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Abstract
An efficient analytical method based on molecularly imprinted solid-phase extraction (MISPE) coupled with high-performance
liquid chromatography-diode array detection (HPLC-DAD) was established for the determination of iridoid glycosides (IGs) in
Di-huang pills. As the solid-phase extraction medium, superhydrophilic molecularly imprinted polymers (MIPs) with high
affinity and selectivity to IGs in water media were fabricated using divinyl galactose as a single cross-linking monomer. The
structure, porosity, and hydrophilicity of MIPs were characterized. The properties involving dynamic adsorption, kinetic adsorp-
tion, and selectivity were evaluated. Under optimal conditions the MISPE-HPLC-DAD based method was applied for loganin,
morroniside, cornin, and sweroside determination in three kinds of Di-huang pills. The limits of detection of four IGs were
0.002–0.003 mg g−1. Furthermore, the proposed method exhibited some merits including good linearity, excellent precision, and
desirable accuracy. The established MISPE-HPLC-DAD method has great potential for the selective determination of IGs in
Chinese patent drugs.

Keywords Superhydrophilic molecularly imprinted polymers . Single cross-linking monomer . Solid-phase extraction . Iridoid
glycosides .Di-huang pills

Introduction

Molecularly imprinted polymers (MIPs) can be synthesized
by the polymerization of a mixture of functional monomers
and cross linkers in the presence of template molecules dis-
solved in porogenic solvents [1]. As the artificial receptor,
MIPs have received increasing interest for analytical applica-
tions, involving separation media, immunoassays, biosensors,
and affinity supports for screening libraries of bioactive com-
pounds [2]. MIPs can recognize the template molecule or its

structural analogues based on specific molecular recognition
cavities, which are complementary to the template molecule in
shape, size, and spatial distribution [3–10]. In the process of
MIPs synthesis, template molecules, cross linkers, and func-
tional monomers are considered as the Bthree-elements of mo-
lecular imprinting.^

The optimization of MIPs formulation components has
been relatively mature but complicated and time-consuming.
A variety of variables should be determined via the prepara-
tion and evaluation of several polymers, such as how many
and what type of functional monomers to use, how many and
which cross linkers to use, the optimum ratio of templates/
functional monomers, and the optimum ratio of cross
linkers/functional monomers. The generalized process has
limited the broader impact of molecularly imprinted technol-
ogy (MIT) on society and inhibited the widespread use ofMIT
by the general scientific community. Molecular imprinting has
not been made easy so far, except for some examples of the
single cross linking monomer-based MIPs [11–15]. However,
these MIPs have not been utilized for the imprinting of water-
soluble compounds, most probably due to the incompatibility
with water media.
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Iridoid glycosides (IGs) are a series of typical water-soluble
compounds which are found in many herbs [16, 17]. Due to
the observably pharmacological and biological activities, the
amounts of IGs have been utilized to evaluate the quality of
some traditional Chinese patent drugs, such as Liu Wei Di
Huang Wan (LWDHW), Dang Shao Di Huang Wan
(DSDHW), Qi Ju Di Huang Wan (QJDHW), and so on
[18–20].

High-performance liquid chromatography (HPLC)
methods have been developed to analyze IGs [21–27].
However, the sample preparation of Chinese patent drugs pre-
sents an immense challenge because of interfering constitu-
ents within the matrix. Therefore, it is important to develop a
rapid and selective sample preparation method for the analysis
of active ingredients in Chinese patent drugs [28–30].

In this work, we aim to develop a water-compatible MIPs
based on a single cross-linking monomer for the recognition
of IGs in Di-huang pills. Superhydrophilic MIPs have been
synthesized via the bulk polymerization in the presence of
loganin as the template, divinyl galactose (DivG) as the single
cross-linking monomer, 2,2-azobisisobutyronitrile (AIBN) as
the initiator, and H2O as the porogenic solvent. The binding
capacities of MIPs were investigated in water media. In addi-
tion, molecularly imprinted solid-phase extraction (MISPE)
conditions were optimized in detail. Meanwhile, a method
for determination of four IGs in Chinese patent drugs, includ-
ing loganin, morroniside, cornin, and sweroside, was set up by
combination of MISPE and HPLC. The recoveries of the de-
veloped method for selective determination of IGs are highly
satisfactory.

