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ABSTRACT

Molecular imprinted polymers (MIPs) were prepared by thermal polymerization using a non-covalent
molecularly imprinting strategy with kirenol as the template, acrylamide (AM) as the functional monomer
and ethylene glycol dimethacrylamide (EGDMA) as the cross-linker in the porogen of tetrahydrofuran
(THF). The synthesized MIPs were characterized by scanning electron microscopy (SEM) and Fourier
transform infrared (FT-IR). Its molecular recognition property was investigated by UV spectrogram.
High-pressure liquid chromatography (HPLC) was used for analysis of target analytes. The polymers
were evaluated further by batch rebinding experiments, and from the derived isotherms their binding
capacity and binding strength were determined. Then the selectivity of the MIPs was checked toward
the selected structurally related compounds and the recognition coefficients for kirenol, darutigenol, and
ent-2-ox0-15, 16, 19-trihydroxypimar-8(14)-ene (TD) were 2.47, 3.43 and 3.40, respectively. The proper-
ties of MIPs for SPE were also evaluated. The results obtained demonstrate that the good imprinting effect
and the excellent selectivity of MIPs were obtained. The optimized molecular imprinted SPE procedure
was applied to extract kirenol directly from the extracts of the aerial part of Siegesbeckia pubescens herb.
A selective extraction of kirenol from traditional Chinese medicine (TCM) was achieved with extraction

yield of 80.9%.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Molecularly imprinted polymers (MIPs) are man-made mate-
rials with a predetermined selectivity toward a target molecule
or a group of structurally related species [1-3]. These highly
cross-linked polymers were commonly prepared through the
polymerization of the complexes of functional monomers and a
template to be imprinted with the matrix-forming monomers [4].
A wide range of molecules can serve as templates, such as nucleo-
sides, analgesics, pesticides, carbohydrates, and steroids. Moreover,
MIPs are stable to a wide range of pressure, organic solvents, and
pHs [5]. These attributes make MIPs ideal for extensive appli-
cation in artificial antibodies [6], catalysis [7], drug delivery [8],
solid-phase extraction [9], chromatography [10], sensors [11], and
sorbentassays[12].Inthe recent decades, MIPs have attracted great
research interests because of its huge potential in the application
of solid-phase extraction [13-16].
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Molecularly imprinted solid-phase extraction (MISPE) proce-
dure was first reported by Sellergren [17]. The main benefit of this
procedure is that the selectivity of a MIP for a target compound
or a group of compounds can be pre-determined by the choice of
template employed for its preparation where the traditional sor-
bent lack selectivity. High selectivity of the sorbent may lead to
efficient sample extraction or clean-up. MISPE can not only con-
centrate the target molecule, but also remove other compounds
present in the sample matrix. Therefore, MISPE has been success-
fully applied to the extraction and determination of target analytes
in different matrices. Most of the MISPE applications have focused
on extracting compounds from biological [18-20] and environmen-
tal samples [21-24], while a small number of studies have dealt
with drug [25], food [26], and other samples. MISPE has also been
used to extract active components from complex plant extracts like
traditional Chinese medicines (TCMs) [10,27-30].

The aerial parts of the herb Siegesbeckia pubescens are exten-
sively used in TCMs for their antiinflammatory, antiallergic,
cartilage protective, and wound healing properties [31-36]. Its
major active compound is kirenol. Kirenol has been illustrated to
antagonize rheumatism by inhibiting inflammation and regulating
immune function and apoptotic protein expression in synoviocytes,
which is one of the leading natural compounds for clinical trials in
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Fig. 1. Structures of PA, kirenol and its analogues.

recent studies on rheumatism [37-39]. The extraction of kirenol
from plants, however, is tedious and inefficient because of its poor
affinity and selectivity to conventional separation materials. There-
fore, developing efficient adsorbent materials with high affinity for
kirenol is essential.

In the present work, a MIP was prepared for kirenol (target
molecule) using a non-covalent imprinting method employing
acrylamide (AM) as functional monomers, and ethylene glycol
dimethacrylate (EGDMA) as a cross-linker in tetrahydrofuran poro-
gen. The synthesized MIPs and non-imprinted polymers (NIPs)
were characterized via scanning electron microscopy (SEM) and
Fourier transform infrared spectrometry (FT-IR). Its molecular
recognition property was investigated using UV spectrophotom-
etry. High-pressure liquid chromatography (HPLC) was used to
evaluate the adsorption and selectivity properties of the MIPs. The
properties of MIPs for SPE were also evaluated. The optimized
MISPE procedure was applied to extract kirenol directly from the
extracts of the aerial part of S. pubescens herb.

