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Solid-phase extraction of esculetin from the ash bark of Chinese
traditional medicine by using molecularly imprinted polymers
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Abstract

A molecularly imprinted polymer solid-phase extraction method is used to extract esculetin from the ash bark of Chinese traditional
medicine. Ratio of ethanol and water as washing solution were investigated. Data of accumulative adsorption on molecularly imprinted
polymers from the continuous loading experiment suggests that there are two different kinds of recognition sites in molecularly imprinted
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olymers. By selecting the washing and eluting solution a scheme was designed to separate esculetin and its analogues inclu
oumarin, 7-methoxylcoumarin and daphnetin. Finally, by applying the revised scheme esculetin was extracted from the ash bark
raditional medicine that was purchased from two big drugstores, respectively, with both molecularly imprinted polymers and non-m
mprinted polymers.
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. Introduction

Reactive oxygen species (ROS) are thought to be the
ausative agents of various diseases, including cardiovascu-
ar diseases, and even accelerating factors in the aging pro-
ess[1,2]. If excess ROS are not eliminated by biological
ntioxidant defense systems, they cause oxidative damage

o in vivo components such as lipids, proteins, and DNA.
oumarins comprise a group of phenolic compounds widely
istributed in natural plants, and they have recently attracted
uch attention because of their broad pharmacological ac-

ivities [3]. Among these are the arachidonic acid cascade
4]. ELT also inhibits the differentiation of human leukemia
L-60 cells [5], which has been used extensively to gain

nsight into the processes of myeloid cell differentiation and
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their control mechanisms. Furthermore, ELT shows scav
ing activity against ROS such as superoxide radicals[6] and
hydroxyl radicals[7], and inhibits lipid peroxidation in ra
livers [8]. More recently, ELT has been reported to inh
oxidative damage induced bytert-butyl hydroperoxide in ra
liver [9]. ELT is also found to be an active ingredient in so
Chinese traditional medicines used to fight cough, phle
asthma, and inflammation. Generally, ELT as well as m
other derivatives of coumarin co-exist in the ash bark of C
It is difficult to extract and separate ELT from the ash b
using conventional method because of low content an
complex matrix in the ash bark.

Traditionally, separation of active component in CTM
tedious and inefficient due to poor affinity and selecti
of conventional materials (e.g., silica-gel, polyamide,
exchange types and reversed-phase column)[10]. Molecu-
larly imprinted polymers (MIPs) is a new kind of sorb
with high selectivity in solid-phase extraction (SPE)[11–14]
and has been applied in different fields[15–20]. In 1940,
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Pauling first proposed the hypothesis about MIPs. But the
development of molecularly imprinting technology was slow
up to 1970s after the originating work was accomplished by
Vlatakis et al.[21] and Wulff [22]. The principle of MIPs
is described as templates (imprinted molecules) are first al-
lowed to form complex with functional monomers by non-
covalent bonds or covalent bonds in a solvent or mixed sol-
vents. Subsequently, functional monomers are cross-linked
around templates. After polymerization, templates are re-
moved from the polymers, and leaving the specific cavities
in regard to the shape and functionality. These cavities can
selectively rebind templates. Polymers keep specific cavities
sterically as templates, so the selectivity of MIPs for rebind-
ing templates is high. Chemically and mechanically stable
MIPs can rebind the specific molecule from structural ana-
logues with high selectivity comparable to that of antibodies,
enzymes or other native biological structures. MIPs as the sor-
bent for SPE have shown much better specificity compared
to the conventional sorbents.

In this work, ratio of water and ethanol in the washing
solution and ratio of water, ethanol and DMF in the eluting
solution on the separation and recovery of ELT were inves-
tigated. A final scheme was designed based on these studies
to separate and recovery ELT from its analogues which co-
exist in the ash bark of CTM. In addition, the adsorption
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(EGDMA) was purchased from Shuzhou Anli Chemical &
Engineering Co. Ltd. Acrylamide was purchased from Re-
search Institute of Chemical Reagent in Tianjin. Azo-N,N,9-
diisobutyronitrile (AIBN) was supplied by Special Chemi-
cal Reagent Factory of Nankai University. Sodium hydroxid
from Tiantai Reagent Factory, Ethanol, acetic acid, methanol,
andN,N-dimethylformamide (DMF) from Chemical Reagent
Ltd. of Tianjin were analytical grade. Methanol, chloro-
form and ether from Guangfu Research Institute of Chemical
Reagent were HPLC grade. Water is double de-ionized.

