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Abstract Hydrophilic molecularly imprinted polymers (H-
MIP) with molecular recognition ability for iridoid glycosides
(IGs) have been obtained via bulk polymerization combined
with hydrolysis of ester groups. H-MIP were characterized by
Fourier transform infrared spectroscopy (FT-IR). The
hydrophilcity was measured by the contact angle measurement
and the water dispersion stability. The obtained H-MIP demon-
strated high selectivity and specific binding ability to five IGs in
aqueous media. The group extraction efficiency of molecular
imprinted solid-phase extraction (MISPE) for five IGs was in-
vestigated, including loading sample, breakthrough volume,
washing solvent, and elution solvent. Compared with non-
imprinted solid-phase extraction (NISPE), the higher average
recovery (95.5 %) of five IGs with lower relative standard devi-
ations values (below 6.1 %) using MISPE combined with high-
performance liquid chromatography (HPLC) were achieved at
three spiked levels in three blank samples. Under the optimum
MISPE conditions, the wide linear range with the correlation
coefficient of R2≥0.9950 for five IGs with low limits of detec-
tion (LOD) and quantification (LOQ) (0.01–0.08 and 0.03–
0.27 μg mL−1, respectively) were obtained. Chromatograms ob-
tained usingMISPE columns demonstrated that the matrix inter-
ference has been minimized and great interferences around IGs

were also eliminated efficiently. These results indicated that the
developed MISPE-HPLC method was selective, accurate, and
applicable for the determination of IGs in water media.

Keywords Molecularly imprintedpolymers .HPLC .Natural
products . Solid phase extraction . Iridoid glycosides

Introduction

Molecularly imprinted polymers (MIPs) areman-made receptors
with specificity and high affinity towards the targeted analytes
and analogous molecules [1–5]. Due to their capability of spe-
cific molecular recognition, MIPs have long been recognized as
promising alternatives to biological receptors [6–8]. However,
the presently developed MIPs targeting organic molecules are
usually only organic solvent-compatible and normally show
non-specific template binding in the aqueous media, which sig-
nificantly limits their applications in many fields such as biomi-
metic sensors and immunoassay [9–11]. Hydrophilic MIPs (H-
MIP) have been developed by using controlled/Bliving^ radical
precipitation polymerization technique (CRPP) [12, 13], hydro-
philic monomers [14–17], and surface modification [18, 19].
Despite their excellent performance, the CRPP and surface mod-
ification referred to complicated preparation processes.
Imprinting of hydrophilic compounds such as water-soluble glu-
cosides is still challenge in molecular imprinting although hy-
drophilic monomers are a way to solve the problem. Few types
of hydrophilic monomers limit the practical applications.

In our previous work, we prepared hydrophobic MIPs and
superhydrophilic MIPs using 2,3,4,6-tetra-O-acetyl-
glucopyranoside (TAGL) and alkenyl glycosides glucose
(AGG) as functional monomers via the bulk polymerization,
respectively [20, 21]. Both two kinds of MIPs possess highly
selective imprinting cavities for recognizing gastrodin (GAS) in
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aqueous media. However, both MIPs suffer from significant dis-
advantages in the practical application process.MIPs/TAGL-SPE
can be fouled easily and show an obvious decline when recycled,
mainly due to the hydrophobic property and poor permeability.
MIPs/AGG-SPE displays excellent superhydrophilicity.
However, there would be a disadvantage of sorbents
Bdissolution-leakage^ along with the eluent, which may cause
the HPLC pipe block even treated with the centrifugation and
filter membranes. Therefore, it is of tremendous interest to allow
the good compromise between permeability and hydrophilcity.