2. Experimental
2.1. Materials and regents

Acrylamide (AM), ethylene glycol dimethacrylamide (EGDMA),
and 2,2’-azobisissobutyronitrile (AIBN) were obtained from Alfa
Aesar (Tianjin, China). Kirenol, darutigenol, ent-2-0x0-15,16,19-
trihydroxypimar-8(14)-ene (TD) and ent-17,18-dihydroxy-16B3H-
kauran-19-oic acid (KA) were provided by our lab [40]. Proto-
catechuic acid (PA) was provided by the National Institute for
Control of Pharmaceutical and Biological Products (Beijing, China).
Their structures are shown in Fig. 1. Chromatographic-grade
methanol and acetonitrile was purchased from Merck Co. (Darm-
stadt, Germany), tetrahydrofuran (THF), acetic acid and the other
chemicals were supplied from Tianjin Chemical Reagent Co. (Tian-
jin, China). Deionized water (18 MS2) was prepared with a water
purification system (Shanghai, China). All solutions used for HPLC
were filtered through a 0.45 pm filter before use.

The S. pubescens herb (Gansu, China) were extracted following
Chinese Pharmacopoeia before SPE extraction.

2.2. HPLC analysis

All chromatographic measurements were performed on an
HPLC system (HP1200, Agilent, USA) with a diode array detec-
tor (DAD). The analytical column was a 250mm x 4.6 mm, 5 m
Cig column (Agilent, USA). The mobile phase was consisted of
acetonitrile:methanol (90:10, v/v) and water with the linear gra-
dient elution 0-25min for 30-70% acetonitrile:methanol (90:10,
v/v) at a flow rate of 1.0 mLmin~'. DAD monitoring was at 215 nm
for all compounds [41,42].The standard curve was obtained using
the linear regression method and peak areas were plotted versus
concentrations. The regression equation was y=28.698x — 9.4848

(r2=0.9994) in the concentration range of 0.005-0.3 mgmL~! for
the standard kirenol.

2.3. Preparation of MIPs and NIPs

The polymers were prepared through thermal polymerization
with a non-covalent approach. Kirenol as the template and the
AM as the functional monomer were dissolved in 25 mL THF in
50 mL round-bottomed flask, and kept at 100 rpm rotation for 5h
in room temperature. Then, cross-linker EGDMA and free-radical
initiator AIBN (24 mg) were added. The mixture was degassed in
an ultrasonic bath for 15 min, and filled with oxygen-free nitrogen
for 10 min and sealed by means of a rubber plug. The flask was
then placed in water bath and the mixture was thermally polymer-
ized at 60°C for 24 h. The resultant polymers were grounded and
sieved through a 200 mesh stainless steel sieve (particle size less
than 75 pm). The polymer particles were extracted using a soxh-
let apparatus in methanol-acetic acid solution (9:1, v/v) for 24h
to remove the template and then washed by methanol for wash-
ing out the acetic acid and dried in vacuum overnight at 40 °C. The
NIPs were prepared in the same method as MIPs but without the
addition of template.

The surface morphologies of the MIPs/NIPs were observed via a
Hitachi S-4800 field emission scanning electron microscope (Tokyo,
Japan) and their FT-IR spectra were obtained via a Nicolet Nexus-
670 FT-IR spectrometer. The wave numbers of FT-IR measurement
range were controlled from 500 cm~! to 4000 cm~'.

2.4. Binding experiment and selectivity evaluation

The adsorption test was aim to evaluate the capacity of MIPs for
recognizing and binding kirenol in THF.

Adsorption kinetic studies were performed as follows: 40 mg of
MIPs or NIPs were weighed into kirenol solution (1.0 mL, 20 mgL~1)
in 2 mL centrifuge tube and sealed. The tubes were oscillated by
a SHA-B incubator (100 rpm) (Jintan Zhengji Instrument Co., Ltd.,
Jiangsu, China) at 35 °C for different time intervals (for 0.5, 1.0, 2.0,
4.0, 8.0, and 12.0 h, respectively). The solutions were centrifuged,
filtered, and then determined using HPLC.

