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Abstract Five ionic liquid-modified porous polymers with
different imidazolium-based functional groups were
obtained. A molecular imprinting technique was introduced
to form the ordered functional groups in the porous
structure. The adsorption isotherm was applied to investi-
gate the interactions between the polymers and target
compounds: cryptotanshinone; tanshinone I; tanshinone
IIA. Thorough comparison revealed that the polymer with
a carboxyl group possessed the highest reorganization of
the three compounds. After that, the obtained polymer was
applied as the sorbent in the solid-phase extraction process
to separate the target compounds from methanol extract.
The loading volume of extract solution on the sorbent was
determined by adsorption isotherm equation and practical
test. Under optimized washing and elution conditions,
0.35 mg/g of cryptotanshinone, 0.33 mg/g of tanshinone I,
and 0.27 mg/g of tanshinone IIA from plant were obtained
by quantitative HPLC analysis. Moreover, six commercial
functional drinks containing tanshinones were purified and
analyzed.

Keywords Ionic liquid-modified porous polymer -
Molecularly imprinting - Adsorption isotherm - Solid-phase
extraction - Tanshinones

Abbreviations
CT Cryptotanshinone
PIm Imidazole polymer

PImCN Cyano group-based imidazole polymer

M. Tian - W. Bi - K. H. Row (D<)

Department of Chemical Engineering, Inha University,
253 Yonghyun-Dong, Nam-Ku,

Incheon 402-751, South Korea

e-mail: rowkho@inha.ac.kr

PImCOOH Carboxyl group-based imidazole polymer
PImM Methylimidazole polymer

PImNH, Animo group-based imidazole polymer
TI Tanshinone 1

TIIA Tanshinone ITA

Introduction

Solid-phase extraction (SPE) is one of the most convenient
and high-performance technologies for separation of bioactive
compounds from plants [1]. It can help minimize the use of
organic solvents which are regulated as priority pollutants
[2]. The selection of the sorbent is a key point in SPE [3]
because it can control analytical parameters such as adsorbed
amount, selectivity and affinity [4, 5]. Molecular imprinted
polymers (MIPs) are a rapidly developing sorbent with
specific molecular-recognition properties for SPE (MISPE)
[6, 7]. Because of the special structure and chemical
functionality of the imprinted polymer, the MIP has a
specific selectivity for compounds possessing similar structures
and functional groups to the template.

In order to increase the efficiency of MISPE, two main
methods are employed. One is increasing the surface area of
polymer. Higher surface area can contain more functional
groups, thus the interaction between polymer and bioactive
compounds will be increased accordingly. Porous polymers
with large surface areas and special porous structures have
thus been introduced [8].

The other method is modification of functional groups
on polymers. When the modifiers have specific functional
groups that can form strong interaction with bioactive
compounds, they can be introduced to replace the non-
specific or less bioconjugation groups [9]. Ionic liquids
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(ILs) as an excellent functional chemical [10, 11] received a
lot of attentions in the fields of analytical chemistry [12],
sample preparation [13], organic synthesis [14-17],
liquid-phase extraction [18, 19], chromatographic separa-
tions [20], even in polymer synthesis process as porogen
[21, 22]. The characteristics, such as hydrophobicity,
miscibility with several inorganic/organic solvents, 77t
interactions between analyte and functional groups of the
ionic liquids, are widely applied [23]. Some reports have
examined the application of obtained ionic liquid-modified
materials to separate familiar organic compounds [24, 25]
and to extract bioactive components from natural plants
[26, 27]. However, the recognition of these materials is
generally not high [28].

In this research, porous polymer was prepared firstly and
then five imidazoles with different functional groups
(imidazole, methylimidazole, carboxyl-imidazole, amino-
imidazole, and cyano-imidazole) were used as surface
modifiers to form IL structures. Also, according to the
non-covalent interactions between template and IL groups,
the surface imprinted structure was finalized.

Tanshinones, including cryptotanshinone, tanshinone I, and
tanshinone ITA were used as analysts in this research. These
analytes are the major active constituents in Salvia miltiorrhiza
Bunge (SMB), a well-known traditional medicinal herb used
for the treatment of various diseases [29, 30] with exhibited
anti-cancer effects [31, 32]. Several extraction processes
[33-35] and purification materials [36] have been reported,
still, there remains no selectivity of the target compounds. In
this case, the molecular imprinted ionic liquid-modified
porous polymers with large surface area, numbers of
functional groups and high selectivity of target compounds
was applied in SPE cartridge to separate the tanshinones from
SMB extract and functional drinks.

