shape in the spectrum of
MNs@SiO2T-DvbDam, compared to that in the
spectrum of MNs. It was probably due to the
introduction of eCONHe of DMAPAm. The peak
appeared at 795 cm�1 which was associated with
aromatic CeH bending also confirmed the forma-
tion of functional monomer layer.
The VSM was employed to investigate the mag-

netic properties of MNs and MNs@SiO2T-DvbDam.

S-shape curves in Fig. 3B demonstrated apparent
superparamagnetic behaviors for both MNs and
MNs@SiO2T-DvbDam because all the remanence
and coercivity tended to be zero, which promised
not only instant magnetic response but also fast
release in the case of magnetic field withdrawal.
Besides, the saturation magnetization values of MNs
and MNs@SiO2T-DvbDam were observed to be 60.2
emu g�1 and 39.6 emu g�1, respectively. The
magnetization decrease of MNs@SiO2T-DvbDam
might stem from the non-magnetic polymer layer
grafted on the surface. Despite all this, the magne-
tization of MNs@SiO2T-DvbDam is sufficient for the
separation of the adsorbents from matrices.

Fig. 2. The SEM images of (A) MNs and (B) MNs@SiO2T-DvbDam. The TEM images of (C) MNs@SiO2T-DvbDam in 20000X and (D)
MNs@SiO2T-DvbDam in 80000X.

Fig. 3. FT-IR spectra of (A) MNs and MNs@SiO2T-DvbDam. The hysteresis loops of (B) MNs and MNs@SiO2T-DvbDam.
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3.2. The potential binding modes

The potential binding modes between
MNs@SiO2T-DvbDam and AAs were briefly
demonstrated in Fig. 1B. Experiments targeting the
OAT1 suggested ideal substrates were hydrophobic,
might form hydrogen bonds, and had increased
affinity with increased negative charge strength [31].
Similarly, in adsorption condition, the protonated
tertiary amine groups on MNs@SiO2T-DvbDam
suggested the possibility of a binding site for
negatively charged carboxyl groups on the AAs.
Moreover, the aromatic groups on MNs@SiO2T-
DvbDam provided a hydrophobic domain and
conjugate system for binding AAs. Additionally,
hydrogen bond was a potential interaction between
amide of MNs@SiO2T-DvbDam and oxygen-con-
taining heterocycle of AAs (Fig. 1Ba). While in
desorption condition, the interactions can be broken
by higher affinity with increased negative charge
strength of formic acid, thus achieving the separa-
tion of AAs from the magnetic composite (Fig. 1Bb).

3.3. Capacity of MNs@SiO2T-DvbDam for AAs

The adsorption capacity is defined as the
maximum amount of analyte captured by
MNs@SiO2T-DvbDam, which is one of the crucial
characteristics of an adsorbent. The capacity of the
composites was evaluated by dispersing 5 mg of
composites in a set of AA I or AA II solution,
methanolewater (4:1, v/v, pH ¼ 4) was used as the
solvent in the binding experiment. The capacity of
the composites was calculated according to the
equation shown in supporting information.
The curve regression between the adsorption ca-

pacity and initial concentration of AA I and AA II
was shown in Fig. 4A. The adsorption amount
(defined as Q, mg mg�1) of the nanocomposite for
AA I was observed to increase rapidly and reach

37.30 mg mg�1 at 125 mg mL�1. Similarly, the capacity
of the nanocomposite for AA II was observed to be
close to the equilibration value (36.01 mg mg�1) at
125 mg mL�1. These results indicated that the
adsorption capacity of MNs@SiO2T-DvbDam for
AA I and AA II was adequate to handle trace
amounts of AAs in real samples. The adsorption
capacity of this work was a distinct merit compared
with other materials (Table 2), which was probably
ascribed to the ionizable copolymer layer and the
monodispersity of the magnetic core.