Static adsorption experiments were carried out as following:
40 mg of MIPs or NIPs were suspended in 1 mL of various concentra-
tions of kirenol solution (5mgL-! to 30mgL-!) in 2 mL centrifuge
tube. The tubes were sealed and then shaken in SHA-B incubator
for 5 h at 35°C. The concentrations of free kirenol were determined
using HPLC. The data of the static absorption experiment were fur-
ther processed according to the Freundlich isotherm (FI) model
(Eq. (1)) to estimate be binding parameters of the MIPs, which is
reflected in linear log B versus log F plots according to Eq. (2):

B(F)=aF™ (1)
logB=mlog F +log a (2)

where B and F are the concentrations of bound and free ana-
lyte, respectively, and m is the so called heterogeneity index. The
parameter m can take values from 1 to 0, increase with decreas-
ing heterogeneity of the material. The broad applicability of the
FI to non-covalent MIPs has been demonstrated recently [43]. The
affinity distribution (AD) can be calculated using Eq. (2) and the
experimentally derived FI fitting parameters (a and m) [44]

N(k)=2.303am(1 -m?)K™ (3)

where K is the affinity constant (K can be assumed to be equal to
1/F) and N (k) is the number of binding sites with a given affinity.
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Fig. 2. Schematic representation of kirenol-MIPs.

The number of binding sites (Nymin-kmax: S€€ Eq. (4)) and the
weighted average affinity (Kymin_kmax; S€€ Eq. (5)) can be calculated
where a and m is equivalent to the Freundlich parameters [44]:

Nk min —kmax = (1 — m? (I ;1:?1 — Kok (4)
1- 1—

Kkmin kmax = ( m ) Kmirrln _KmaT (5)
m—1/\ Kiin — Kmax

The values for these parameters can be calculated from the experi-
mental maximum free analyte concentrations (Fmax ) and minimum
free analyte concentrations (Fp,;, ) and within the limits of K,,;;, and
Kmax being equal to the reciprocal corresponding concentrations
Kinin = 1/Fmax and Kmax = 1/Fyin-

40 mg of MIPs or NIPs were added into 2 mL centrifuge tube,
and 1mL, 20mgL-! kirenol, darutigenol, TD or PA solution was
also added to evaluate the selectivity of the imprinted sorbent.
The mixtures were shaken in SHA-B incubator for 5 h at 35°C. The
concentrations of free analyte were determined using HPLC.

2.5. MIP/NIP-SPE procedures

2.5.1. Preparation of the MI/NI-SPE column

An empty column (6 mL total volume, 1cm diameter) was
employed as the MI/NI-SPE column. The column was packed
with wet-filling. 100 mg of dry kirenol-MIPs were added to 5mL
methanol and the mixed solution was filled into the 6 mL SPE col-
umn. Prior to loading the sample, the cartridge was washed with
a mixture of methanol and acetic acid until kirenol could not be
detected by HPLC analysis. Then each cartridge was conditioned
with methanol (5 mL) and acetonitrile (5 mL).

2.5.2. Evalutation of the MISPE selectivity

In order to investigate the selectivity of MISPE protocol, a mix-
ture containing PA, kirenol, and its analogue darutigenol, TD, and
KA was prepared in acetonitrile. 1.5 mL of the mixture (5 mgL~! for
each)was loaded onto the Ml or NI-SPE cartridge. The cartridge was
then washed with 5 mL acetonitrile to eliminate molecules retained
by non-specific interactions with the polymer, and the elution of
the analytes was performed using 5 mL methanol-acetic acid (9:1,
v/v). The collected loading solution, washing solution and elution
solution were evaporated to 300 L before analysis using HPLC.

2.6. Extraction of kirenol from extract of S. pubescens herb by
MISPE

1.5 mLreal sample of extract of S. pubescens herb was evaporated
to dryness and re-dissolved in 1.5 mL acetonitrile. The obtained
solution was loaded on the conditioned MI or NI-SPE cartridge. Sim-
ilarly, the collected loading solution, washing solution and elution
solution were evaporated to 300 L before analysis using HPLC.