Materials and methods

Materials

Loganin, morroniside, cornin, sweroside, arbutin, and genipin
were provided by Yuanye biotechnology Co., Ltd. (Shanghai,
China). Diisopropylidene galactose (DipG), acryloyl chloride,
and allyl alcohol were obtained fromXiya Reagent (Chengdu,
China). Methacrylic acid (MAA), N ,N ′-methylene
diacrylamide (MBA), ethylene glycol dimethacrylate
(EGDMA), methanol (MeOH, HPLC grade), and
trifluoroacetic acid (TFA, HPLC grade) were obtained from
J&KScientific Ltd. (Beijing, China). Other analytical reagents
were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). The Chinese patent drugs, including LWDHW,
DSDHW, and QJDHW were bought from the local drugstore
in Jinan, China. Alkenyl glycosides glucose (AGG) was syn-
thesized as the previously reported [31]. The chemical struc-
tures of typical compounds are shown in Fig. 1.

Standards of IGs were dissolved individually in the deion-
izedwater to 2.0 mmol L−1 concentration for each analyte, and

they were stored in darkness at 4 °C prior to tests. Working
solutions were prepared by gradually diluting the correspond-
ing stock standard solutions.

Instrument and analytical conditions

For HPLC, an Agilent 1120 system (Palo Alto, CA, USA)
equipped with a diode-array detector (DAD) was used. A
Waters C18 column (5 μm, 4.6 × 250 mm) was utilized for
chromatographic separation. The mobile phase was MeOH-
0.1% TFA in ultrapure water (3:7, v/v). The injection volume
and flow rate were set at 10 μL and 1.0 mL min−1, respective-
ly. The absorption wavelength was set at 235 nm.

The prepared polymers were characterized with Fourier
transform infrared spectroscopy (FT-IR), Brunauer–Emmett–
Teller (BET) N2 sorption isotherms, and water contact angle
(CA). The detailed information about these instruments were
shown in the supplementary material.

Synthesis of the single cross-linking monomer DivG

The synthetic route of DivG was shown in Scheme 1.
Acryloyl DipG: DipG (2.6 g) and triethylamine (2.0 g) were

suspended in dry CH2Cl2 (25 mL), and acryloyl chloride
(2.0 g) was cautiously added at 0 °C. Then the reaction mix-
ture was stirred for 6 h at 22 °C. After that, the reaction prod-
ucts were washed with saturated aqueous NaHCO3, diluted
HCl (10%), and water, and then dried with MgSO4. After
evaporating the solvent, residues were purified by the recrys-
tallization in MeOH to yield white crystal (2.8 g, 89%).

DivG: Acryloyl DipG (2.0 g) was suspended in TFA
(20 mL) and the mixture was refluxed for 4 h. After evaporat-
ing the solvent, acryloyl galactose was obtained.

Acetyl chloride (2.5 g) was added to allyl alcohol (20 g) at
− 5 °C. After stirring for 30 min at − 5 °C, acryloyl galactose
(2.0 g) was added and the reaction mixture was stirred for 1 h
at 90 °C. The mixture was quenched with NaHCO3, filtered,
and concentrated. The residue was purified by the recrystalli-
zation in methanol/ethyl acetate (9:1, v/v) at − 10 °C to yield
DivG as white crystal (1.4 g, 82%). 1H NMR (CD3OD,
400 MHz) δ 5.84–5.88 (m, 1H), 5.21–5.26 (m, 1H), 5.06–
5.09 (m, 1H), 4.76–4.80 (m, 1H), 3.95–4.15 (m, 3H), 3.59–
4.15 (m, 6H), 3.21–3.25 (m, 1H), 3.21 (d, 1H, J = 1.2 Hz)
ppm; 13C NMR (CD3OD, 100 MHz) δ 166.4, 131.8, 130.1,
128.4, 115.4, 104.2, 74.1, 73.9, 73.2, 71.9, 68.9, 63.1 ppm;
HRMS (ESI) m/z calculated for C12H18O7 [M + Na]+

297.0950, found: 297.0944.