Iridoid glycosides (IGs) are a family of hydrophilic com-
pounds with extensive physiological activities extracted from
the traditional Chinese herbal medicine [22, 23]. Due to ex-
cellent pharmacological properties of IGs, many quality con-
trol standards for original herbs and herbal preparations have
been described in pharmacopoeias. For example, the minimal
content of gardenoside (GDS) in Gardenia Fructus (the tradi-
tional medicines, Zhi-zi in Chinese) and Zhizi Jinhua Pills
(ZJP; the famous Chinese traditional formulae) are 15 and
2.8 mg g−1 defined by the Chinese Pharmacopoeia, respec-
tively [24, 25]. IGs analyses have been developed using high-
performance liquid chromatography (HPLC) techniques
[26–32]. However, due to the complexity of traditional
Chinese medicines (TCMs) matrices in the hydrophilic media,
it is necessary to enrich the target compounds before detecting
for HPLC analysis. Moreover, the single active ingredient is
less reasonable than using multi-component quantification in
TCMs quality control. It is significant for the targeted enrich-
ment of structurally similar IGs in very complicated matrixes.

Herein, we report an efficient synthesis of H-MIP for families
of IGs via bulk polymerization combined with hydrolysis of
ester groups using TAGL as functional monomers. Loganin
(LOG), a cheap and accessible IG, has been prepared from fruits
of Cornus officinalis in our laboratory and was chosen as the
dummy template. This compound could also circumvent the
deficiency associated with template leakage in the consequent
analysis by HPLC. Its structural skeletons resemblance with IGs
could enable the production of a group-selective MIPs. N,N′-
methylene diacrylamide (MBA), ethyleneglycol dimethacrylate
(EGDMA), and divinylbenzene (DVB) were used as cross-
linkers. In the present study, molecular imprinted solid-phase
extraction (MISPE), an effective sample pre-treatment method,
was established for the enrichment of five marker IGs. Then,
MISPE coupled with HPLC was developed and validated for
simultaneous determination of five IGs in Gardenia Fructus.

Experimental

Reagents and chemicals

Loganin (LOG), geniposide (GPS), gardenoside (GDS),
genipin-1-O-gentiobioside (GGB), shanzhiside methylester

(SAM), and geniposidic acid (GPA) were obtained from
Yiyan Bio-tech Co., Ltd. (Shanghai, China). Genipin (GEP)
and arbutin (ARB) were purchased from Aladdin Bio-tech
Co., Ltd. (Shanghai, China). HPLC-grade reagents were from
Fisher Scientific (Fair Lawn, NJ, USA). 2,2-azoisobutyronitrile
(AIBN; initiator), N,N′-methylene diacrylamide (MBA; cross-
linker), divinylbenzene (DVB; cross-linker), ethylene glycol
dimethacrylate (EGDMA; cross-linker), dimethylsulfoxide
(DMSO; porogen), and sodiummethoxide (NaOMe) were pur-
chased from Xiya chemistry Co. Ltd (Chengdu, China).
Conventional SPE (SampliQ C18, SampliQ Silica, SampliQ
PS-DVB, and SampliQ Alumina N) were purchased from
Agilent (Santa Clara, CA, USA). Chemical structures of inves-
tigated compounds are shown in Fig. 1.

Typical synthesis of polymers

A typical experimental procedure for bulk polymerization com-
bined with hydrolysis of ester groups is described below: LOG
(0.5 mmol) and TAGL (5 mmol) were added in DMSO (5 mL)
in a reaction bulb followed by 5 mg of the initiator AIBN and
crosslinkerMBA (10mmol). The polymerization solutions were
thermo-polymerized in protection of nitrogen for 24 h at 60 °C.
After smashed, the polymers were sieved through the 45~55 μm
sieves. The obtained particles were dispersed in NaOMe/MeOH
(5 mmol in 50 mL) for refluxing 6 h to remove templates and
hydrolyze ester groups. H-MIPwerewashedwithmethanol until
neutral; 4.02 g polymer particles were obtained (64.9 % yield)
after dried overnight under vacuum at 60 °C.

Hydrophilic non-imprinted polymers (H-NIP) were pre-
pared without introduction of templates.