3. Results and discussion
3.1. Polymerization of MIPs

The obtained MIPs were synthesized through copolymerization
of AM and EGDMA in the presence of kirenol (template) using the
non-covalent imprinting approach. The non-covalent interactions
are usually more easily employed because of its rapid recognition
kinetics and the simplicity of the process [45].

Molecular recognition of the template molecule by imprinted
polymers is based on the intermolecular interaction between the
template molecule and functional groups in the polymer [46]. Dif-
ferent monomers, such as AM and methacrylic acid, were selected
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Fig. 3. Scanning electron micrographs of the MIPs and NIPs. (A) MIPs, (B) an enlarged view of image A, (C) NIPs and (D) an enlarged view of image B.

to evaluate the specific recognition ability of MIPs for kirenol
molecule. The resulted polymers prepared using AM had bet-
ter molecular recognition in polar conditions, and the imprinting
process is shown in Fig. 2. The optimum molar ratio of 1:6:30
(template:AM:EGDMA) was used to prepare MIPs, and the stable
pre-polymerization complex between the template and the func-
tional monomer could be formed with the excess AM versus the
kirenol amount in the pre-polymerisation mixture [27].

The preparation of MIPs in different polar porogenic solvents
was investigated, because kirenol is a strong polar molecule that
does not possess any hydrophobic functional group. The results
showed that MIPs prepared in THF had higher recognition abil-
ity than that in N,N-dimethylform amide or acetonitrile: methanol
(1:1, v/v). The strong cohesion between kirenol and AM led to the
successful imprinting of kirenol with the decomposing action made
by THF. Fig. 3 shows the surface morphologies of MIPs and NIPs via
SEM. Particles of the MIPs (Fig. 3A and B) exhibited a more porous,
larger pore size, and rough structure than that of NIPs (Fig. 3C and
D). The MIPs with uniform and more open structure is obviously
favorable for the adsorption of the large template molecules of
kirenol.

To further ensure that the kirenol-MIPs had been prepared, FT-
IR analysis was performed. In Fig. 4, the characteristic peak of AM
was around at 3354 (and 3188), 1674, and 1612 cm~1, correspond-
ing to the N—H, C=0 and C=C stretching of AM. The absorbance
peak of C=0 at 1730cm™! in the MIP spectrum shows that the
MIPs were synthesized through the polymerization of EGDMA and
AM. The weak absorbance peaks of C=0 and C=C at 1677 cm™!
and 1626 cm~! demonstrated that most AM were cross-linked and
only a few remained unlinked. Moreover, the peak intensity of the
stretching vibration of C=0 (1679 cm™1) in the NIPs were lower
than that of MIPs because of the impact of hydrogen between
kirenol and the AM.

3.2. Recognition mechanism of MIPs

From the general formation mechanism of MIP binding sites,
functional monomers are responsible for the binding interac-
tions in the imprinted binding sites [47]. Thus, the study of the

intermolecular interaction between the functional monomer and
the template molecule is important.

To investigate the recognition mechanism, different ratios of
AM to kirenol was dissolved in THF and scanned using a UV spec-
trophotometry (Perkin Elmer, Lambda 35) from 190 nm to 400 nm,
and the results are shown in Fig. 5. Fig. 5 shows that the maximum
absorbance of kirenol absorption peaks increased with the increase
of AM concentration. The maximum absorbance was obtained
when the ratio of kirenol and AM was 1:6. However, with fur-
ther increase in the concentration of AM, the maximum absorbance
was reduced, indicating that more complicated compounds were
being formed. These data provided strong evidence that hydro-
gen bond was formed between kirenol and AM, which led to the
formation of an associated complex of kirenol and AM self assem-
bly [47]. It could be inferred that the formation of hydrogen bonds
occurred between hydroxyl of kirenol and amino of AM according
to the molecular structures of kirenol and AM. Therefore, hydrogen
bond would be the main binding force in the formation process of
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Fig. 4. FT-IR spectra of the kirenol MIP and NIP particles, AM.
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Fig. 5. The UV absorbance of different proportions of kirenol and AM.

recognition sites, and the optimum molar ratio of kirenol and AM
was in agreement with the experimental result.