3.4. Influence of pH

DMAPAm was widely employed as pH-respon-
sive substance to be modified in the polymer back-
bone and on the surface of nanoparticles. The
surface ionization of the adsorbent depends on the
pH of the matrix. Therefore, broad ranges of pH
value from 3 to 11 were examined. As shown in
Fig. 4B, high error bars were recorded at pH ¼ 3,
which was mainly due to the decrease of the solu-
bility of AA I and AA II under this circumstance.
The partial precipitation of AAs destroyed the ho-
mogeneity of reaction solution. Then, a high recov-
ery was observed at pH ¼ 4 and it declined
gradually as the pH value increased from 4 to 8.
There was a dramatic decline when pH value was
over 8 for both analytes, probably due to the
enhanced electrostatic repulsion between the pro-
posed nanocomposite and AAs in basic solution.
Therefore, weak acidic solution was favorable to the
adsorption of AAs and we finally fixed 4 as the op-
timum pH value for the following experiments.

3.5. Selectivity of the nanocomposites

To investigate the selectivity of the proposed
nanocomposite, six compounds naturally occurring
in medical plants including AA I, AA II, chlorogenic

Fig. 4. Adsorption capacities of (A) MNs@SiO2T-DvbDam. (B) Influences of pH on recovery.
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acid, ursolic acid, quercetin and berberine were
tested using MNs@SiO2T-DvbDam. The chemical
structures of the six substances were shown in Table
S2 and the results were shown in Fig. 5. The
adsorption behavior of the proposed nanocomposite
for AA I and AA II were similar because of the
semblable carboxyl groups, hydrophobicity and
conjugated system. The composite demonstrated a
lower adsorption capacity for substances bearing
carboxyl groups while lack of hydrophobicity
(chlorogenic acid) or without conjugated system
(ursolic acid). The adsorption capacity for sub-
stances without carboxyl groups including quercetin
and berberine were much lower than that for AAs,
especially for berberine, which possessed electro-
static repulsion and weak hydrophobicity to the
magnetic composite. It can be deduced that the
cationic moiety, the hydrophobicity and conjugated
system of the copolymer layer resulted in the high

selectivity of MNs@SiO2T-DvbDam for AAs due to
multiple interactions. Therefore, MNs@SiO2T-
DvbDam was used for the following experiments.

3.6. Optimization for MSPE procedure

To obtain excellent extraction efficiency, the main
parameters were investigated, including amount of
adsorbents, adsorption time, type of elution solvent,
and elution time. As MNs@SiO2T-DvbDam exhibi-
ted the similar selectivity and adsorption capacity for
AA I and AA II, the optimization of MSPE conditions
was conducted between AA I and the nano-
composites. The results were presented in Fig. S1.
The amount of adsorbents and adsorption time

exerted a great influence on extraction efficiency of
the target compound. In this study, the amounts of
adsorbents from 1.0 to 20 mg and the adsorption
time in the range of 2e8 min were investigated. The
extraction was performed as descripted in section
2.4. As shown in Fig. S1a and S1b, the recovery
increased to 90.6% when 5 mg MNs@SiO2T-
DvbDam was consumed, and then it barely changed
with the increase of adsorbents. The highest recov-
ery of 98.2% for AA I was acquired when the
extracting time reach to 4 min. Hence, the optimal
adsorbent amount of 5 mg and adsorption time of
4 min were selected for subsequent experiments.
A reasonable elution solvent is beneficial to obtain

the excellent elution capability. The most important
factor to be taken into consideration is the polarity
of AA I. Methanol and acetonitrile were investi-
gated. In view of the electrostatic interaction be-
tween AA I and the adsorbent, we take advantage of
formic acid to occupy the binding sites on the ad-
sorbents to elute AA I. As shown in Fig. S1c, higher
recoveries were recorded when eluting by acetoni-
trile compared to methanol. After addition of formic

Table 2. Comparison of present method with other reported methods.