Experimental
Chemicals

2,2"-Azobisisobutyronitrile (AIBN) was from Junsei Chemical
Co. (Tokyo, Japan). 3-Aminopropyl bromide hydrobromide
(97%), 4-(chloromethyl)styrene (90%), divinylbenzene (50%),
and polyvinylpyrrolidone (PVP, K 30), imidazole (98%),
I-methylimidazole (99%), 1-imidazoleacetic acid (98%), 1-
(3-aminopropyl)imidazole (97%), 1-(2-cyanoethyl)-2-methyl-
imidazole (98%), and 9, 10-phenanthrenequinone (99%) were
purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Cryptotanshinone, tanshinone I, and tanshinone IIA
were purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China).
Methanol, ethanol, and other organic solvents were obtained
from DUKSAN PURE CHEMICALS Co., Ltd. (Ansan,
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Korea). Distilled water was filtered using a vacuum pump
(Division of Millipore, USA) and a filter (HA-0.45, Division
of Millipore, USA) before use. All other solvents used in the
experiment were HPLC or analytical grade. All the samples
were filtered by using a filter (MFS-25, 0.2 um TF, WHAT-
MAN, USA) before injection into the HPLC system.

HPLC analysis and characteristic analysis

Chromatography was performed with a Waters 600s multi-
solvent delivery system, a Waters 616 liquid chromatography,
and a Waters 2487 variable wavelength, dual-channel UV
detector (Waters Associates, Milford, MA, USA). A syringe
with 25 puL injection volume and 20 pL sample loop were
used. The HPLC analysis was performed with a commercial
Cyg column (4.6%250 mm, 5 pm) purchased from RStech
Co. (Daejeon, Korea). The mobile phase was methanol/water
(78:22, v/v, containing 0.5% acetic acid). The flow rate, UV
wavelength, and injection volume were 0.5 mL/min, 254 nm
and 5 uL, respectively.

FT-IR data were obtained by a Vertex 80V (Bruker,
Billerica, MA, USA) in the range of 400—4,000 cm ' with a
scan rate of 20 scans/min. KBr pellet was used for analysis.
Field emission-scanning electron microscope (FE-SEM)
data were obtained by an S-4200 instrument (Hitachi,
Ontario, Canada) of 15 kV magnification (pixel size,
0.5 nm). And the BET surface area (0.03 g of polymer in
N, atm at —195.85 °C) was measured by ASAP2010
(Micromeritics, Norcross, GA, USA).

Preparation of molecularly imprinted ionic liquid-modified
porous polymers

After dissolving 0.48 g of PVP in 100.0 mL of ethanol in a
250.0-mL flask, 5.65 mL of 4-(chloromethyl)styrene
(monomer), 16.2 mL of divinylbenzene (crosslinker),
5.0 mL of heptanes (porogen), and 0.22 g of AIBN
(initiator) was added under a nitrogen atmosphere and rapid
stirring. The emulsion solution was then heated to 70 °C for
24 h polymerization. After complete polymerization, the
obtained blank polymer was filtrated and washed with ethanol
three times to remove any coagulated and soluble impurities.

The carbonyl groups in the 9,10-phenanthrenequinone
and the tanshinones have the same arrangement, with
similar chemical structures (Fig. 1). 9,10-Phenanthrenequi-
none was used as the template. Blank polymer (2.0 g),
template (2.0 mmol) and different ionic liquid modifiers
(2.0 mmol) were added to 35.0 mL of ethanol. After 12 h
reflux, the obtained modified polymers (Fig. 2; imidazole
polymer (PIm and MI-PIm); methylimidazole polymer
(PImM and MI-PImM); carboxyl-imidazole polymer
(PImCOOH and MI-PImCOOQOH); amino-imidazole polymer
(PImNH, and MI-PImNH,); cyano-imidazole polymer
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Fig. 1 Molecular structures of target compounds a cryptotanshinone, b
tanshinone I, ¢ tashinone IIA and template, d 9,10-phenanthrenequinone

(PImCN and MI-PImCN)) were cooled to room tempera-
ture. After washing with toluene, ethanol, and methanol

sequentially, the polymers were oven-dried for further
experiments.