Preparation of imprinted materials

MIPs and non-imprinted polymers (NIPs) were synthesized
via the bulk polymerization by using DivG as the hydrophilic
single cross-linking monomer (see supplementary material).
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Adsorption text

Dynamic adsorptionTwenty milligrams ofMIPs or NIPs were
immersed into 2.5 mL of loganin solution at different concen-
trations (0.3–1.05 mmol L−1). After shaken for 3 h at 22 °C,
the equilibrium concentrations of loganin in the filtrates were
analyzed by HPLC-DAD. The equilibrium adsorption capac-
ity (Qe, mg g−1) was calculated according to the Eq. (1) [32]:

Qe ¼ Ci–Ceð Þ � v�M=m ð1Þ

In this equation, Ci (mmol L−1) represent the initial concen-
tration of loganin, Ce (mmol L−1) is the equilibrium concentra-
tion of loganin,M represent the molar mass of loganin, m (mg)
is the mass of polymers, and v (mL) is the volume of solution.

The data were further processed via the Langmuir Eq. (2)
and Freundlich Eq. (3) [32, 33]:

Ce=Qe ¼ 1= QmKLð Þ þ Ce=QmL ð2Þ

lnQe ¼ lnCe=nþ lnK F ð3Þ

where QmL (mg g−1) is Langmuir theoretical maximum ad-
sorption capacity. KF and n are the Freundlich constants.

Kinetic adsorption Twenty milligrams of MIPs or NIPs were
immersed into 2.5 mL of loganin solution (0.45 mmol L−1).
The mixture was shaken for a set time (5–150 min) at 22 °C
and the free concentration of loganin in the filtrates at time t

Fig. 1 Chemical structures of typical compounds

Scheme 1 The synthetic route of DivG
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were analyzed by HPLC-DAD. The adsorption capacity
(Qt, mg g−1) at time t was calculated according to the
Eq. (4) [34]:

Qt ¼ Ci–Ctð Þ � v�M=m ð4Þ

where Ct (mmol L−1) is the free concentration of
loganin at time t.

To evaluate the adsorption kinetic mechanism, the
kinetic data were calculated according to the pseudo-
first-order (5) and pseudo-second-order (6) model
[34]:

ln Qe–Qtð Þ ¼ −k1t þ lnQm1 ð5Þ

t=Qt ¼ t=Qm2 þ 1=k2Qm2
2 ð6Þ

where Qe and Qt are the amounts of loganin adsorbed at equi-
librium time and time t, respectively. Qm1 and Qm2 are the
theoretical maximum adsorption capacity. k1 (min−1) is the
rate of pseudo-first-order and k2 (g mg−1 min−1) indicates the
rate of pseudo-second-order.

Selectivity study The selectivity of MIPs and NIPs was eval-
uated using working standard solutions (0.45 mmol L−1) of
loganin and five competitive compounds (morroniside,
cornin, sweroside, arbutin, and genipin). Polymers (20 mg)
were shaken with aliquots of each solution (2.5 mL) for 3 h.
The free concentration of each analyte in the filtrates was
analyzed by HPLC-DAD. The imprinting factor (IF =Qe,

MIPs /Qe, NIPs) was utilized to evaluate the recognition capacity
of MIPs.

Application of MISPE to samples

Each kind of Di-huang pills (0.1 g) was refluxed with the
deionized water (100 mL) for 2 h. After filtered through a
0.45 μm PTFE membrane, the supernatant was accurately
diluted with the deionized water to 100 mL for further
experiments.

To prepare MISPE cartridges, MIPs (100 mg) were slurry-
packed under vacuum into empty SPE cartridges (1 mL) and
capped between two polyethylene disks. TheMISPE cartridge
was firstly wetted with deionized water (10 mL). Then, the
extraction solution was flowed through the MISPE cartridges
at a constant flow rate of 25.0 mL min−1. After washed with
dioxane (2 mL), the MISPE cartridge was eluted with
ammonia/ethanol (2 mL, pH = 8.5) at a constant flow rate of
20.0 mL min−1. The elution fraction was analyzed by HPLC-
DAD.