2.2. Preparation of MIPs and NMIPs

A 0.1781 g (1 mmol) ELT, 0.2843 g (4 mmol) acrylamide,
4 g (about 20 mmol) EGDMA and 15 mg AIBN were added
to a 25-ml conical flask containing 14 ml ethanol. The solu-
tion was purged with nitrogen and sonicated for 5 min and
then was transferred to an ampere tube. The ampere tube
sealed under vacuum and placed in the water bath at 60◦C
for 24 h. Polymers formed in the ampere tube were ground
into fine particles using a mortar and pestle. Polymer parti-
cles of 40–65�m were sieved, collected and washed with
ethanol–acetic acid (8:2, v/v) and ethanol to remove the
template (ELT). The same procedure was used to prepared
NMIPs except that the template (ELT) was not used.
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fficiency of ELT on MIPs and non-molecularly imprint
olymers (NMIPs) was compared.

. Material and method

.1. Chemicals

ELT was purchased from Fluka. Esculine (ECL), da
etin (DNT), 7-methoxycoumarin (7-CMR) were purcha

rom National Institute for the Control of Pharmaceutical
iological Products (NICPBP, Beijing, China). Couma

CMR) was purchased from GuangFu Research Institu
efinement Chemical Engineering. Their chemical st

ures are shown inFig. 1. Ethylene glycol dimethacryla

Fig. 1. Chemica
 ture of analogues.

.3. Analysis equipment

HPLC analysis was performed using an Agilent 1
iquid chromatograph (USA) with a multiple wav
ength detector. Separations were carried out o
50 mm× 4.6 mm× 5�m Kromasil (Chromatographic Sc
nce and Technology Company, Tianjin, China) C18 col-
mn. The mobile-phase was a mixture of methanol and w
55:45,v/v, pH 2.9, H3PO4; pH was adjusted by a pH mete
nd the flow rate was maintained at 1 ml min−1. A Finnigan-
dvantage mass spectrometry (MS, USA) system wit
SI (electrospray ionization) interface was used for iden

ng analytes by offline mode. MS conditions were as follo
heath gas flow rate 15 arb, aux/sweep bas flow rate
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Fig. 2. Sketch map of home-made SPE column.

spray voltage 4.80 kV, capillary temperature 230.00◦C, cap-
illary voltage−10.00 V, scan times 66,000 amu s−1 and tube
lens offset 55.00 V. A shimadzu UV-240 detector (Japan) was
used in accumulative adsorption experiment.

2.4. SPE column

The home-made SPE column (150 mm× 10 mm) is
shown inFig. 2. SPE column was packed with 400 mg of
MIPs (NMIPs), with a glass-wool frit on the top of polymers.
In SPE operation, each volume of loading, washing and elut-
ing was 5 ml. Solution passed through the column under the
pressure of N2, and eluents were analyzed by HPLC (Data
in Fig. 3 were also acquired by HPLC.). When there was a
switch during SPE operation from aqueous solution to or-
ganic solution, the column was blown with N2 for 10 min
prior to the switch.

F h the
p ution
w

2.5. Accumulative adsorption experiment

Aqueous solution (115 ml) including 0.1�mol ml−1 of
ELT and 0.001�mol ml−1 of NaOH was continually loaded
into MIPs and NMIPs column, respectively. The average ve-
locity of flow was 0.2–0.25 ml min−1. Each 5 ml of effluent
was detected by UV detector.

The linear range of ELT was 0.005–0.2�mol ml−1

(Y=−0.00418 + 11.38723X, R= 0.99998).