Polymer

Blank polymer: No ionic liquid group

PIm and MI-PIm: R= no additional group

PImM and MI-PImM: R=

CH;

%OH
o)

\/\/NHZ

PImCOOH and MI-PImCOOH:  R=

PImNH, and MI-PImNH,: R=

PImCN and MI-PImCN: R=

~_

Fig. 2 Chemical structures of all ionic liquid-based porous polymers

Adsorption isotherm application

A mass of 0.05 g silica, C;g, amino-silica from commercial
SPE cartridge and all polymers were respectively stirred
with 1.0 mL of tanshinones standard solutions at five
different concentrations (ranging 0.49 to 83.5x10 * mg/mL)
in vials under room temperature. Until the concentrations of
unadsorbed tanshinones in solutions no longer decreased, the
equilibrium adsorptions were obtained. The amounts of
adsorbed tanshinones on polymers were calculated by
subtraction. For comparison, 0.05 g of were stirred with
tanshinones standard solutions under the same conditions.

Procedure of SPE

The SMB samples obtained from local market were oven-
dried and 0.5 g of the sliced powder was extracted using
50.0 mL of methanol for 4 h. Then the concentration of
obtained extract was detected by HPLC. A mass of 0.05 g
of different polymers were packed into 3.0 mL of empty
polypropylene cartridges (@ 0.9 cm, Alltech, Deerfield, IL,
USA) and preconditioned with 5.0 mL of acetone and
methanol. After loading, washing and eluting the extract in
SPE cartridges with different solvents, the filtrates were
dried and reconstituted in 0.1 mL of mobile phase for
further HPLC analysis.

Analysis of commercial drinks

Korean Red Ginseng, Hong Seng Yuan, Hwalsam, Hwalsam
Dulcis Gold (Lotte Chilsung Beverage Co., LTD, Seoul,
Korea), Red Ginseng and Honey Drink, and Red Ginseng
Gold (Kwang Dong Pharmaceutical CO., LTD, Seoul, Korea)
are six commercial functional drinks which contain the extract
from SMB. A volume of 5.0 mL of each sample was mixed
with 2.0 mL of acetonitrile, and after the denatured protein
was removed by filter (0.45 um), the liquids were prepared for
further SPE experiments.

Results and discussion
Performance evaluation

Figure 3 shows FT-IR results for all MIPs. The appearance
of a peak at 1,593 cm™ ' is attributed to the imidazole group
[37, 38] immobilized on polymers; 2,880-3,000 cm ' was
the range for the C—H group. Thus, in the spectra, the band
adsorbances of MI-PImM, bearing one more methyl group,
was higher than MI-PIm [39, 40]. In previous research, the
peaks at 1,680 cm ™' and 3,402 cm ™' were proven to be the —
COOH and -NH, groups, respectively [41, 42]; 2,251 cm "
is the assignment of —C=N group in FT-IR [43], but the
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Fig. 3 FT-IR spectra of all ionic liquid-based porous polymers

extremely small peak in the spectra of MI-PImCN revealed
that immobilization efficiency of the ImCN group on
polymer was quite low.

SEM image of MI-PImCOOH in Fig. 4 shows that the
special porous structure was formed and the surface area
(44.23 m*/g for blank polymer, 30.52 m?*/g for PInCOOH,
42.89 m?*/g for MI-PImCOOH) was determined by BET.
The porous structure of the blank polymer exhibited a large
surface area. After modification, the pores of the PImCOOH
were blocked by disorganized functional groups. Thus, the
BET surface area was lower than the blank polymer. When
template was introduced into the modification, the structure of
the functional groups was arranged in a new order. Hence, the
surface area of MI-PImCOOH increased.

Fig. 4 SEM image of MI-PImCOOH
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Adsorption isotherm

First of all, the calibration curves were constructed using
the chromatographic peak areas measured at seven increas-
ing concentrations, ranging from 0.042x107° to 16.70x%
10 mg/mL. Good linearity was obtained and the linear
correlation equations were y=5.0x10"x—891 (+*=0.999)
for cryptotanshinone, y=1.0x10%x—92 (+2=0.999) for
tanshinone I, and y=2.0x10%x—1,517 (+?=0.999) for
tanshinone IIA (y is peak area and x is the concentration
of target compounds).

Adsorption isotherm as a power tool was introduced to
investigate the interactions between target compounds and
sorbents. The adsorbed amounts (Q) of tanshinones on all
the sorbents were determined as follows:

(G-

0= (1)
where Q (mg/g) is the adsorbed amount, Cy (mg/mL) is the
initiator concentration, C (mg/mL) is the unabsorbed
concentration, ¥ (mL) is the volume of the sample solvent,
and m (g) is the mass of the sorbent.