3.3. Adsorption kinetics and selectivity evaluation of MIPs and
NIPs

Fig. 6 shows the kinetic adsorption processes of kirenol on MIPs
and NIPs, where Q is the amount of kirenol adsorbed at any time.
Adsorption capacity increased continuously with time and reached
equilibrium within 4 h. The optimum time was set to 5h for the
adsorption equilibrium. The higher adsorption capacity of MIPs
indicated that molecular imprinting had resulted in the forma-
tion and preservation of specific recognition cavities on the MIPs.
For the NIPs, the non-specific adsorption played a dominant role,
although there were no suitable recognition sites and imprinting
cavities. Therefore, the specific adsorption of MIPs was attributed
to the presence of complementary cavities to the template
molecules.

The specific recognition ability was evaluated using the recog-
nition coefficient (o). And the recognition coefficient & was defined
as the ratio of the amount of analyte bound to MIPs (Sy;p) and NIPs
(Snip) [48]. Theoretically, when « is greater than 1, MIP has selec-
tivity to the analyte. Table 1 shows that the « of MIPs to kirenol
and its analogues were greater than 1. MIPs can recognize not only
the template molecules, but also structurally related compounds.
The three diterpenoids have similar adsorption behaviors on MIPs.
However, the o for PA was around 1, indicating that the MIPs

3004 /

V%

100- %./

Adsorption capacity Q (pg/g)

0 T T T T T T
0 2 4 6 8 10 12
Time (h)

Fig. 6. Dynamic curves of the adsorption of kirenol onto MIPs and NIPs.

Table 1
Recognition coefficient of MIPs to kirenol, darutigenol,TD, and PA from static
adsorption.?

Analytes Smip Snip a

Kirenol 337.5 136.5 2.47
Darutigenol 435.0 127.0 343
TD 469.0 138.0 3.40
PA 78.0 78.5 0.99

2 The concentrations of the analytes were 5mgL~!, respectively; the unit of Syp
and Snip were pgg~'; the RSDs for the data were lower than 3.1%.

Table 2

Freundlich fitting parameters, number of binding sites (Nmin-rmax) and weighted
average affinity (Kimin_kmax ) Obtained with the experimental binding data of kirenol
toward the MIPs and NIPs.?

Fitting parameters MIPs NIPs

Nimin-kmax (pmolg=1) 1.092 +£0.004 0.339+0.001
a[(pmolg~!) (mmol~1)™] 1.862 1.837

Kieminkmax (Lmmol~1) 66.07 +0.07 41.32+0.03
Krange (Lmmol~1) 35.14—124.22 18.06 —102.12
m 0.501 0.849

r? 0.948 0.919

2 Data are shown as means + RSD.

had no specific site to the compound with significantly different
structure.

3.4. Binding isotherms

Freundlich isotherm-affinity distribution analysis was
employed to analyze the binding isotherms of kirenol onto
the MIPs and NIPs. Table 2 summarizes the fitting parameters of
the MIPs and NIPs, the number of binding sites, Nimin-kmax,» and
the weighted average affinity, Kimin_kmax» Calculated using Egs.
(4) and (5). Fig. 7 shows the kirenol adsorption isotherms for the
MIPs and NIPs with their corresponding experimental Freundlich
isotherms and the affinity distribution of the MIPs and NIPs. The
affinity distributions were plotted in terms of N (K) vs. log(K),
which is a measure of the number of binding sites (N (K)) having
a particular binding affinity (log(K)). The x-axis is usually potted
in log(K) format to make this axis proportional to the binding
energy (AG), and for this reason, affinity distributions are also
called site-energy distributions. As can be seen, the number of
sites with any given affinity energy is higher for the MIPs than that

1.54
-~ 1.0
~
'en
2
g
3
2
=
0.5 4
0.0 T T T T T 1
0.01 0.02 0.03 0.04 0.05 0.06
F (mmol L_l)

Fig.7. Kienol adsorptionisotherms for MIPs (M) and NIPs (a) with the corresponding
experimental Freundlich isotherms for MIPs (thick line) and NIPs (thin line), and
affinity distributions of MIPs (—) and NIPs (---).
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of NIPs across the entire range of concentrations tested, thereby
confirming the imprinting phenomenon.