2.6. Extraction of ash bark of CTM

The ash bark was purchased from two drugstores
TongJunGe and Pujitang, respectively, in China. The ash bark
was crushed into powder, 0.5 g of the ash bark and 50 ml of
water were added into 100-ml round-bottom flask and the
dispersion was boiled for 2 h using circulation reflux. The
supernatant was filtrated with 0.45�m film and 10 ml of fil-
trate was diluted to 100 ml with water. Diluted liquid (5 ml)
extract was loaded into column, and then the column was
washed with 2× 5 ml water (pH 8) and 2× 5 ml the mixture
of ethanol and water (1:9, v/v); the column was blown for
10 min with N2, then washed with 5 ml ether: chloroform
(1:9, v/v); the column was blown for 2 min with N2, then
eluted with 2× 5 ml the mixture of water, ethanol and DMF
( ues
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ig. 3. Effect on percentages of adsorption on MIPs and NMIPs wit
H of loading solution increased. The concentration of 5 ml loading sol
as 0.1�mol ml−1.
5:4:1, v/v/v) and 10 ml ethanol. If the volume of resid
acked in 5 ml, the corresponding solution was added.
iluted liquid extract of ash bark from different drugsto
as tested three times, respectively. In the quantitativ
ect, the aqueous solutions of pure ELT of which the con
as similar to the samples were used as the standard sa
he standard samples and samples were tested four tim

wo times, respectively, and their average values were
he concentration of ELT detection limit was 178 ng ml−1.

. Results and discussion

.1. Adsorption studies

In China generally people take the aqueous solutio
TM that is boiled for a while, so in this work the aque
olution was selected as the extraction and loading solu
he effect of adsorption of ELT on MIPs and NMIPs was
mined adding different concentration of NaOH to load
queous solution. InFig. 3, the results show the perce
ges of adsorption of ELT decreased on MIPs and NM
olumn with the concentration of NaOH added into load
olution increased. When the concentration of NaOH
ower than 1× 10−3, ELT was adsorbed completely on MI
nd NMIPs; with the concentration of NaOH increased
orption percentage decreased both on MIPs and NMIP
dsorption amount of ELT on NMIPs was lower than MIP
xplains that with the concentration of NaOH increased
ydroxyl groups on ELT change into the oxygenic nega

on and the H-bond interaction between polymers and E
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broken gradually. In other words the interaction of ELT and
polymers were broken gradually with the pH of solution in-
creased. On the other hand, we found that the adsorption per-
centage of ELT on NMIPs decreased more quickly than MIPs.
It shows NMIPs adsorb ELT by H-bond, but MIPs are likely
to recognize ELT by not only H-bond but also the suitable
three-dimensional cavities. Considering adsorption amount
and solubility of ELT (ELT is easy to dissolve in alkaline
solution.), the aqueous solution including 0.001�mol ml−1

of NaOH was selected as final loading solution. In order to
investigate adsorption amount of ELT on MIPs and NMIPs
column, 115 ml aqueous solution including 0.1�mol ml−1 of
ELT was continually loaded into MIPs and NMIPs column
respectively. Results are shown inFig. 4. For NMIPs when the
accumulative volume of loading solution reached 50 ml, the
adsorption percentage of ELT in the final 5 ml of loading so-
lution (45–50 ml) is 17.9%. When the accumulative volume
of loading solution was 90 ml, the adsorption percentage of
ELT in the final 5 ml of loading solution (85–90 ml) was about
10.8% and did not change much with more loading of ELT
solution. It shows that the adsorption nearly came up to sat-
uration. For MIPs when the accumulative volume of loading
solution reached 50 ml, the adsorption percentage of ELT in
the final 5 ml of loading solution (45–50 ml) is about 69.3%;
with the volume of loading increased, the detected concentra-
t so-
l ge of
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Fig. 5. Accumulative adsorption curves of ELT on MIPs and NMIPs corre-
sponding toFig. 4.