Characterization of polymers

Rise-1010 surface area measurement (Jinan, China) was used
to determine nitrogen adsorption-desorption isotherms. The
total pore volume and specific surface area were calculated
by the Brunauer-Emmett-Teller (BET) method. Fourier trans-
form infrared spectroscopy (FT-IR) and scanning electron mi-
croscopy images (SEM) were obtained with Nicolet710
(Foster City, CA, USA) and SWPRATM55 (Carl Zeiss, AG,
Aalen, Germany), respectively.

HPLC analysis

The samples were analyzed by the Agilent Series 1120 system
(Agilent Technologies, Palo Alto, CA, USA) equipped with
an YMC-Pack ODS-A (5 μm, 4.6×250 mm) analytical col-
umn. The chromatographic data was controlled by the soft-
ware of Chemstation B0403. The mobile phase for HPLC
analysis was acetonitrile/H2O (10:90, v/v) at 30 °C. The flow
rate and the injection volume were 1.0 mL min−1 and 10 μL,
respectively. All analytes were detected at 238 nm.
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Measurement of the static water contact angles

Polymers were dispersed ultrasonically in DMF
(10 mg mL−1), and the films were carried out by cast-
ing the suspension solutions onto the glass surfaces. The
solvent was evaporated under vacuum and then the
resulting films were dried at 25 °C for 12 h. The static
water contact angles were determined by using an
OCA40 video optical contact angle equipment
(Dataphysics, Germany).

Adsorption experiments

Adsorption experiments were carried out according to the lit-
erature with a minor modification [21, 33]. The details are as
follows:

Static adsorption GDS was chosen as the model com-
pound; 10 mg polymers were mixed with 2.5 mL vari-
ous concentrations of GDS (0.05–0.8 mmol L−1). After
being shaken for 150 min at 25 °C, the sorbents were
isolated by centrifugation. The supernatant solution was
analyzed by HPLC. The equilibrium adsorption capacity
(Qe, mmol g−1) was calculated according to the equation
[34]:

Qe ¼ Ci–Ceð Þv
.
m

where Ce (mmol L−1) and Ci (mmol L−1) are the equi-
librium and initial concentrations of GDS. v (mL) is the
volume of solution, and m (mg) is the mass of sorbents.

Scatchard analysis The Scatchard equation was
employed to evaluate the relation between the binding

Fig. 1 Chemical structures of investigated compounds
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ability and concentration, and the equation is expressed
as [35]:

Qe

.
Ce ¼ Qmax−Qeð Þ

.
Kd

where Qe stands for the equilibrium binding capacity
(mmol g−1) of GDS onto H-MIP, Kd represents the equi-
librium dissociation constant (mmol L−1), Qmax

(mmol g−1) is the theoretical maximum adsorption
amount of GDS onto the H-MIP, and Ce (mmol L−1)
is the equilibrium concentration of GDS in the solution.

Kinetic adsorption The kinetic adsorption experiment was
investigated with 10 mg polymers and the standard solutions
of GDS (2.5 mL, 0.3 mmol L−1). The solution was shaken at
regular time intervals, and the equilibrium concentration was
measured by HPLC.

Selectivity experiment

Selectivity study was evaluated with five IGs and two analogs
including GEP and ARB; 7.0 mL of the standard solution of
each analyte at the initial concentration of 0.3 mmol L−1 was
shaken with 10 mg sorbents for 120 min. The equilibrium
concentration was measured by HPLC.

MISPE conditions

The 500 mg of H-MIPs and H-NIPs were packed into an
empty SPE column (5 mL). The polymers were rinsed with
pure water and then with the loading solvent. Each five IGs
was dissolved in loading solvent to final concentration of
0.5 μg mL−1. After loading through columns, washing solvent
was passed. Finally, the elution step was performed to
completely extract IGs. The loading, washing, and eluting
fractions were analyzed by HPLC to detect IGs concentration.