Results and discussion

Optimization of MIPs preparation conditions

The structural skeleton of DivG assembles MAA and AGG
which can possess more possible interaction sites. To investi-
gate the adsorption capacity (Qe) and selectivity (IF) using
DivG as the single cross-linking monomer for MIT, polymers
were imprinted to loganin and compared with polymers
imprinted with the traditional imprinting formulation MAA/
EGDMA, MAA/MBA, AGG/EGDMA, and AGG/MBA [31,
35, 36]. As listed in Table 1, the values ofQe and IF indicated
the imprinting property was better for MIPs using DivG
versus the traditional formulation.

Table 1 Synthesis scheme of
MIPs Polymer Functional monomer (mmol) Cross linker (mmol) Qe (mg g−1)a IFb

MAA AGG DivG EGDMA MBA MIPs NIPs

1 2 0 0 4 0 4.5 2.1 2.1

2 2 0 0 0 4 4.4 2.6 1.7

3 0 2 0 4 0 10.3 4.1 2.5

4 0 2 0 0 4 9.5 4.3 2.2

5 0 0 2 4 0 14.7 4.8 3.1

6 0 0 2 0 4 14.4 4.9 2.9

7 0 0 4 2 0 15.5 4.3 3.6

8 0 0 6 0 0 16.9 4.2 4.0

9 0 0 8 0 0 18.3 4.0 4.6

10 0 0 10 0 0 18.2 4.1 4.4

Polymerization of loganin (1.0 mmol), functional monomer and cross linker in H2O (7.0 mL)
aCi = 0.45 mmol L−1

b IF =Qe, MIPs / Qe, NIPs
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The molar ratio of the template-single cross-linking mono-
mer is the critical factor that influences the imprinting property
of MIPs. Different molar ratios of template-single cross-
linking monomer were utilized to optimize the conditions
for the synthesis ofMIPs. As summarized in Table 1, the value
of Qe increased with increasing the ratios of the single cross-
linking monomer DivG, while that of the adsorption on NIPs
were not drastically increasing. Considering the value of IF,
the molecular ratio of 1:8 for the template:single cross-linking
monomer was selected to prepare MIPs (Table 1, entry 9).

Characterization of polymers

The FT-IR spectrums of the synthesized polymers (see
Electronic Supplementary Material (ESM) Fig. S1) show that
there are some hydrophilic groups on MIPs and NIPs, such as
hydroxyl groups (-OH), and the peak of 3440 cm−1 corre-
sponds to the stretching vibration of O-H. The peaks showed
at 2956 cm−1 indicate the presence of -CH2- groups. The
strong peak at 1731 cm−1 can be ascribed to the stretching
vibration of C=O. In addition, the peak at 1115 cm−1 is

Fig. 2 N2 adsorption-desorption
isotherms of MIPs (a) and NIPs
(b)

Fig. 3 The profiles of a water
drop on the films of MIPs
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assigned to the stretching vibration of C-O-C. The same char-
acteristic signals for both MIPs and NIPs demonstrate that the
template compounds were totally eliminated in the synthe-
sized products.

The porosity of MIPs-9 and NIPs-9 was analyzed by N2

adsorption-desorption at 77.3 K. Both MIPs-9 and NIPs-9
exhibited Btype IV^ N2 adsorption-desorption isotherm, asso-
ciating with the capillary condensation taking place in the
mesoporous material (Fig. 2) [35]. The BET surface area for
MIPs-9 was 392 m2 g−1 with the total pore volume of
0.88 cm3 g−1. The BET surface area and pore volume for
NIPs-9 were 386 m2 g−1 and 0.58 cm3 g−1, respectively.
Similar pore size distributions for MIPs-9 and NIPs-9 were
found, which consisted of a sharp peak at 9.0 nm (MIPs-9) and
6.0 nm (NIPs-9) (Fig. 2 inset). The total pore volume and pore
size of MIPs-9 were both about 1.5 times of that of NIPs-9,
which might be caused by the imprinted cavity. These results
implied that the porosity of MIPs-9 was favorable to applica-
tion as the SPE adsorbent.