ELT occurs on recognition sites with high affinity in macro-
pores and mesopores in MIPs; after 90 ml the adsorption of
ELT occurs on recognition sites with low affinity in micro-
pores.Fig. 5 shows the accumulative adsorption of ELT on
MIPs and NMIPs. When the volume of loading solution was
115 ml the accumulative adsorption amount of ELT on MIPs
is about twice than on NMIPs. And for NMIPs the adsorption
was saturated nearly; for MIPs the adsorption amount would
increase continually with the loading solution added. It ex-
plains that adsorption amount of ELT on MIPs is much more
than on NMIPs. In this work, aqueous solution was selected
as the loading solution, which resulted that non-selective ad-
sorption on MIPs was serious because of hydrophobic action
of ELT on polymers (The molecular structure of ELT has hy-
drophobic parent cycle of coumarin inFig. 1.). So, in order
to reduce non-selectivity adsorption MIPs and NMIPs col-
umn were washed by ratio of ethanol and water. The results
are shown inFig. 6. On MIPs column when the percentage
of ethanol in the mixture was not beyond 10%, only about
1% of ELT was eluted from column; on NMIPs column with
the percentage of ethanol increased, the recoveries of ELT

F ent-
a f each
l is
5

ion increased, when the accumulative volume of loading
ution reached 115 ml, the detected adsorption percenta
LT in the final 5 ml of loading solution (110–115 ml) is ab
3.8%. We found for MIPs when the accumulative volu
f loading solution increased from 90 to 95 ml the adsorp
ercentage of ELT in the corresponding 5 ml loading s

ions decreased sharply (more than 10%). This result sug
hat recognition sites and the sizes of cavities on MIPs a
omogeneous. Matsui et al.[23] etc. mentioned that caviti
n MIPs are classified into three kinds—macropore, m

ore (>20´̊A) and micropore (<20́̊A), and the mass transf
ate in macropore and mesopore is faster than in micro
romFig. 4, we presume that before 90 ml the adsorptio

ig. 4. Adsorption of ELT on MIPs and NMIPs column in continuous lo
ng experiments. The detailed procedure was in the part of experimen
re from average value of two same experiments.
ig. 6. Recoveries of ELT on MIPs and NMIPs by using different perc
ges of water and ethanol as washing solution. The concentration o

oading solution was 0.1�mol ml−1. The volume of loading and washing
ml, respectively.
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Table 1
The scheme of separating ELT and four analogues

Loading 5 ml mixture solution including ELT, ECL, DNT,
7-CMR, CMR and 0.001�mol ml−1 of NaOH (the
concentration of each component is 0.1�mol ml−1)

Washing 1 5 ml aqueous solution including 0.001�mol ml−1 of
NaOH

Washing 2 5 ml aqueous solution including 10% ethanol
Washing 3 5 ml chloroform solution including 10% ether
Eluting 1 5 ml mixture solution including water, ethanol

and DMF (4:5:1, v/v/v)
Eluting 2 5 ml mixture solution including water, ethanol

and DMF (4:5:1, v/v/v)
Eluting 3 10 ml ethanol

eluted increased quickly. When the percentage of ethanol was
10%, the recovery of ELT was 22.8%; when the percentage
of ethanol was 20%, the recovery was 74.0% on NMIPs (The
recovery was 20.0% on MIPs.). It explains that MIPs show
higher affinity for ELT than NMIPs. In order to keep high re-
covery of ELT, the aqueous solution including 10% ethanol
was selected as washing solution in next separation and ex-
traction experiment.

3.2. Method development of the SPE procedure

In the ash bark, there are many different and complex com-
ponents, such as ECL, CMR, 7-CMR, DNT and etc. Further-
more, majority of compounds in the ash bark are derivatives
of CMR. It is a key for extraction of ELT from the ash bark
to separate ELT from derivatives of CMR. So, four deriva-
tives of CMR were selected to test the selectivity of MIPs and
NMIPs. The designed scheme including washing and eluting
condition and results are shown inTable 1andFig. 7. ECL is
characteristic of a kind of esters with hydrophilicity and large
molecular volume; DNT is characteristic of a kind of position

