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a  b  s  t  r  a  c  t

Molecularly  imprinted  polymers  (MIPs)  targeting  quercetin  were  prepared  from  4-vinylpyridine  and
ethylene  dimethacrylate  (EDMA)  under  various  solvent  systems  with  the  aim  to  form  MIPs  with  high
recognition  for the  quercetin  molecule  in aqueous  systems  at high  temperature.  A MIP prepared  from  the
three-component  solvent  mixture  of THF/H2O/MeOH  showed  potential  in its  application  for  the determi-
nation  of  quercetin  in  plants  (onion).  The  polymer  particles  before  and  after  washing  were  characterized
by  infrared  spectroscopy  and  thermogravimetric  analysis.  Surface  morphology  was  recorded  by  scanning
electron  microscopy.  The  binding  capacity  of  the  MIPs  was  investigated  at 25  and  84 ◦C,  respectively,  in
batch  mode.  Parameters,  including  the  influence  of pH,  extraction  time  and  binding  capacity,  were  eval-
uated. The  slopes  for the  effect  of  extraction  time  revealed  that  the  mass  transfer  of  the  analytes  was

◦ ◦
uercetin
ater

ellow onion

higher  at  84 C  than  at 25 C. Also,  the  binding  capacity  for the most  promising  MIP  and  its  corresponding
NIP was  higher  at 84 ◦C.  The  binding  capacity  for the  MIP  was  ∼30 �mol  g−1 at  25 ◦C and  ∼120  �mol  g−1

at  84 ◦C, while  for the  corresponding  NIP,  it was  ∼15 and  ∼90  �mol  g−1, at  25  and  84 ◦C, respectively.
A  demonstration  of MIP  selectivity  at higher  temperature  using  standard  solutions  of  selected  flavonols
showed  that the  MIP  still  retained  its  selectivity  for quercetin.  Similar  selectivity  was  observed  when
preliminary  application  studies  on  aqueous  yellow  onion  extracts  were  investigated.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The technique of molecular imprinting has, over the years,
ained a lot of applications in biology and in chemistry, and it
ontinues to attract interest in various fields. These include, but
re not limited to, biosensors [1],  antibody simulation [2],  chiral
esolution [3],  enzyme catalysis simulation [4],  and biochemical
eparation [5]. Molecular imprinting technique mimics natural
olecular recognition [6–8], in that, macromolecules possessing

igh affinity and selectivity for the imprint/target compounds are
roduced through formation of predefined interaction between the
emplate molecule and the ligand system. The most widely used
echnique for preparing molecularly imprinted polymers (MIPs) is
he non-covalent imprinting approach, which is based on physical
nteraction of the template molecule and the functional monomer

hrough, for example, hydrogen bonding, hydrophobic, electro-
tatic bonding and/or dispersion interactions [9,10].  The less usage
f the covalent imprinting approach is due to the bottleneck of

∗ Corresponding author. Tel.: +46 46 222 8125; fax: +46 46 222 8209.
E-mail address: charlotta.turner@organic.lu.se (C. Turner).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2012.01.051
polymerizable functional units that possess reversible covalent
bonds [11]. Mostly, MIPs are used as sorbents for the solid-phase
extraction (MISPE) technique, as this offers both pre-concentration
and removal of interferences [12]. However, Nemulenzi et al. [13]
also demonstrated the potential of combining MIPs with liquid
membrane for the extraction of �-estradiol from aqueous samples.

Although MIPs offer several advantages (high thermal stability
and mechanical strength) over other polymeric materials there has
been a general concern on the applicability of MIPs in polar sol-
vents such as water [14]. In the non-covalent imprinting approach,
the presence of polar solvents such as water disrupts the inter-
action of the template and the monomer resulting in polymers
with poor level of recognition [15]. Several studies about prepara-
tion of MIPs in aqueous environments have been reported [16–23].
The successful imprinting in these studies was achieved by using
hydrophilic monomers [18,20], a two-step extraction method [21],
and surface imprinting [19] and it has also been noted that the
template molecule can offer specific solutions [22]. Templates that

can form ionic interactions are much better to be extracted by
MIPs in aqueous media than those possessing hydrogen bonding.
Recently, Shen and Ye [23] reported a new technique for producing
water-compatible MIPs for propranolol using Pickering emulsion

dx.doi.org/10.1016/j.chroma.2012.01.051
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:charlotta.turner@organic.lu.se
dx.doi.org/10.1016/j.chroma.2012.01.051
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olymerization in which a combination of hydrophobic and elec-
rostatic interactions was the mode of recognition. However, in the
bove examples the MIPs were not used at high temperature.