Because of porous structure, under the same initiator
concentration (0.0017 mg/mL), even blank polymer (range
1.83 to 9.46x10° mg/g) had much higher adsorbed
amount than silica (ranging 0.06 to 0.51x10° mg/g),
amino-silica (range 0.19 to 1.58x10> mg/g), and Cg
(ranging 0.34 to 3.91x10° mg/g). Then, effects of
different functional groups were evaluated. In Fig. 5, the
functionalized imprinted polymers had higher absorbed
amounts than non-imprinted polymers, and the order of
adsorbed amounts on imprinted polymers were MI-
PImCOOH>MI-PIm>MI-PImCN>MI-PImNH,>blank
polymer>MI-PImM.

The strength of interaction between functional groups
and target compounds affects the adsorbed amount on
sorbent. In MI-PImM, there were only weak 7—7 and
hydrophobic interactions between methyl imidazolium
groups and tanshinones. Also, the pore size was decreased
when the polymer was modified with ionic liquid groups.
Hence, it has the lowest adsorbed ability. For MI-PImNH,
and MI-PImCN, they not only had hydrophobic interactions
with tanshinones, but also exhibited hydrogen-bonding and
dipole—dipole interactions, respectively. However, the long
carbon chain decreased the pore size obviously and
prevented the interactions between imidazolium groups and
tanshinones. Therefore, the MI-PImNH, and MI-PImCN
presented low adsorbed abilities. Hydrogen-bonding interac-
tion existed in both MI-PIm and PImCOOH. For MI-PIm,
the large pore size can retain large amount of tanshinones.
For PImCOOH, in previous research, the -COOH group had
a stronger hydrogen-bonding interaction with the carbonyl
group [44]. Also, tanshinones possess greater stability under
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Fig. 5 Adsorbed amounts of tanshinones on different sorbents
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Table 1 The data of PImCOOH and MI-PImCOOH fitted by three adsorption equations

Sorbent Target compounds Linear equation Langmuir equation Freundlich equation
a b ” d e r? f /g ”
PImCOOH CT 9.881 4.601 0.932 32.813 0.391 0.995 20.449 1.637 0.980
(#0.55) (+0.87) (+0.87) (£0.073) (£0.74) (#0.23)
TI 5.140 —0.663 0.980 2.795 —0.069 0.996 2.635 0.737 0.994
(+0.42) (0.31) (+0.53) (£0.016) (#0.78) (£0.088)
TIA 20.022 1.631 0.997 26.489 0.075 0.999 24.154 1.141 0.999
(#0.62) (#1.19) (+0.83) (£0.010) (#0.71) (#0.028)
MI-PImCOOH CT 34.003 5.015 0.983 71.252 0.341 0.999 48.004 1.389 0.998
(£2.58) (#3.57) (£3.92) (£0.039) (£1.68) (£0.062)
TI 18.864 —2.803 0.975 8.981 —0.123 0.999 12.183 0.768 0.998
(£1.74) (£3.55) (+0.80) (£0.010) (£1.55) (£0.053)
TIA 74.305 1.005 0.995 79.022 0.032 0.999 76.336 1.039 0.999
(#1.18) (#0.96) (£5.26) (£0.042) (£1.44) (£0.034)

acid environment [45, 46]. In this case, PImCOOH has the
highest adsorbed amount as well as the best selectivity.

The experimental data of MI-PImCOOH was fitted to
the following adsorption isotherm equations:

O=aCg+b (2)
_dCg

0= TG ?)

0 =fCg'/% (4)

Where, Cg (mg/mL) in the three equations is the
equilibrium concentration of the solute in the liquid phase.
a, b, d, e, f, and g are the parameters. These adsorption

0.015
0.010
)
< | hE el (@)
TI
0.005- ;
1 CT\ THA
N —lu)
- T T T T T T T v
0 10 20 30 40 50
Time (min)

Fig. 6 Chromatograms of extract with SPE after different extraction
process: a washing by 4.0 mL of water/methanol (30:70, v/v), b
elution by pure methanol, and ¢ elution by methanol/acetic acid
(90:10, v/v)
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isotherm equations are the linear (2), Langmuir (3) and
Freundlich (4) equations, respectively. According to the
regression coefficient (*>0.999), the Langmuir equation
was evidently better than the others in this experiment, and
0=71.25Cg/(1+0.34C%) for CT, Q=8.98Cg/(1-0.12C%) for
TI, 0=79.02Cg/(1+0.032Cg) for TIIA were obtained.
Further comparison of the adsorbed amounts of tanshinones
on PImCOOH and MI-PImCOOH was evaluated by ¢ test
[47], and it reveals that the adsorbed amounts on
functionalized imprinted polymer were much higher than
non-imprinted polymer (Table 1).