The MISPE protocol was optimized as follows:

Flow rate at 1.0 to 6.0 mLmin−1; loading solvent includes
pH from 3.0 to 12.0 spiked with sodium hydroxide or
dilute hydrochloric acid; breakthrough volume at 50 to
200 mL; washing solvent includes methanol, tetrahydro-
furan, acetonitrile, acetone, and methanol-H2O (10:1,
v/v); volumes of washing solvent at 2.0 to 10.0 mL; elu-
tion solvent includes EtOH/Et3N (95:5, v/v), EtOH/Et3N
(90:10, v/v), and EtOH/Et3N (85:15, v/v); and volumes of
elution solvent at 3 to 9.0 mL.

Sample preparation and application of MISPE to samples

Gardenia Fructus powder was accurately weighed to 0.1 g in a
stoppered conical flask; 50.0 mL of water was added. The

mixture was extracted with ultrasonic at 25 °C for 30 min.
The supernatant was filtered through a 0.45-μm PTFE mem-
brane, and the mixture was accurately diluted with water to
100 mL and mixed well for further adsorption experiment.

MIPs (500 mg) were packed into an empty SPE column
(5 mL). After adjustment with 10 mL water, 100 mL of the
loading sample was flowed through the MISPE column at the
constant flow rate of 6.0mLmin−1. The columnwaswashed and
eluted with 6 mL of acetonitrile and 3 mL of EtOH/Et3N (85:15,
v/v), respectively. The elution product was analyzed by HPLC.

Results and discussion

H-MIP synthesis and characterization

In this study, LOG was chosen as the dummy template by
considering the special structural skeletons of IGs. MBA,
EGDMA, and DVB were used as cross-linkers, respectively.
A molar ratio of 1:2:4 for template, functional monomer, and
cross-linker was applied as the previously reported [18].

In order to confirm the hydrolysis of functional groups, the
obtained H-MIP were characterized by infrared spectroscopy
(IR). As shown in Fig. S1, the H-MIP displayed the characteris-
tic peaks of the hydroxyl groups of O–H at the range of 3400–
3600 cm−1 comparedwith the infrared data of the non-hydrolytic
MIP. It must be noted that the C=O stretching vibration band of
MIP/OH-DVB is still present close to 1600–1700 cm−1

(Fig. S1d). These results indicated that hydrophobic ester groups
had been partially hydrolyzed to become hydrophilic hydroxy
groups and partial imprinted cavities were still retained. The
molecular imprinted technology requires the shape and function-
al group of imprinted cavities match with the template. In this
work, the generated cavities in MIPs match the template. Even
though after hydrolysis of TAGL, the residual imprinted cavities
can specifically recognize the template and structural analogs.

Contact angle measurement is an important tool to evaluate
the extent of hydrophilicity [36]. As shown in Fig. S2A, the
static water contact angle of MIPMBA, MIPEGDMA, and
MIPDVB were nearly 130°, 135o, and 145°, respectively. In
sharp contrast, the static water contact angle of H-MIPMBA,
H-MIPEGDMA, and H-MIPDVB were nearly 40°, 45°, and 56°,
respectively. The contact angles of H-MIP decreased com-
pared with these of MIP. H-MIPMBA exhibited the smallest
water contact angle which might be caused by the better hy-
drophilicity of MBA. The relatively high hydrophilic property
of H-MIP suggested that the inner structures have been mod-
ified. In addition, the dispersion properties of the H-MIP and
MIP in pure water were investigated. After the ultrasonic dis-
persion in pure water (10 mg mL−1) at 25 °C, the dispersed
mixtures were allowed to stand for different times. The typical
photographs of the resultant solutions were showed in
Fig. S2B, from which it can be seen clearly that there was
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much slower sedimentation for H-MIP in comparison with
MIP. These results confirmed that H-MIP obtained via bulk
polymerization combined with hydrolysis of ester groups
displayed excellent hydrophilicity and the specific separation
application can be focused on.

Surface area analysis performed through BET nitrogen
adsorption-desorption measurements revealed further differ-
ences in the structures of three kinds of polymers. As summa-
rized in Table S1, non-hydrolytic MIPs prepared with the
same cross-linker had no obvious difference in the surface
area and total pore volume. However, hydrolytic MIPs owned
the smaller surface area and significantly larger pore volume,
mainly caused by the hydrolysis of ester groups.