In this study, the aim was to prepare quercetin MIPs in aque-
us environments for selective recovery of quercetin from aqueous
ellow onion extracts at high temperature. To our knowledge, this
s the first time MIPs have been prepared in aqueous medium and
sed at higher temperature. The selectivity of the prepared MIPs
as investigated in adsorption studies with structurally related

ompounds, and evaluated by high performance liquid chromatog-
aphy (HPLC).

However, MIPs are not immune to drawbacks as the issue of
atch-to-batch reproducibility in surface area and particle size
istribution is yet to be satisfactorily resolved [24]. Also, the post-
reatment of crushing and grinding has a potential of increasing
on-specific binding due to the possibility of destroying the bind-

ng active sites thereby reducing batch-to-batch reproducibility.
lthough there have been substantial efforts in using other poly-
erization techniques such as emulsion polymerization [25] and

recipitation polymerization [26] instead of bulk polymerization,
ulk polymerization is still being widely used owing to its sim-
licity, robustness, compatibility with a variety of templates and
ecause it requires limited organic chemistry [27–29].  Hence, in
his study, bulk polymerization was used.

Quercetin, the most active antioxidant of the flavonol fam-
ly, is present in vegetables and fruits, such as onions, apples
nd grapes in low amounts [30]. Besides antioxidant properties,
uercetin possesses antitumor and antiviral properties as well as
iding in adjusting the immune system [31]. In fruits and veg-
tables, quercetin is present as glycosides, where glucose and
hamnose are the two most common sugar groups [32]. In yellow
nion, quercetin-3,4′-diglucoside and quercetin-4′-glucoside are
he main abundant glucosides [32]. Nonetheless, the aglycone and
ther quercetin glucosides are also present but in lower amounts.
uercetin species can be extracted from onion using solid–liquid
xtraction with aqueous methanol, which normally involves the
se of high concentrations of HCl to catalyze the hydrolysis of gluco-
ides to aglycones [33,34]. However, a more sustainable alternative
ethod to methanol–HCl extraction/hydrolysis has been proposed

nd it involves the use of pressurized hot water as extraction sol-
ent and enzyme-catalyzed hydrolysis [35,36]. Chromatographic
ethods have been widely used for the isolation of quercetin from

lants employing a variety of solvent combinations [37–39]. How-
ver, MIPs offer much improved selectivity for a particular solute
roup than the mentioned chromatographic methods [40–42].

. Materials and methods

.1. Chemicals

Quercetin, kaempferol, disodium hydrogen phosphate, tri-
thylamine and 1,1′-azobis(cyclohexanecarbonitrile) (ACCN) were
urchased from Sigma–Aldrich (Steinheim, Germany). Quercetin-
,4′-diglucoside and quercetin-4′-glucoside were purchased from
olyphenols Laboratory AB (Sandnes, Norway) and morin was
urchased from Extrasynthese (Genay, France). Methanol (Gradi-
nt grade) was purchased from B&J Brand (Honeywell, Germany),
ormic acid and citric acid monohydrate were purchased from

erck (Darmstadt, Germany). 4-Vinylpyridine (4-VP) and ethylene
imethacrylate (EDMA) were purchased from Acros Organics (Geel,
elgium). A stock solution of quercetin (0.3 g L−1) in methanol and

.5% formic acid was prepared in the laboratory and kept at −18 ◦C
hen not in use. Ultrapure water (MilliQ) was used in all experi-
ents and chemicals were used as received. The pH was  adjusted
ith citric acid monohydrate (0.1 M)  and disodium hydrogen
Fig. 1. Chemical structures of (a) quercetin (R, R′ = H), quercetin-4′-glucoside
(R  = H, R′ = glucose), quercetin-3,4′-diglucoside (R, R′ = glucose), (b) morin and (c)
kaempferol.

phosphate (0.2 M).  The structurally related compounds tested are
given in Fig. 1.