Applications of the porous polymer
Isolation of three tanshinones from the SMB extract

Based on the adsorbed amount obtained from Langmuir
equations, the theoretically adsorbed amount (Q1) of the
SPE cartridges can be calculated when Cg was considered
as the concentration of tanshinones in the methanol extract
solvent (0.0035 mg/mL of CT, 0.0033 mg/mL of TI and
0.0027 mg/mL of TIIA); 0.05 g of sorbent was packed into

Table 2 Concentrations of the three target compounds from different
commercial functional drinks

Compounds Concentration (x10~> mg/mL)

#1 #2 #3 #4 #5 #6

Crytotanshinone 1.87 1.95 2.16 2.01 2.44 2.46
Tanshinone I 0.14 0.14 0.27 0.27 0.38 0.37
Tanshinone IIA 0.77 0.78 0.78 0.81 0.80 0.86

#1 Red Ginseng & Honey Drink, #2 Korean Red Ginseng, #3 Hong
Seng Yuan, #4 Red Ginseng Gold, #5 Hwalsam Dulcis Gold, #6
Hwalsam
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SPE cartridge, so according to the equations:

Or = 0050 (5)
_Or
= (6)

the theoretical loading volume (V1) was 3.56, 0.45,
395 mL for CT, TI, and THA, respectively. Then, the
maximum loading volume of the SPE cartridge (0.4 mL)
was determined by a practical test, which proved less than
the theoretical V1. As such, 0.4 mL was selected as the
loading volume.

It is important to apply a washing step immediately after
the extract from the natural plant was loaded onto the sorbent,
as it could obviously reduce the matrix interferences in
separation of the analyte.

First, the same volume of water, methanol, acetone,
n-hexane and dichloromethane were used. Water can
remove interference without target compounds. However,
large amounts of target compounds were washed out by
using n-hexane and dichloromethane, so these two solvents
were eliminated in washing stage. Although interference
can be removed by methanol and acetone, small amounts of
target compounds were still washed out. To solve these
problems, mixtures of water/acetone and water/methanol
were used to reduce removal efficiency. Acetone was
eliminated because the target compounds were washed out
at any percentage. Moreover, different components of
methanol in water were used and the volume of washing
solvent was increased to remove most of the interference.
With the component of the methanol increasing, the volume
of water/methanol was decreased, and only 4.0 mL of
water/methanol (30:70, v/v) could be achieved (Fig. 6a). It
was thus selected as the optimized washing condition.

Then, pure methanol and acetone were used as elution
solvents. However, target compounds with some residual
interferences were simultaneously carried out by acetone. So
methanol was selected and 2.0 mL could elute all the target
compounds (Fig. 6b). Methanol/acetic acid (90:10, v/v) with
a higher eluting strength was used to prove the elution
efficiency; no target compounds remained on the sorbent
after methanol eluting (Fig. 6¢). Summarizing the above
data, 2.0 mL of methanol was selected as the optimized
elution condition. Finally, 0.35 mg/g of CT, 0.33 mg/g of TI
and 0.27 mg/g of TIA were obtained from the methanol
extract.

Validation of proposed analytical method and recycling
of porous polymer in SPE

The assays of repeatability were calculated from the relative
standard deviation (RSD), determined by injecting standard

solutions of tanshinones and extract sample after SPE
process five times over a 5-day period. The RSDs of the
precision tests were less than 2.76% for standard. Validation of
analytical method for real sample and the recycling of polymer
in the SPE cartridge were investigated simultaneously. The
errors of detected concentrations of the tanshinones were less
than 8.20%. This revealed that the sorbents possess stable
characteristics.

Detection of commercial functional drinks

After removing protein in six SMB drinks by acetonitrile,
the filtrated solutions were loaded, washed, and eluted in an
SPE cartridge under optima conditions. Table 2 lists the
concentrations of the three target compounds extracted.

Conclusions

In this study, an ionic liquid-modified molecular imprinted
porous polymer with a large surface area, large amount of
functional groups and high selectivity for target compounds
was used in the SPE. The adsorption isotherm proved that
the sorbent with MI-PImMCOOH possessed the highest
reorganization of the target compounds. Under optimized
SPE conditions (0.4 mL of loading volume, 4.0 mL of
water/methanol (30:70, v/v) as washing solvent and 2.0 mL
of methanol as elution solvent), 0.35 mg/g of cryptotanshinone,
0.33 mg/g of tanshinone I, and 0.27 mg/g of tanshinone I1A
were obtained from plant extract. The low deviation error,
stable characteristics and application in commercial drink
detection demonstrated the sorbent to be a viable alternative
tool for further researches.
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