The morphologies of MIPs/TAGL and hydrolytic
MIPs/TAGL were shown in Fig. S3. No significant differ-
ences in particle shape and morphology were observed. This
result indicated that imprinted cavities were still retained.
Sorbents Bdissolution-leakage^ along with the eluent from
MISPE/AGG columns may cause the HPLC pipe block. The
SEM study revealed the dissolution-leakage feature of
MISPE/AGG and hydrolytic MISPE/TAGL. It is to be seen
that MIPs/AGG still existed in the eluent even treated with the
filter membrane (0.25 μm) for twice (Fig. S4A), mainly due to
the excellent superhydrophilicity. In sharp contrast, there was
little dissolution-leakage from hydrolytic MISPE/TAGL col-
umns (Fig. S4B). Compared with the superhydrophilicity of
MIPs/AGG, the moderate hydrophilicity of hydrolytic MIPs/
TAGL can avoid the sorbents dissolution-leakage and hydro-
lytic MIPs are more favorable to SPE-HPLC.

Selectivity study of H-MIP

Gardenia Fructus consist of five typical IGs including GDS,
GPS, GPA, GGB, and SAM. To evaluate the applicability of
Bbulk polymerization combined with hydrolysis of ester
groups^ as suitable tools to prepare H-MIP, the selective ad-
sorption of H-MIP with different cross-linker has been inves-
tigated by measuring the competitive adsorptive capacities
towards five IGs and another two analogs, ARB and GEP.
As can be seen from Fig. 2, H-MIP exhibited higher IF value
(Qe, H-MIP/Qe, H-NIP >2.0) for four IGs. What is noteworthy is
that the low IF value was obtained for GGB, which may be
due to the fact that molecular skeleton of GGB is slightly
different from that of LOG. However, the lower IF values
were obtained for ARB and GEP. These results clearly con-
firmed that the binding sites in H-MIP had non-specific ad-
sorption for analogs which own entirely different molecular
structure compared with LOG.

Binding properties of H-MIP and H-NIP

We performed the classical steady-state binding experiments by
using H-MIPMBA/GDS as a model in the aqueous media. As

shown in Fig. 3a, the amount of GDS binding to the polymers
increased along with its initial concentration and the saturation
binding was observed with the initial concentration of
0.7 mmol L−1. H-MIPMBA had higher affinity for GDS than H-
NIPMBA,MIPMBA, andNIPMBAThe obviously higher adsorption
capacity of H-MIP can be due to the excellent hydrophilicity and
the presence of specific binding sites which were not destroyed
during hydrolyzing. As showed in Fig. 3b, the Scatchard plot of
the H-MIPMBA isotherm shows two straight lines, indicated that
the heterogeneous binding sites in H-MIP could be classified into
two typical groups: one that represents the binding sites with
higher affinity (Qmax=0.39 mmol g

−1 and Kd=0.040 mmol L
−1

for H-MIPMBA high) and another with lower affinity
(Qmax=2.05 mmol g−1 and Kd=0.52 mmol L−1 for H-MIPMBA

low) [37]. The low selective binding spots are present in bigger
amount and have a higher dissociation rate than the high-selective
sites. The H-NIPMBA curve demonstrates a linear slope
(Qmax = 0.28 mmol g−1 and Kd= 0.085 mmol L−1 for H-
NIPMBA), which indicates one type of homogeneous binding sites
possessing low selectivity. The overall binding affinity of H-
MIPMBA towards GDS is higher than compared with H-NIPMBA.

The kinetic adsorption curves of GDS onto polymers are
shown in Fig. 4. It can be clearly seen that the adsorption
equilibrium could be achieved quickly within 10 min, while
it cannot reach equilibrium in more than 120 min for H-
NIPMBA. The rapid and preferential adsorption of analytes
onto the recognition sites might lead to the higher adsorption
rate of H-MIPMBA.