Video of CA measurement was recorded to evaluate the
water-compatibility of polymers. One droplet of water was
deposited on the surface of MIPs-9 slice, where it rapidly
spread over the contact area (ESM Movie S1). As shown in
Fig. 3, the water CA approached 0° within 1.14 s, which
demonstrated the super-hydrophilicity of MIPs-9. The excel-
lent water-compatibility of MIPs-9 was beneficial to bind
analytes from aqueous matrices.

Adsorption text

Dynamic adsorption

The dynamic adsorption experiment was studied to evaluate
the recognition ability of MIPs and NIPs toward loganin at
22 °C. As shown in Fig. 4a, the adsorption amounts of loganin
on polymers were observably increased with increasing the
initial concentration of loganin. MIPs exhibited higher affinity
than NIPs and the adsorption reached saturation at the initial
concentration of 0.95 mmol L−1. To study the adsorption

mechanism, Langmuir and Freundlich models were uti-
lized to fit the dynamic adsorption data. As shown in
Figs. S2 and S3 in the ESM, the Freundlich model
(R2

MIPs = 0.9389 and R2
NIPs = 0.9324) was more suitable

for modeling the dynamic adsorption than the Langmuir
model (R2

MIPs = 0.6547 and R2
NIPs = 0.3715). The value

of n for MIPs was calculated to be 2.1 (n > 2), implying a
good fitting with the Freundlich model and high heterogeneity
[36, 37].

Kinetic adsorption

The adsorption kinetics were evaluated for MIPs and
NIPs using loganin at the random concentration of
0.45 mmol L−1. Figure 4b showed the adsorption capacity
for loganin on MIPs increased faster in the first 20 min than
that of NIPs and approached equilibrium after that time. The
faster binding of MIPs to the template molecules was mainly
caused by imprinted cavities. Lagergren pseudo-first-order
and pseudo-second-order equation were utilized to fit the ki-
netic adsorption data. As shown in Figs. S4 and S5 in the
ESM, the pseudo-second-order equation (R2

MIPs = 0.980 and

Fig. 4 a The adsorption
isotherms of loganin onMIPs and
NIPs. b Dynamic adsorption
isotherms of MIPs and NIPs for
loganin

Fig. 5 Selectivity of MIPs and NIPs for different compounds
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R2
NIPs = 0.911) was more suitable for modeling the kinetic

adsorption than the pseudo-first-order equation (R2
MIPs =

0.897 and R2
NIPs = 0.903). According to the Lagergren the-

ory, the value of Qm2 for MIPs was calculated to be
21.6 mg g−1, which was fitted well with the experimental
data (19.3 mg g−1).

Selectivity study

Figure 5 illustrated the selectivity of MIPs and NIPs. The
values of Qe for four IGs, loganin, morroniside, cornin, and
sweroside, were > 15 mg g−1 for MIPs but < 5 mg g−1 for
NIPs. The adsorption of arbutin and genipin onto MIPs
was not noticeably different from adsorption onto NIPs.
The values of IF were 4.58 (loganin), 4.41 (morroniside),
4.17 (cornin), 4.40 (sweroside), 1.92 (arbutin), and
1.67 (genipin), respectively, indicating the excellent se-
lectivity of MIPs for IGs. The imprinting recognition
between IGs and the polymeric matrix and the excellent
compatibility of MIPs with aqueous media both contribute
to the high selectivity.

MISPE optimization

In our previous work, someMISPE-HPLC-DADmethods for
the analysis of IGs have been developed [37–40].
Therefore, the same SPE protocol was utilized to eval-
uate the adsorbent. Using water as loading solvent, the
recoveries of four IGs (0.3 mmol L−1 for each IG, in-
cluding loganin, morroniside, cornin, and sweroside)
were almost constant with increasing flow rate to
25.0 mL min−1. When the flow rate was unceasingly in-
creased, the recoveries were decreased (ESM Fig. S6). Thus,
the maximum loading flow rate of 25.0 mL min−1 was used
for next experiments.