Samples Adsorbents Extraction
time (min)

Magnetic
properties
(emu g�1)

Analytes LOD
(mg mL�1)

Adsorption
capacity
(mg mg�1)

Refs

Rat urine MMC@MIPs 30 18.1 AA Ia 0.03 8.65 [26]
Rat urine MMC@MIPs 30 18.1 AA IIb 0.17 9.30 [26]
TCMc MCNTs@AAI-MIPs 15 45.56 AA I 0.034 18.54 [27]
TCM TMMIPs 30 n.d.ae AA I 0.02667 8.51 [28]
TCM CNT/Fe3O4@SiO2-A 30 2.5 AA I 0.05 24.50 [29]
TCM CNT/Fe3O4@SiO2-A 30 2.5 AA II 0.025 n.d.a [29]
TCM Fe3O4@SiO2-TPM@StVp 7 39.4 AA I 0.05 n.d.a [30]
TCPMd MNs@SiO2T-DvbDam 4 39.6 AA I 0.009 37.30 This work

AA II 0.013 36.01
a Aristolochic acid I.
b Aristolochic acid II.
c Traditional Chinese medicine.
d Traditional Chinese patent medicines.
e No data available.

Fig. 5. Selective adsorption capacities of MNs@SiO2T-DvbDam for
AAs: AA I, aristolochic acid I; AA II, aristolochic acid II; CA, chloro-
genic acid; UA, ursolic acid; QR, quercetin; BBR, berberine.
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acid in methanol (v/v, 2%) and acetonitrile (v/v, 2%),
the elution efficiencies were both improved obvi-
ously. In particular, the recovery obtained by
acetonitrile containing 2% formic acid has risen to
96.3%. Therefore, the formic acid in acetonitrile (v/v,
2%) was chosen for the optimal elution solvent. The
elution time is a key parameter in determining the
final analytes concentration before HPLC analysis.
The time of 3, 5, 7 and 9 min was tested. It can be
seen from Fig. S1d that the recovery increased to be
the highest at elution time of 7 min and reached an
equilibrium. As a consequence, 7 min was optimal
time in elution process.

3.7. Method validation

Method validations including linearity, sensitivity,
accuracy and precision were studied under the
optimized pretreatment conditions.
Linearity range and correlation coefficient were

employed to evaluate the response linearity for the
analytes. Under the optimized conditions, the
working standard solution mixtures of AA I and AA
II at five concentrations ranging from 0.03 to
2.0 mg mL�1 and from 0.04 to 2.0 mg mL�1 (n ¼ 6),
respectively, were analyzed. The calibration curves
were established using the peak areas against con-
centrations of AA I and AA II. The limits of detection
(LOD) and the limits of quantification (LOQ) were
calculated by the formula of LOD ¼ 3 (SD/S) and
LOQ ¼ 10 (SD/S), respectively, where SD was the
standard deviation of the response and S was the
slope of the calibration plot. The results of linearity
and sensitivity were listed in Table S3. Analytical
responses were found to be linear, with r2 value
greater than 0.9990 for both AA I and AA II. the
LOD and LOQ for AA I were 0.009 mg mL�1 and
0.03 mg mL�1, and for AA II were 0.013 mg mL�1 and
0.04 mg mL�1, respectively.
Method performance was assessed by spiking

with AAs at three different concentrations (0.05,
0.25, and 1.00 mg mL�1) on blank TCPM samples.
The method precision was evaluated based on the
peak areas percent relative standard deviation (%,
RSD) measured through replicate analyses of the
spiked samples on the same day (n ¼ 6) and over
six separate days in two weeks. The method accu-
racy was determined by analyzing AAs-spiked
samples, and the recoveries at different concen-
trations were obtained by comparing the amount
calculated from the calibration curves, to the
nominal spike levels. The recoveries were in the
range of 90.4e98.9% at the three spiking levels, the
intra- and inter-day RSDs were less than 2.9%,
indicating that the obtained recoveries and

precisions were acceptable. All above results were
summarized in Table S3.