The values of the total number of binding sites as well as the
affinity constant are higher in the MIPs than in the NIPs. The
value of N gmin_kmax for the MIPs is slightly higher than for the
NIPs (1.092 and 0.329 wmolg~!, respectively) and the value of
Kmip (Kkmin-kmax) = 66.07 Lmmol~! is much higher than that of Kyip
(Kimin-kmax ) =41.32 Lmmol~!. This means that the contribution of
the template molecule to the total number of binding sites for each
polymer is more notable. Thus it is clear that the template molecule
displays an important role in the heterogeneity of the MIPs.

3.5. Evaluation of kirenol-MIPs in solid-phase extraction

The off-line MISPE protocols were used to evaluate the molec-
ular selectivity of the MIPs and NIPs obtained in the present study
as sorbents.

3.5.1. Optimization of SPE procedures

In the consideration of the loading step, the optimal solvent to be
used was established. Different volumes of 5 mgL~! kirenol solu-
tion (in water, THF, or acetonitrile) in the range of 0.5-2.0 mL were
loaded to the MISPE column. The eluate was collected and ana-
lyzed using HPLC. The results showed that the best solvent was
acetonitrile, and that the optimal volume was 1.5 mL.

In the consideration of the washing step, kirenol in acetonitrile
(1.5mL, 5mgL-') was loaded into the cartridge as described above.
The cartridge was washed with different volumes of water, acetoni-
trile, or THF (1.0 mL-5.0 mL). Considering the recovery of kirenol
(Fig. 8) and the washing capacity of the solvent for different polar
impurities in the real sample, 5 mL of acetonitrile was used as the
washing solvent.

Methanol and methanol-acetic acid (95:5 and 90:10, v/v) were
tested as elution solvents to release the template from MIPs. The
same kirenol solution was loaded, and different volumes of the elu-
ent between 1.0 mL and 5.0 mL were tested. The best recovery was
obtained when using 5 mL methanol-acetic acid (90:10, v/v) as the
elution solution (Fig. 8).

3.5.2. Selectivity of the SPE column

Based on the above optimization results, the selectivity of the
MIPs was evaluated. The chromatograms of PA, kirenol, and the
structurally similar darutigenol, TD, and KA obtained using the
MISPE pretreated column are shown in Fig. 9. Good baseline sepa-
ration was obtained without producing SPE and kirenol was eluted
second (Fig. 9a). Only the apparent peak of PA was observed in

mAU. PA

1404

1204

Kirenol

™ Darutigenol

100 a
SO-Wb
604
404
c
204
O'Wd
0 I o é ‘ . lb ‘ 1I5 ‘ I ZIQ'

Time (min)

Fig. 9. Chromatograms of the standard mixtures. (a) Initial solution before MISPE,
(b) solution after loading, (c) solution after washing and (d) eluate after rinsing with
methanol-acetic acid (9:1, v/v).

Fig. 9b to determine the solutions after MISPE, which indicates that
kirenol and its analogues were almost completely adsorbed onto
the MIPs, although PA could not be adsorbed. Fig. 9c shows that
a few kirenol and its analogues were washed from the MISPE col-
umn with acetonitrile. Fig. 8d shows that kirenol and its analogues
were almost completely eluted with methanol-acetic acid (90:10,
v/v). After the elution step, the elution ratio of kirenol following
MISPE was almost 88% (7.4% of NIPs) (Fig. 10), while the analogues
were 69.2-70.9% (7.4% to 25.2 of NIPs). The recoveries of kirenol
and its analogues were low following NISPE, which is attributed to
the limited retention during the washing step. These results can
easily explain the spatial orientation of the functional groups in
the specific binding sites as an important factor for the molecular
recognition in non-covalent MIPs. MISPE exhibited highly selective
binding affinity for kirenol and the capacity to rebind other struc-
turally similar diterpenoids; however, it was lower than that for
the original template.

3.6. Application of kirenol-MIPs to TCM samples

To check the applicability of the MISPE for the extraction of
the selected diterpenoids in real matrices, S. pubescens herbs were
extracted following the Chinese Pharmacopoeia and were sub-
jected to the MIP extraction procedure. Initially, the evaluation

$ 3
Recovery (%)

&

Fig. 10. Elution recoveries of four diterpenoids from MI- and NI-SPE.
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Table 3
Capacity evaluation of MISPE cartridges with extracts of S. pubescens herb.?