Optimization of MISPE parameters

As the artificial material, MIPs own selective recognizing cavi-
ties for specifically binding the template compound or structur-
ally related compounds. Five typical IGs including GPS, GDS,
GPA, GGB, and SAM share the similar chemical structure com-
posed of monoterpene with a glucose moiety. Therefore, we
investigated the group extraction efficiency of MISPE for five
IGs by optimizing the conditions including loading sample,
breakthrough volume, washing solvent, and elution solvent.

Optimized of loading sample

The sample loading pH can obviously affect the adsorption
capacity during the SPE process. As shown in Fig. 5, the
recoveries of five IGs were all below 70 % at pH from 3.0
to 6.0, mainly due to the hydrolysis of glycosidic bonds in the
acidic condition. With the sample pH increasing from 7.0 to
12.0, the recoveries of five IGs decreased steadily, especially
for GAP. This might be mainly related to the dissociation
constants (pKa). The pKa values of five IGs were 12.80
±0.70 (GPS), 12.28±0.60 (GDS), 4.49±0.60 (GPA), 12.80
±0.70 (GGB), and 12.78±0.70 (SAM) as calculated using the
SciFinder Scholar database [38]. The low recoveries at
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pH=12.0 should be likely due to undergo the ionization to
become the organic salts. After that, the imprinting interac-
tions between analytes and sorbents were decreased by the
change of the 3D structures of IGs. Therefore, pH from 7.0
to 8.0 was selected for subsequent works.

The effect of loading flow rate on IGs recoveries was then
studied. Recoveries ranging from 93.1 to 98.3 % (RSD
<5.0 %, n = 3) were obtained up to the flow rate of
6.0 mL min−1. Thus, the value of 6.0 mL min−1 was chosen
in further research.

Breakthrough volume

The breakthrough volume of MISPE columns was investigat-
ed by percolating various volumes of samples (50, 100, 150,
and 200 mL). IGs average recoveries were 98.2, 94.1, 90.2,
and 70.4 %, respectively. The result indicated that the loss of

IGs was below 10 % when the loading volume was increased
to 150 mL. However, the recoveries of IGs only reached about
70 % at the loading volume of 200 mL. To guarantee the
development of a practical analytical approach and the recov-
eries of IGs, a volume of 100 mL was selected to increase the
sensitivity of the developed HPLC method.

Optimized of elution solvent

The elution solvent was performed to remove the binding
gingerols as much as possible. Thus, 100 mL solutions were
loaded through the MISPE column and then eluted with 9 mL
of elution solvent (3 + 3+3 mL). Each 3 mL fraction was
analyzed by HPLC to determine the recoveries of five IGs.
As shown in Fig. 6, the quantitative recovery of five IGs
(98 %, 5 % RSD, n=3) was obtained through using 9 mL of
EtOH/Et3N (95:5, v/v). To reduce the volume, 3 mL of the

Fig. 2 The specific binding
behaviors of H-MIP and H-NIP
for five IGs and two analogs.
Error bars represent 1 standard
deviation for three measurements

Fig. 3 a Adsorption isotherms of polymers. b Scatchard analysis of H-MIP and H-NIP. Error bars represent one standard deviation for three
measurements
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solution containing 15 % Et3N in EtOH was used. The inter-
actions between sorbents and IGs were disrupted by the addi-
tion of Et3N. Therefore, 3 mL of EtOH/Et3N (85:15, v/v) was
selected.