F lumn
a

isomers of ELT; CMR and 7-CMR are characteristic of a kind
of analogues with hydrophobicity and small molecular vol-
ume, which is the reason for selecting these four compounds.
In Fig. 7because of large molecular volume and good water-
solubility, ECL was retained weakly in the loading step and
eluted completely in the washing 2 step. CMR and 7-CMR
were retained strongly due to their hydrophobicity, so low
polarity solvent such as ether and chloroform were selected
in washing 3 step. Ether, ratio of ethanol and chloroform
were tried to elute CMR and 7-CMR in our experiment. We
found that ether was effective on eluting CMR and 7-CMR,
but about half part of ELT was also eluted with 5 ml ether.
And CMR and 7-CMR were not eluted completely using 5 ml
of chloroform solution including low percentage of ethanol.
But if the percentage of ethanol in the mixture of ethanol
and chloroform was increased, ELT was eluted too. Finally,
chloroform solution including 10% ether was selected as the
washing 3 solution. Under this condition CMR and 7-CMR
were eluted completely and ELT was only eluted about 7% on
MIPs (33.8% on NMIPs). Molecular structures of DNT and
ELT are very similar which resulted DNT was adsorbed more
strongly than other derivatives of CMR on MIPs. But from
Fig. 7, it clearly shows that MIPs retained ELT more strongly
than DNT in loading and washing steps. In loading step, about
10% of DNT was found on MIPs. In eluting step, recovery of
D hat
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ig. 7. ELT and four analogues were separated on MIPs and NMIPs co
ccording to the scheme inTable 1.
NT was lower than ELT too on MIPs. We also found t
dsorption activities of ECL, CMR and 7-CMR were sim
n MIPs and NMIPs. And MIPs show higher affinity for DN
nd ELT than NMIPs. Especially, it is obvious that 58.4%
LT was eluted on NMIPs and 11% on MIPs respecti

n loading and washing steps. The final recovery of ELT
IPs and NMIPs was 78.4 and 20.8%, respectively, in
luting 1 and 2 steps. The recovery of DNT on MIPs
MIPs was 48.3 and 16.4%, respectively. We are not a

hat DNT will be co-extracted with ELT, because in the
ark content of DNT is much lower than ELT, DNT will
luted completely using this design scheme in next ex
ent. On the other hand, we realized that ELT was foun

oading and washing 1 step in the procedure of testing m
ample and not found in the procedure of testing single
le. At first, we presumed that adsorption amount of ELT
IPs column reduced because of loading mixed sample
e also found amount of ELT increased and amount of
ecreased in loading and washing 1 step solution with

apse of time. It explains that ECL hydrolyzed to ELT gra
lly. So, we think that a few amount of ELT found in load
nd washing 1 step was from the hydrolysate of ECL an

rom mixed sample. By testing, we are sure that ECL will
ydrolyze in an hour. So, it will not disturb determination
LT if samples are tested in an hour. In washing 3 step

ound that amount of CMR and 7-CMR would decreas
ashing 3 solution was dissolved renewedly with ethano

er dried by air. It shows CMR and 7-CMR will sublime w
olvent together if corresponding washing solution is d
y air. So, washing solution including CMR and 7-CMR w

ested directly by HPLC.
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In eluting step, DMF with strong polarity was selected
as the additive in ethanol. Ratio of DMF and ethanol were
tried, but mixture of DMF and ethanol was not effective to
elute ELT. Eluting MIPs column with 5 ml of ethanol solu-
tion including 20% DMF, the recovery of ELT was about
70%. When the percentage of DMF was increased to 50%
the recovery did not increase accordingly. It is interesting that
when the low percentage of water existed in the mixture of
ethanol and DMF as eluting solution, the recovery increased.
But if eluting solution included no ethanol the recovery was
still low. So, ratio of DMF, ethanol and water was tried, and
when ratio of DMF, ethanol and water was 1:5:4 (v/v/v),
the recovery was about 85 and 94% on MIPs and NMIPs,
respectively.