3.8. Analysis of the real samples

The validated method was then applied to detect
AA I and AA II in TCPM containing Xi-Xin. A total
of 12 samples were collected from pharmacy in
Chengdu of China. Among them, AA I was detected
in a single sample at the concentration of
0.04 mg mL�1, which is close to the LOQ of the AA I.
Meanwhile, AA II was found in one sample at the
concentration of 0.06 mg mL�1, which is near the
LOQ for the AA II too (Table 1). It is important ev-
idence that the toxic components of Chinese herbal
medicines have been reduced and controlled after
standardization of the use of Aristolochic and Asa-
rum herbs. In order to evaluate the performance of
MNs@SiO2T-DvbDam for AA I and AA II in the real
samples, 2.0 mL spiked sample solution containing
1.0 mg mL�1 AA I and AA II was analyzed under the
optimal conditions. The chromatograms were dis-
played in Fig. 6. The intensity of AA I or AA II
extracted from the spiked sample solution was
almost the same as that in the standard solution,
while the intensity of interferences decreased
significantly after extraction, indicating that AA I
and AA II were enriched effectively through our
proposed strategy.

3.9. Reusability of the adsorbent

The reusability is a key factor to evaluate the
performance of adsorbents. The MNs@SiO2T-
DvbDam was washed by acetonitrile containing 2%

Fig. 6. Chromatograms of Weiyanning Keli samples spiked with AA I
and AA II at 1.0 mg mL�1. (a) Spiked sample after MSPE; (b) Spiked
sample before MSPE; (c) Standard solution of AA I and AA II. Atten-
uated peaks: 1, 2, 3, 4, 5 and 6.
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formic acid and dried in 60 �C vacuum each time
before next use. Fig. S2 displayed the recoveries of
AA I and AA II were remained over 90% in five
consecutive adsorptionedesorption cycles, but in
the sixth time the recovery decreased to 84.6% and
81.1% for AA I and AA II, respectively, which was
mainly due to the irreversible adsorption and the
partial destruction of adsorption sites during the
washing procedure. The above results highlighted
the merits of good stability and satisfactory reus-
ability for the proposed materials.

3.10. Comparison with other materials and
methods

The comparative studies were conducted among
four adsorbents with the same architecture including
MNs, MNs@SiO2T, MNs@SiO2T-DvbDam, Fe3O4@-
silica@copolymer. Among them, MNs and
MNs@SiO2T were the intermediate for making
MNs@SiO2T-DvbDam, Fe3O4@silica@copolymer
coated with poly (DVB-co-NVP) layer was synthe-
sized in our previous work [39]. Fig. S3 displayed
that MNs@SiO2T-DvbDam had the highest re-
coveries for both AA I and AA II, while recoveries of
MNs, MNs@SiO2T and Fe3O4@silica@copolymer for
both were less than 35%, indicating that the grafted
copolymers contributed to the adsorption of AAs.
The analytical performance of the MNs@SiO2T-

DvbDam for AAs detection was compared to most
of MSPE-HPLC methods reported previously
[26e30]. As listed in Table 2, the adsorption capacity
of this work is a distinct merit compared with other
materials, which is probably ascribed to the ioniz-
able copolymer layer and the monodispersity of the
magnetic core. The LOD of this method is lower
than that of other MSPE-HPLC methods, while this
advantage is not significant in terms of sensitivity.
We also compared the magnetic properties and
adsorption time MNs@SiO2T-DvbDam had a better
magnetic properties than MMC@MIPs (18.1 emu
g�1) [26] and CNT/Fe3O4@SiO2-A (2.5 emu g�1) [29],
shorter adsorption time than any other magnetic
composites.