2.2. Monomer–template interaction as studied by FTIR and UV/vis

Quercetin and 4-VP were stirred in THF/H2O/MeOH (6:3:1,
v/v/v) for 2 h at room temperature. Thereafter, this complex solu-
tion was  passed through a solid-phase extraction (SPE) cartridge
containing anhydrous MgSO4 for drying out water, and then the
eluate was  bubbled with nitrogen to remove the organic solvent.
The remains of this were then placed in the FTIR on a diamond plate
using a liquid dispenser to acquire the spectrum. Fourier trans-
form infrared spectroscopy (FTIR) spectra were recorded in the
frequency range of 4000–400 cm−1 using a Bruker Alpha FTIR spec-
trometer (Ettlingen, Germany) with Attenuated Total Reflectance
(ATR) solid state method with 24 scans. UV–vis absorption spectra
were obtained using a Varian Cary 1E double beam spectropho-
tometer (Palo Alto, CA, USA) scanning from 190 to 600 nm.

2.3. MIP  preparation

The quercetin imprinted polymers were prepared according
to published procedures but with slight modifications [41]. The
amounts of reagents used for each polymer are summarized in
Table 1. In Table 1, M1 and M2 refer to MIPs, and N1 and N2 refer to
corresponding NIPs for the MIPs, respectively. M3  and M4  are MIPs
that were used as references in order to see how MIPs prepared in
pure MeOH and THF perform in the recognition of quercetin com-
pared to those prepared in aqueous medium, M1  and M2.  In brief,
for M2  and N2, a mixture of quercetin (0.4 mmol) and 4-VP (4 mmol)
was stirred at room temperature in a 50 mL  round bottomed flask
containing 10 mL  THF/H2O/MeOH (6:3:1, v/v/v) porogenic mix-
ture for 30 min  to establish monomer–template interactions. After
which, the polymerization reaction vessels were placed on ice to

prevent unwanted polymerization. EDMA (18.5 mmol) and ACCN
initiator (100 mg)  were added. The solution mixture was purged
with nitrogen for 10 min  to remove dissolved oxygen, sealed and
stirred in an oil bath at 60 ◦C (12 h) to initiate polymerization. After
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Table 1
Composition of MIPs and NIPs.

Polymer Quercetin (mmol) 4-VP (mmol) EGDMA (mmol) ACCN (mg) Solvent Solvent volume (mL)

M1  1.0 10.0 40.0 100 MeOH/H2O (9:1, v/v) 10
N1 – 10.0  40.0 100 MeOH/H2O (9:1, v/v) 10
M2 0.4  4.0 18.5 100 THF/H2O/MeOH (6:3:1, v/v/v) 10

1
3
p
a
d
p
a
w
w
v
i
p
q
u
a
r

2

u
6
(
t
I
(
a

2

t
m
q
t
e
E
f
w
v
a
A
a
i
q
m
a
i
e
o
y
8
c
f
w
p

N2  – 4.0 18.5 

M3  0.4 4.0 18.5 

M4  0.4 4.0 18.5 

2 h of polymerization, the temperature was increased to 80 ◦C for
 h to achieve a solid monolith polymer. After polymerization, the
olymers were crushed, ground and sieved through 88 �m sieves
nd finer particles were removed by sedimentation over acetone,
ecanting the solution in hourly intervals for 3 cycles. The resulting
olymer particles were dried in an oven at 60 ◦C overnight, there-
fter, the template was  washed off by Soxhlet extraction for 24 h
ith MeOH/acetic acid (9:1, v/v). Following which, the particles
ere in addition washed with MeOH, MeOH/triethylamine (9:1,

/v) and MeOH in that order, and finally the polymers were dried
n an oven at 55 ◦C overnight to give the final MIPs. Non-imprinted
olymer (NIP) was prepared and washed in the same manner but
uercetin was omitted. MIPs and NIPs prepared in other porogens
sed a similar preparation and washing procedure, and they were
lso subjected to the same treatment process in terms of template
emoval.