Optimized of washing solvent

The washing step, as a crucial procedure, needed to maximize
the specific interactions and reduce non-specific interactions
between sorbents and target analytes. After loading onto the
column, 6.0 mL of methanol, tetrahydrofuran, acetonitrile,
acetone, and methanol-H2O (10:1, v/v) as the washing solvent
were investigated. After washing with 6.0 mL of acetonitrile,
the recoveries of IGs from the MISPE column was above
90 %, whereas the recoveries of IGs from the NISPE column
decreased to less than 70 %, as shown in Fig. 7. Methanol and
methanol-H2O (10:1, v/v) were sufficient to remove IGs from
the NISPE column, but most of IGs were also eluted from the

MISPE column simultaneously. For choosing the optimal
washing solution volume, different volumes of acetonitrile
from 2.0 to 10.0 mL were investigated. The recoveries of
IGs kept almost constant with the increasing volume from
2.0 to 6.0 mL, but then decreased with the volume from 6.0
to 10.0 mL. With the purification effect, 6 mL of acetonitrile
was selected as washing solution in further studies.

Comparison of MISPE with conventional SPE

Recoveries of IGs byMISPE and conventional SPE (SampliQ
C18, SampliQ Silica, SampliQ PS-DVB, and SampliQ
Alumina N) were investigated. GDS was chosen as the model
molecules. The lower recoveries for GDS were obtained from
SampliQ C18, SampliQ Silica, SampliQ PS-DVB, and
SampliQ Alumina N (below 70 %), mainly due to the non-
special adsorption for GDS (Fig. S5). Compared with conven-
tional SPE, MISPE columns indicated the higher recovery for

Fig. 4 Dynamic adsorption of H-MIP and H-NIP. Error bars represent 1
standard deviation for three measurements

Fig. 5 Effect of the loading sample pH on recoveries of IGs. Error bars
represent one standard deviation for three measurements

Fig. 6 Effect of elution solvents:A EtOH/Et3N (95:5, v/v).B EtOH/Et3N
(90:10, v/v). C EtOH/Et3N (85:15, v/v). Error bars represent 1 standard
deviation for three measurements

Fig. 7 Effect of washing solvents on recoveries of IGs. Error bars
represent 1 standard deviation for three measurements
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GDS (above 95 %). The high selectivity could be due to the
molecular recognition of H-MIP to GDS.

The reusability of MISPE column

An excellent performance for sorbents is expected to utilize
repeatedly. To evaluate the reusability of MISPE columns,
adsorption-elution cycle was repeated 11 times by using the
same sorbents. It could be seen from Fig S6 that the recoveries
of IGs were above 90 % after eight cycles, but further reusage
could result in obvious loss of recoveries for IGs. It may be
caused by the jam for some imprinted sites during the regen-
eration of sorbents.

Method validation

In order to evaluate the proposed MISPE-HPLC method for
the quantification of IGs in water media, the linearity was
estimated by analyzing IGs standard solutions at various con-
centrations. The results are shown in Table 1. It can be seen

that excellent linearity was obtained ranging from 0.01 to
50 μg mL−1 with the correlation coefficient of R2≥0.9950.
The limit of detection (LOD) and limit of quantitation
(LOQ) values were lower than the earlier reported works
(Table S2), ranging between 0.01–0.08 and 0.03–
0.27 μg mL−1, respectively.

To validate the developed method, the recoveries of IGs at
different spiking levels in blank samples (0.4, 1.0, and
5.0 μg mL−1) pre-treated with MISPE columns were deter-
mined and calculated. Blank samples which were all con-
firmed to lack detectable IGs were the extracting solution of
Coptis radix, Phellodendron stem, and Scutellaria radix, re-
spectively. As summarized in Table 2, the recoveries of IGs
were in the range of 90.8 to 97.9 % with the relative standard
deviation (RSD) values below 6.1 %. As can be seen from
Table 2, the average recovery of MISPE method was 95.5 %,
demonstrating that the pre-treated method had an excellent
recovery. All these results indicated that the developed
MISPE-HPLCmethod was selective, accurate, and applicable
for the determination of IGs in water media.