We think that the probable mechanism of eluting ELT from
polymers is describe as: in comparison with water the polarity
of ethanol is weaker so ethanol does not afford good condi-
tions for DMF before adding water; the solubility of ELT is
poor in water so even if ratio of water is increased, the recov-
ery will not be enhanced; in addition ethanol may increase
the solubility of ELT and reduce the hydrophobic of ELT on
polymers. We also tried to elute ELT with ethanol including
5% trifuoroacetic acid (TFA) or triethylamine (TEA), but the
peak of sample in HPLC was interfered by TFA and TEA
(Eluting solution could not be dried by air pump because
E be-
c at it
w ional
m

3

lex
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o en-

F extrac separatin
E lumn,

hance adsorption amount and solve problem of hydrolysis
of ECL, extraction liquid from the ash bark was loaded
directly (1�mol ml−1 of ELT without adding NaOH was
tried to load on MIPs, no ELT was found in the efflu-
ent.). Considering non-selectivity adsorption increased by
loading samples directly, volumes of washing 1 and wash-
ing 2 solution were increased one times and other steps
were same as the scheme ofTable 1. The results shows
that amount of ELT found in the ash bark of CTM is
2.16± 0.13 (from the big store Tongjunge) and 1.38± 0.12
(from the big store Pujitang)�mol g−1, respectively. It is
obvious the amount of ELT from drugstore Tongjunge is
more than from drugstore Pujitang. We estimate that it re-
lates to producing area and depositing time. Because the
content of ELT in ash bark can be affected by habitat cli-
mate; in addition ECL in the ash bark tardily hydrolyzes
to ELT with the lapse of depositing time that may enhance
amount of ELT too.Fig. 8(2) shows the chromatogram of
enriching and separating ELT using MIPs and NMIPs, re-
spectively. FromFig. 7, we know that changes of the vol-
umes of washing 1 and 2 will affect the recovery of ELT
heavily on NMIPs and hardly on MIPs, which is verified
in Fig. 8(2). In Fig. 8(2), the recovery of ELT was very
low on NMIPs and about 10% of the recovery of ELT on
MIPs. Fig. 8(1), shows the chromatogram of the liquid ex-
t uid
e
w her
t rial
o and
t lu-
t ro-
m was
e k of
T

LT will sublime with the solvent.). On the other hand
ause the acidity of TFA is too strong which resulted th
as troublesome to regenerate MIPs column (The funct
onomer is acrylamide in this work.).

.3. Extraction of ELT from ash bark

It is known that the components of CTM are comp
nd amount of different constituents are uncertain bec
f different producing area and depositing time. To

ig. 8. (1) The chromatogram of liquid extract of the ash bark without
LT from liquid extract of the ash bark using MIPs and NMIPs SPE co
tion at 350 nm. (2) A and B were the chromatograms of enriching andg
respectively. The detailed process was in the part of the experiment.

ract without extraction. It shows that components in liq
xtract were very complex. Moreover comparingFig. 8(1)
ith Fig. 8(2A) the content of interferents was much hig

han ELT. But after MIPs column was washed with a se
f suitable solution, interferents were removed mostly

he only main peak of ELT was found in final eluting so
ion in Fig. 8(2A) that could be verified by the mass ch
atogram inFig. 9. It explains that the scheme designed
ffective to enrich and separate ELT from the ash bar
CM.
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Fig. 9. The mass spectrum corresponding to (2A). The MS condition was shown in the part of experiment.

4. Conclusion

MIPs as the sorbent for SPE have been applied widely in
these years. But the report that MIPs are applied to extract the
active component in the CTM directly is few[10,24]. In this
work, using MIPs-SPE column, we separate ELT from four
kinds of representative compounds that may consist in the
ash bark of CTM successfully by selecting washing and elut-
ing solution. And possible recognition mechanism of MIPs is
discussed using the data of accumulative adsorption. Finally,
ELT is extracted from the ash bark of CTM that was purchased
from two different drugstores successfully. Comparing with
NMIPs, MIPs show higher selectivity to ELT. Thus, SPE us-
ing MIPs as the sorbent is a good method to separate ELT
from the complex CTM directly. It may be a new and good
way to enrich and separate the active component from the
complex biosample in the future.
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