.4. Characterization of MIPs and NIPs

Surface morphological information of MIP  and NIP was obtained
sing a scanning electron microscope (SEM) JOEL Model JSM
700F (Tokyo, Japan). Brunauer–Emmett–Teller (BET) instrument
MicromeriticsTristar) was used for the surface area determina-
ions. Thermal gravimetric analysis (TGA) was performed using a TA
nstruments Q500 TGA in high-resolution dynamic heating mode
New Castle, US) at a heating rate of 10 ◦C min−1 up to 500 ◦C under
ir atmosphere at 60 mL  min−1.

.5. Determination of binding capacity

Several experiments were conducted at 25 ◦C and 84 ◦C in order
o evaluate the binding capacity of the MIPs and NIPs. These experi-

ents include adsorption as a function of time and concentration of
uercetin, effect of pH, effect of initial temperature, and the selec-
ivity of MIP  for quercetin from structurally related compounds. All
xperiments were conducted in triplicates unless otherwise stated.
xperiments on adsorption as a function of quercetin concentration
or the MIP  and NIP were investigated in static adsorption mode
here 8 mg  polymer particles were stirred in 4 mL  MeOH/H2O (7:3,

/v) solutions containing five different concentrations of quercetin
t room temperature or 84 ◦C for pre-determined time intervals.
dsorption rate studies were conducted at pH 5.5 both at 25 ◦C
nd 84 ◦C and samples were drawn at 0.5; 1.0; 2.0; 4.0; 6.0; 10.0 h
ntervals. For experiments conducted at 25 ◦C, 4 mL  of 218 �mol  L−1

uercetin solution and 8 mg  of polymer were used and for experi-
ents conducted at 84 ◦C, 4 mL  of 1.0 mmol  L−1 quercetin solution

nd 4 mg  of polymers were used. The influence of pH was stud-
ed at pH 4, 5.5 and 7, although the desired pH in a combined
xtraction/biocatalysis/MIP-based clean-up targeting quercetin in
nion is pH 5.5, because this is the pH at which the enzyme hydrol-
sis of quercetin glucosides is performed. For the influence of pH,

 mg  of MIPs was stirred in 4 mL  MeOH/H2O (7:3, v/v) mixture

ontaining quercetin (initial concentration 66 �mol  L−1) at 25 ◦C
or 24 h. In all experiments, after the reaction time, samples were
ithdrawn from the reaction vials at suitable time intervals and
laced in 1.5-mL centrifuge tubes and the solid material was  spin
100 THF/H2O/MeOH (6:3:1, v/v/v) 10
50 MeOH 5
50 THF 5

down in a bench-top centrifuge. The supernatant was transferred
into an HPLC vial containing MilliQ water with 0.5% formic acid for
the determination of un-extracted concentration of quercetin. The
quercetin concentration was measured as described in Section 2.6.

For investigations on binding as a function of quercetin concen-
tration, initial concentrations in the range of 30–400 �mol  L−1 were
used. The experiments were conducted at 25 ◦C and stirred for 24 h
whereas experiments at 84 ◦C were stirred only for 2 h. The amount
adsorbed (Q, �mol  g−1) was  calculated from Eq. (1):

Q = (C0 − Ce)
V

W
(1)

where C0 and Ce (�mol  mL−1) are the initial and final concentra-
tions respectively, V (mL) is the volume of the solution used for the
extraction and W (g) is the mass of the polymer used for extraction.