A suitable washing solvent should be utilized to both bind
target analytes and elute the potential interferents from SPE
cartridges. In this work, 2 mL of different washing solvents
were evaluated, including n-hexane, ethyl acetate, toluene,
acetone, n-butanol, and dioxane. Arbutin was used as the
interferent. As shown in Fig. 6, only n-butanol and dioxane
could elute the interferent arbutin from SPE cartridges. In
view of higher recoveries, 2 mL of dioxane was chosen as
the washing solvent.

Two milliliters of EtOH/Et3N (pH = 8.5) was studied to
optimize the flow rate of elution solvent. As shown in (ESM
Fig. S7), the recoveries were decreased when the flow rate was
increased from 20.0 to 25.0 mL min−1. In order to obtain high
recovery, the maximum elution flow rate of 20.0 mL min−1

was adopted.

Regeneration capability

The regeneration capability is an important factor for the ap-
plication of sorbents. As shown in ESM Fig. S8, MISPE car-
tridges could be reused for five 30 times without an obvious
loss of recoveries for 4 IGs. The decrease of recoveries after
30 times might be caused by the reduction of the imprinting
sites in MIPs during the adsorption-elution cycles. Overall,
MISPE cartridges showed excellent repeatability and repro-
ducibility and were, therefore, suitable for the practical
application.

Fig. 6 Effect of washing solvents on the retention rate of IGs. a n-
Hexane, b ethyl acetate, c toluene, d acetone, e n-butanol, and f
dioxane. Peak identifications: 1, arbutin; 2, morroniside; 3, cornin; 4,
sweroside; 5, loganin

Table 2 Validation of the MISPE-HPLC-DAD method

IGs Regression equation r Linearity range (mg g−1) LODsa (mg g−1) LOQsb (mg g−1) Precision (RSD, n = 6) (%)

Intra-day Inter-day

Loganin y = 117.71x-69.97 0.9977 0.01–50 0.003 0.009 3.8 6.1

Morroniside y = 116.49x-63.57 0.9968 0.01–50 0.003 0.01 4.7 6.7

Cornin y = 113.83x-47.52 0.9971 0.01–50 0.002 0.008 4.1 5.2

Sweroside y = 72.25x + 42.43 0.9962 0.01–50 0.003 0.009 3.4 6.9

a Signal-to-noise ratio of 3
b Signal-to-noise ratio of 10
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Validation of MISPE-HPLC-DAD method

The MISPE-HPLC-DAD method was validated by the evalu-
ation of linearity, limits of detection (LOD), limits of quanti-
fication (LOQ), and precision. The spiked samples ranging
from 0.01 to 50mg g−1 were extracted withMISPE cartridges.
Three replicates were utilized for each concentration and cal-
ibration curves of the four IGs were obtained by plotting the
peak area versus analyte concentration.

As listed in Table 2, satisfactory linearities (0.01–
50 mg g−1) were obtained with corresponding correlation co-
efficients (r) 0.9977, 0.9968, 0.9971, and 0.9962 for loganin,
morroniside, cornin, and sweroside, respectively. The calcu-
lated LODs and LOQs were 0.002–0.003 and 0.008–
0.01 mg g−1, which were defined as the concentrations of
analytes at the signal-to-noise ratios of 3 and 10, respectively.
The precision of the MISPE-HPLC-DAD method was
investigated by using replicates of the spiked samples
on the same day (intra-day) and for three consecutive
days (inter-day). As summarized in Table 2, the intra-
day and inter-day precisions expressed as the relative
standard deviation (RSD) were in the range of 3.4–4.7
and 5.2–6.9%, respectively. All these results illustrated
that the established MISPE-HPLC-DAD method for four IGs
can satisfy the analysis of real samples, since which has the
good linearity and excellent precision.

Analysis of IGs in Chinese patent drug

The established MISPE method was utilized for the IGs anal-
ysis in three kinds of Dihuang pills, including LWDHW,
DSDHW, and QJDHW. After accurately diluted with deion-
ized water, the extract solution was loaded onto MISPE car-
tridges at the flow rate of 25 mL min−1. The cartridges were
washed with dioxane (2 mL) and eluted with EtOH/Et3N

(2 mL, pH = 8.5) at the flow rate of 20 mL min−1. The eluents
were determined by HPLC-DAD.