Application of MISPE procedure in the real samples
analysis

The practicability of MISPE-HPLC method has been further
evaluated in the real samples analysis. Figure 8 showed the
typical chromatograms. The chromatographic peaks of GPA,
GGB, and SAM in 100 mL sample were unobvious due to the
very low concentration without any pre-treatments. The chro-
matographic peaks of IGs could be found after 100 mL sample

Table 1 MISPE-HPLC validation data

IGs Linearity range
(μg/mL)

R2 LOD (μg/mL) LOQ (μg/mL)

GPS 0.01–50 0.9959 0.01 0.03

GDS 0.01–50 0.9961 0.01 0.03

GPA 0.04–50 0.9972 0.02 0.07

SAM 0.07–50 0.9952 0.05 0.19

GGB 0.09–50 0.9966 0.08 0.27

Table 2 Analysis of five IGs in
different spiking levels using
MISPE-HPLC

IGs Spiking level
(μg mL−1)

Coptis radix Phellodendron stem Scutellaria radix

Recovery
(%)

RSD
(%, n = 3)

Recovery (%) RSD
(%, n= 3)

Recovery (%) RSD
(%, n= 3)

GPS 0.4 96.3 4.2 95.1 3.4 97.3 4.1

1.0 95.2 3.4 94.6 5.5 97.1 5.3

5.0 94.2 5.6 93.5 4.4 96.3 3.5

GDS 0.4 97.5 4.8 97.3 3.4 96.1 5.8

1.0 95.5 6.1 95.2 3.6 95.4 4.9

5.0 97.9 3.3 96.4 4.7 97.1 5.4

GPA 0.4 94.1 3.5 95.1 5.1 93.8 4.6

1.0 95.1 4.7 96.3 5.5 94.9 4.8

5.0 94.7 4.9 91.3 4.6 92.4 3.9

SAM 0.4 94.8 3.9 96.4 4.7 97.4 3.5

1.0 96.3 3.7 97.5 4.8 95.3 4.7

5.0 97.3 5.5 95.5 3.9 96.5 5.9

GGB 0.4 90.8 4.4 91.3 4.6 92.6 4.9

1.0 93.2 4.5 91.2 5.5 90.8 4.3

5.0 92.1 4.1 92.3 4.3 90.5 5.5
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was concentrated to 3 mL. However, the matrix interference
was also maximized and the impurity peaks were very obvi-
ous (Fig. 8a). The results implied that two methods, the direct
injection and sample preconcentration, were not suitable for
the Gardenia Fructus quality control. After selectively
enriching IGs by using MISPE columns, the matrix interfer-
ence has been minimized and great interferences around IGs
were also eliminated efficiently (Fig. 8c). Although the chro-
matogram with clear peaks of IGs could be obtained through
NISPE, the peaks obtained in NISPE are obviously lower than
the peaks obtained inMISPE (Fig. 8b). Therefore, NISPE was
not suitable for quantization due to the lower recovery. The
concentrations of five IGs in five commercial samples of
Gardenia Fructus have been determined by using the
established quantitative method. From Table 3, GPS was an-
alyzed with the highest concentration from five commercial
samples, comparing with the smaller amount of GPA. All the
results indicate that H-MIP prepared in this study own the
imprinting recognition ability and the proposed MISPE-
HPLC procedure can be applied to the enrichment and detec-
tion of IGs in the aqueous media.

Conclusions

In conclusion, this study describes an innovative process for
the preparation of hydrophilic molecularly imprinted poly-
mers with excellent specific recognition ability for glycosides
in aqueous media. H-MIP are synthesized by combining the
bulk polymerization and the hydrolysis of ester groups. The
infrared data of hydrolytic MIPs suggest that hydrophilic
groups have been introduced into polymers. The hydrophilic-
ity and water dispersion stability of H-MIP have been observ-
ably improved by the hydrolysis of polymers. The obtainedH-
MIP demonstrate high template selectivity and specific bind-
ing ability to five IGs. The presentedMISPE-HPLC procedure
can be applied to the selective enrichment and determination
of IGs from the aqueous media. Based on our study, five IGs
could be chosen as the marker compounds for the quality
criteria forGardenia Fructus, instead of only GDS being spec-
ified in the Chinese Pharmacopoeia. The multi-component
quantification is the mainly improvement for the TCM quality
control.
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