2.6. HPLC analysis

HPLC–UV analysis was performed using a chromatographic
system, UltiMate-3000® from Thermo Fisher (former Dionex,
Germering, Germany). An Agilent Zorbax SB-C18 column
(100 mm × 2.1 mm,  3.5 �m)  with an Agilent Zorbax SB-C8
pre-column (12.5 mm × 2.1 mm,  5 �m)  was used for isocratic
separation with a methanol/water (50:50, v/v) mobile phase con-
taining formic acid (0.13 M),  at a flow rate of 0.15 mL  min−1. The
injection volume was  5 �L and detection was  accomplished at 350
and 370 nm,  respectively. Quantification of quercetin and all other
compounds tested was performed using a five-point calibration
curve of standards at concentrations between 1 and 75 �mol  L−1.
Each vial taken to analysis had a total volume of 1.00 mL.

2.7. Selectivity studies

In order to examine quercetin selectivity by M2 and N2,
a solution containing morin, quercetin, quercetin-4′-glucoside,
quercetin-3,4′-diglucoside and kaempferol was used. The concen-
tration of each compound was 66 �mol  L−1 prepared in MeOH/H2O
(7:3, v/v). The pH of the solution was adjusted to 5.5 with a cit-
ric acid-phosphate buffer. Experiment was done in batch mode at
25 ◦C and 84 ◦C in triplicates. In short, 8 mg  of the polymers were
stirred in reaction vials containing 4 mL  of the solution for 2 h (at
84 ◦C) and 6 h (at 25 ◦C), and non-adsorbed concentration of each
substance was measured as previously described (see Section 2.6)
after the binding reached equilibrium.

The distribution constant (kd, mL  g−1) for each substance was
calculated using Eq. (2):

kd = Q

Ce
(2)
where Q (�mol  g−1) and Ce (�mol  L−1) are as described previously.
The selectivity coefficient (k) of MIP  for quercetin with respect

to the competitor species (quercetin-4′-glucoside, quercetin-3,
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ig. 2. The UV/vis spectra of different ratios of quercetin:4-VP (Q:V) in
HF/H2O/MeOH (6:3:1, v/v/v), three times scan.

′-diglucoside, kaempferol or morin), referred to as B in Eq. (3) was
alculated from the distribution constant as indicated in Eq. (3):

 = kd,(quercetin)

kd,B
(3)

The value of k gives an indication on the recognition ability and
electiveness of the MIP  for quercetin with respect to other sim-
lar compounds. Similarly, a relative selectivity coefficient k′ can
e calculated as illustrated in Eq. (4),  where the value of k′ shows
he imprinting effect on binding affinity and selectivity of MIP  for
uercetin over NIP [43].

′ = kMIP

kNIP
(4)

.8. Application to aqueous yellow onion extract

The potential of future application of the prepared MIPs was
ested on aqueous yellow onion extracts in batch mode. Yellow
nion extract was prepared using pressurized hot water extrac-
ion as described by Turner et al. [35]. The pH of the aqueous
nion extract solution was adjusted to pH 5.5 with the citric
cid/phosphate buffer. In triplicates, 4 mL  of pH 5.5 buffered yel-
ow onion extract solution were extracted with 8 mg  MIPs at 25 and
4 ◦C for 24 and 2 h, respectively. Concentration of quercetin before
nd after application of MIPs was quantified as described in Section
.6. MIPs were first washed with 2 mL  of MeOH in two  portions of

 mL  and finally washed with 2 mL  of MeOH/acetic acid (9:1, v/v) in
ne portion by stirring the MIPs at room temperature for 20 min. To
alculate the recovery, quercetin in the methanol extracts (washing
olution) and in the methanol/acetic acid extracts were combined.

. Results and discussion

.1. UV/vis studies of monomer–template interactions

The effect of the solvent on the monomer–template strength
as investigated by stirring the following ratios: 1:1, 1:4, 1:8, 1:12,

:16 and 1:20 of quercetin-to-4-VP (Q:V) in THF/H2O/MeOH (6:3:1,
/v/v) for 2 h at room temperature. The resulting solution mixtures
ere scanned using the UV/vis spectrophotometer from 190 to
00 nm and the results are depicted in Fig. 2. It can be observed that
uercetin absorbs light at two different wavelengths, i.e. at ∼250
nd 370 nm,  where the band at 250 nm is attributed to the benzoyl
hromophore and the band at 370 nm is assigned to the cinnamoyl
Fig. 3. FTIR spectra of quercetin-4–vinylpyridine complexes (a), 4-vinylpyridine (b)
and quercetin (c).