As summarized in Table 3, the combined amounts of
loganin and morroniside without spiking IGs were
1.04 mg g−1 for LWDHW, 0.84 mg g−1 for DSDHW, and
0.82 mg g−1 for QJDHW, which were higher than the level
stipulated by the Chinese Pharmacopeia (0.9 mg g−1 for
LWDHW, 0.64 mg g−1 for DSDHW, and 0.65 mg g−1 for
QJDHW). Moreover, the recoveries for spiked drugs at two
concentration level (0.1 and 1.0 mg g−1) were ranged from
88.9 to 102.0% with the RSD in the range from 3.1 to 5.8%.

The typical chromatograms of extracts from LWDHW
were shown in Fig. 7. Without the enrichment, only
morroniside chromatographic peak was visible since the

Table 3 Analytical results of four IGs in LWDHW, DSDHW, and QJDHW samples (n = 3)

Samples Added
(mg g−1)

Loganin Morroniside Cornin Sweroside

Found
(mg g−1)

Recovery (%) Found
(mg g−1)

Recovery (%) Found
(mg g−1)

Recovery (%) Found
(mg g−1)

Recovery (%)

LWDHW 0 0.35 – 0.69 – 0.30 – 0.17 –

0.1 0.40 88.9 ± 4.5 0.77 97.5 ± 5.4 0.37 92.5 ± 5.7 0.26 96.3 ± 4.1

1 1.28 94.8 ± 4.8 1.72 102 ± 3.7 1.27 97.7 ± 3.5 1.19 102 ± 5.3

DSDHW 0 0.33 – 0.51 – 0.15 – 0.10 –

0.1 0.40 93.0 ± 3.1 0.57 93.4 ± 5.5 0.26 104 ± 5.8 0.18 90.0 ± 5.3

1 1.29 96.7 ± 5.3 1.44 95.4 ± 4.9 1.12 97.4 ± 5.1 1.0 90.1 ± 3.8

QJDHW 0 0.39 – 0.43 – 0.24 – 0.19 –

0.1 0.48 97.9 ± 4.8 0.52 98.1 ± 4.7 0.33 97.1 ± 4.3 0.28 96.6 ± 4.7

1 1.37 98.6 ± 4.1 1.44 101 ± 5.4 1.22 98.4 ± 4.9 1.20 101 ± 4.3

Fig. 7 a Chromatogram of extract of LWDHW before percolating
through SPE column. b Chromatogram of eluting solutions from C18
SPE column. c Chromatogram of washing solutions from MISPE
column. d Chromatogram of eluting solutions from MISPE column. e
standards of four IGs. Peak identifications: 1, morroniside; 2, cornin; 3,
sweroside; 4, loganin
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concentrations of other IGs were too low (Fig. 7a). In the
washing chromatogram for the MISPE cartridge, IGs peaks
were very low, confirming the high retention of IGs in the
MISPE cartridge (Fig. 7c). After the selective enrichment
using the MISPE cartridge, the matrix interference was mini-
mized and great interferences were eliminated efficiently
(Fig. 7d). Although morroniside and loganin chromato-
gram peaks could be obtained through the C18 SPE car-
tridge, IGs peaks are obviously lower than peaks obtained
from the MISPE cartridge (Fig. 7b vs d), which implied low
recoveries for the C18 SPE cartridge. These results indicate
that the proposed MISPE–HPLC-DAD method could be uti-
lized to analyze IGs to evaluate the quality of Di-huang pills.

Conclusions

In this study, superhydrophilic MIPs were synthesized using
DivG a single cross-linking monomer. MIPs were demonstrat-
ed by a series of experiments to be a promising and effective
adsorbent with the selective recognition to IGs in aqueous
media. The dynamic and kinetic adsorption data were well
fitted by the Freundlich model and the pseudo-second-order
model, respectively. The developed MISPE-HPLC-DAD
method for the determination of IGs in Di-huang pills exhib-
ited some merits including the good linearity, low LODs, ex-
cellent precision, and desirable accuracy. Accordingly, it indi-
cates great potential in the analysis of water-soluble IGs to
evaluate the quality of Chinese patent drugs.
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