4. Conclusion

In summary, inspired by the mechanism of AAs-
induced nephrotoxicity, we design a magnetic
polymeric nanostructure using monodispersed
magnetic silicon sphere to bear basic and aromatic
copolymer on the surface, and thus produce a
desirable ionization effect and also an amphiphilic
property. The pH-responsive monomer of DMA-
PAm was employed for the first time to be

polymerized on the surface of magnetic nano-
composite and the extraction efficiencies of the ob-
tained nanocomposite for AAs were confirmed pH
sensitive. Owing to the merits of ionizable property,
hydrophility/hydrophobicity, monodispersity and
magnetic responsiveness, MNs@SiO2T-DvbDam
exhibited excellent selectivity, sensitivity, reusability
and rapidity towards the enrichment of AAs in
TCPM. The high simultaneous extraction capacity
endowed MNs@SiO2T-DvbDam with a potent tool
for AAs analysis in quality management and control
of TCM. In this work, we only mimicked the func-
tion of active amino acids of OATs that played key
roles in AAs transport, noticeably, a putative active
cavity of OATs where the key amino acids located,
possibly producing an impact on substrate binding.
The future work could be focused on the bionic
design of the three-dimensional structure of OATs
to construct novel magnetic hybrids for extract AAs
with higher selectivity and sensitivity.
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Appendix

Supporting Information

1. Experimental information

1.1 Preparation of MNs@ SiO2T-DvbDam. MNs,
MNs@SiO2 nanoparticles were synthesized accord-
ing to a previous report [39]. Next,
500 mg MNs@SiO2 was dispersed in 200 mL of
ethanol and 1.5 mL of TPM was added. The reaction
was kept at 60 �C for 12 h. The nanoparticles coated
with silica and TPM (MNs@SiO2T) turned to brown.
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They were thoroughly rinsed with ethanol and
transferred into a round-bottomed flask containing
200 mL of acetonitrile and then in 0.5 h ultra-
sonication. In a typical procedure of polymerization,
1 mL of DVB, 3 mL of DMAPAm and 0.5 g of AIBN
were added in the flask, the mixture was placed in a
water bath heated to 70 �C, and stirred for 16 h. The
obtained product was named as MNs@SiO2T-
DvbDam and washed with DMSO and ethanol,
finally dried in a vacuum oven.

1.2 Capacity of MNs@SiO2T-DvbDam for AAs. The
capacity of the composites was evaluated by
dispersing 5 mg of composites in a set of AA I or AA
II solution, and the methanolewater (4:1, v/v,

pH ¼ 4) was used as the solvent in the binding
experiment. The capacity of the composites was
calculated according to the following equation:

Q ¼ (C0 - Ce) V/m

Q (mg mg�1): adsorption amount; C0 (mg mL�1):
initial concentration of analyte; Ce (mg mL�1): equi-
librium concentration of analyte; V (mL): volume of
analyte solution; and m (mg): amount of
nanocomposites.

2. Results

Fig. S1. Optimization of MSPE process using AA I as a representative. (A) Adsorbent amount. (B) Adsorption time. (C) Elution solvent. (D) Elution
time.
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Fig. S2. Reusability of MNs@SiO2T-DvbDam.

Fig. S3. The extraction efficiency of four different materials for AAs. (1) MNs, (2) MNs@SiO2T, (3) MNs@SiO2T-DvbDam, (4)
Fe3O4@silica@copolymer.

Table S1. The elution program in HPLC analysis.

Time (min) Mobile phase Aa (%) Mobile phase Bb (%)

0 60 40
12.0 24 76
15.0 5 95
17.0 5 95
18.0 60 40
37.0 60 40
a Water (containing 0.1% formic acid).
b Acetonitrile (containing 0.1% formic acid).
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Table S2. Chemical structures and corresponding formulas used for selectivity evaluation.

Name Formula Structure

Aristolochic acid I C17H11NO7

Aristolochic acid II C16H9NO6

Chlorogenic acid C16H18O9

Ursolic acid C30H48O3

Quercetin C15H10O7

Berberine C20H18NO4
þ
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