Loaded on the
cartridge (ng)

Compound Lost during

load (p.g)

Lost during
wash (j.g)

Eluted (pg) Recovery (%)

Kirenol 15.60 1.27
TD 3.78 0.47
KA 88.71 1335
Darutigenol 13.85 1.90

1.84 12.62
0.86 2.40
32.37 34.06
3.71 8.21

80.9 + 2.5
63.6 + 4.7
384 +£53
593 + 34

3 Data are shown as means + RSD. The amounts of diterpenoids loaded on the cartridge were determined in methanol extract before MISPE.

of MIPs was performed using a 100 mg MIP cartridge. To increase
the number of available binding sites of the cartridge because of
the possible interferences and binding of other diterpenoids from
the plant extracts on MIPs, 200mg MIP cartridge was used. No
related peak was observed in Fig. 11b in the analysis of the solu-
tions after MISPE, which indicated that the components in the
TCM extracts were almost completely adsorbed onto the MIPs. The
washing solvent (acetonitrile) can eliminate effectively the polar
matrix components. After the washing step, the polar matrix com-
ponents were nearly discarded, and kirenol loss was 8.1% of the
loading amount. An important clean up of the extracted mixture
was obtained by the presence of several peaks of diterpenoids
(Fig. 11d). The selective elution of diterpenoids was obtained using
methanol-acetic acid (9:1, v/v), and the experimental results are
reported in Table 3. The recovery of the diterpenoids after the MISPE
procedure was calculated as the ratio of the amount of diterpenoids
eluted using acidic solvent and the amount loaded on the MIPs. A
high yield of kirenol with 80.9% satisfactory recovery was obtained
from the TCM extracts by the proposed MISPE. The recoveries of
the other compounds were unexpected according to the binding
capacity of diterpenoids as shown in Fig. 9. The possible reason
may be the strong effect of the complex sample matrix. Neverthe-
less, most of the polar matrices were eliminated from the MIP and
NIP cartridges during the washing step.

Finally, a comparison between the MISPE and commercially
available C;g SPE was performed. The Cig SPE extraction failed to
selectively extract diterpenoids from the herb extracts (Fig. 12).
This result revealed the suitability of the MISPE method for the
selective extraction of natural diterpenoid compounds from crude
TCM extracts.

Considering the accuracy of the determination of kirenol, instru-
ment precision was evaluated through the analysis of five injections
of the same elution solution. The precision of the apparatus was

mALL
500
400
300+ Kirenol
a
200
_/\-—'\,_“_p____h_/\___‘_/\JLJ-us__—M* b
4
Kirenol
0 ——/\J\—kdw\_/\__,w_k—z\v_ d
T T T T

0 5 10 15 20
Time (min)

Fig. 11. Chromatograms of S. pubescens herb extract. (a) Initial solutions before
MISPE, (b) solution after loading, (c) solution after washing and (d) eluates after
rinsing with methanol-acetic acid (9:1, v/v).

mAU
80+

Kirenol
60 4

40+ MISPE

C,g SPE

Kirenol

T
0 5 10 15 20
Time (min)

Fig. 12. Chromatograms of S. pubescens herbs extract after Cyg silica SPE and after
MISPE.

found to be satisfactory (RSD=0.36%). After repetitive use of the
MIP cartridge for five times, the RSD was found to be 2.8%, indicat-
ing a good reproducibility of the MIPs. According to the signal to
noise ratio equal to 3.0, the limits of detection for kirenol in the herb
extracts after MISPE was 0.75 pg mL~!. Standard addition method
was used to evaluate the recovery of the MISPE process. The test was
processed by mixing 1 mL of the herb extract with 0.5 mL standard
kirenol solution (30 mgL-1). The recovery of the spiked solution
was 91.5% £ 3.2 (n=3). All these data demonstrated that the MISPE
process is a suitable method for the enrichment and determination
of kirenol in TCMs.

4. Conclusion

A molecularly imprinted polymer had been synthesized for the
extraction of aditerpenoid (kirenol) from S. pubescens herb extracts.
The MIPs were confirmed via SEM, UV-vis, and FT-IR, analyzed
using HPLC-UV. The imprinting effect and selectivity of the MIPs
were evaluated and the obtained polymers showed good selectivity
and adsorption capacity. The MISPE was a useful tool for selective
clean-up of the plant extracts, which showed excellent recovery of
the template (80.9%) and is suited to routine use for diterpenoids
from S. pubescens herb.
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