chromophore of the quercetin molecule [44]. The benzoyl and cin-
namoyl chromophores are the rings labeled A and B in the quercetin
molecule in Fig. 1. There is no significant shift of the wavelength
for any of the quercetin:4-VP (Q:V) ratios at 370 nm,  except that
the ratio of 1:8 and 1:12 (Q:V) have the highest absorbencies in
that order. However, there is a noticeable change for the bands at
∼250 nm wavelength. With the increase in the ratio of 4-VP, lambda
max  (�max) shifts to the longer wavelength gradually. This shift
can be said to obey Einstein shift phenomenon, which is defined
as a shift toward longer wavelengths of spectral lines emitted by
atoms in strong gravitational field resulting in molecules with less
energy and lower frequency. In this case the Einstein shifts are a
result of the formation of hydrogen bonding and �–� interactions
between the template molecule quercetin and the 4-VP resulting
in the formation of a self-assembled complex of quercetin:4-VP.

Based on these observations, it can be said that strong
monomer–template for the pre-polymerization complex can be
achieved under the porogen conditions used. A 1:10 (quercetin:4-
VP) ratio which is a compromise for the benzoyl and cinnamoyl
chromophore intensity and shifts was regarded as the optimum
ratio, hence, this ratio was  used for polymer fabrication (Table 1).
This is slightly different from the 1:8 ratio previously used by
Molinelli et al. [41] for the preparation of quercetin MIPs with 4-VP
in acetone. Excess of monomer is needed to create strong interac-
tions between monomer and template but one has to be careful as
this can lead to the creation of single-point attachments, which then
lead to non-specific binding. Therefore, a compromise was made in
order to form the desired multipoint interaction, i.e. a 1:10 ratio was
chosen. Similar results in which an excess of monomers was  used
was reported by Sun and Qiao [17] in their study on methacrylic
acid:ofloxacin imprinted polymers under MeOH/water (9:1, v/v)
conditions. The optimum ratio of ofloxacin-to-methacrylic acid was
1:10 [17].

3.2. FTIR studies of monomer–template interaction

The spectra for quercetin:4-VP complex, 4-VP, and quercetin
are shown in Fig. 3. Vibrational bands corresponding to both
quercetin and 4-VP are present in Fig. 3(a) (although the fre-
quency was shifted from 1594 to 1598 cm−1, and from 829 to

833 cm−1) implying their involvement in complex formation. No
real shift of the quercetin C O band (1657–1656 cm−1) was
observed because this functional group is not involved in hydrogen
bonding with 4-VP. Furthermore, quercetin hydroxyl characteristic
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Fig. 4. TGA curves of M1  (washed and unwashed), M2  (washed and unwashed),
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Table 2
Pore size diameter and surface area summary results for the studied polymers (n = 1).

Polymer Average pore diameter (nm) Surface area (m2 g−1)

M1  10.2 222
N1 19.7  71
M2 6.7  334
1  and N2. (a) The weight change in % as function of temperature (◦C), and (b) the
erivative of the weight change as function of temperature (◦C).

ands C OH stretch bend at 1160–1030 cm−1, C OH in-plane
end at 1440–1260 cm−1 as well as C OH wag at 700–600 cm−1

Fig. 3(b)) have also disappeared. Also, the hydroxyl broad band
f quercetin (Fig. 3(c)) is slightly flattened out on the complex
Fig. 3(a)). Both these changes are attributed to the involvement
f quercetin to complexation with 4-VP molecules. Furthermore,
omplexation might result in molecules of lower energy due to
imited movement of the resulting bonds, which is supported by
he redshifts observed in UV–vis spectra.

.3. Characterization of MIPs and NIPs

The FTIR spectra of unwashed MIPs and washed MIPs and NIPs
howed similar backbone structure indicative of the high degree of
ross-linking (EDMA) agent used (data not shown), characterized
y strong vibration bands at 1720 and 1140 cm−1 attributed to the

 O and C O functional groups of EDMA, respectively. All poly-
ers exhibited an almost diminished vibration band at 1736 cm−1,

ndicating that almost all the monomer 4-VP was polymerized as
his peak is normally attributed to unpolymerized double bonds of
he monomer [45]. The presence of quercetin in unwashed MIPs

−1
as characterized by a broad band at around 3300 cm , whose
ntensity diminished in washed MIPs.

TGA plots of M1  (washed and unwashed), M2  (washed and
nwashed), N1 and N2 are presented in Fig. 4. It can be observed
N2  5.3 69
M3  17.6 6
M4  12.9 2

that there are differences in decomposition patterns between
washed and unwashed MIPs, and between MIPs and NIPs. There
are two decomposition steps for washed and unwashed M1  and
unwashed M2,  but in the case of N1, N2 and washed M2, there seem
to be only one decomposition step. However, the experiment was
only allowed to run up to 500 ◦C and at this temperature the poly-
mers have not completely decomposed. For washed M1,  almost
15% weight loss is seen up to 90–100 ◦C and for unwashed M1
there is almost 30% weight loss up to 150 ◦C. For unwashed M2
the first weight loss up to 150 ◦C is approximately 10%. Weight
losses at temperatures below 150 ◦C are normally attributed to
water loss and decomposition of free monomer, cross-linker and
monomer–template complex [46–48].  Larger weight loss for M1
suggests that more of free monomer and cross-linker were remain-
ing in this polymer. Most importantly, all the polymers appear to
be rigid up to 250 ◦C, and beyond that temperature they started to
disintegrate.

SEM analysis was  performed to observe the morphology of the
particles. Although no pores were observed under the detector
resolution used in SEM, however, the particles exhibited irregular
shape due to crushing and the particle size distribution look similar
(images not shown). Further, it was  proved by BET that M2  parti-
cles exhibited higher surface area (334 m2 g−1) than N2 (69 m2 g−1)
as well as higher pore size diameter. Results are summarized in
Table 2.

3.4. Polymerization of quercetin water-compatible MIPs

MIPs were prepared in two  different aqueous environments,
that is, using MeOH/H2O (9:1, v/v) (M1) and THF/H2O/MeOH
(6:3:1, v/v/v) (M2) as porogens, respectively. As references, two
other polymers were made in pure methanol and pure THF sol-
vents (M3  and M4,  respectively, see Table 1). It is well known
that MIPs perform better if the same solvent for preparation is
used for re-binding [49]. Therefore, solvent for re-binding exper-
iments containing maximum amount of water was investigated,
as this would mimic  the aqueous environments of the extracts
for the ultimate application. MIPs and NIPs were stirred in dif-
ferent proportions of methanol/water mixtures (9:1, 7:3 and 5:5)
and adsorption of quercetin was  investigated (Fig. 5). Control sam-
ples were also included, labeled “Stds”, which refers to quercetin
standard solutions used in each adsorption experiment, but with-
out the addition of MIPs/NIPs. Maximum re-binding solvent was
found to be methanol/water (7:3) for M2,  hence this was used for
all subsequent experiments. Monomer–template binding strength
can be affected by the relative permittivity of the solvent as well
as other solvent parameters, which could result in MIPs with poor
recognition capabilities [49].

In the case of M2,  the porogenic solvent and the re-binding
solution have the same water content. Quercetin possesses
phenolic hydroxyl groups that behave as weak acids, as such
strong hydrogen-bonding interaction can be established with the

vinylpyridine. Therefore, these interactions can be said to be
stronger in the case of M2  compared to other polymers under
the tested conditions when the water content was  30% (Fig. 5).
Chen et al. [50] reported hydrophobic interactions as a mode of
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Fig. 5. Effect of water content on quercetin removal by MIPs and NIPs. Amount
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Fig. 7. Effect of contact time on binding capacity of polymers at 25 ◦C (a) and 84 ◦C
olymer 8 mg,  solution volume 4 mL,  contact time 24 h, temperature 25 ◦C, initial
oncentration 66 �M,  pH not controlled (MeOH/H2O), n = 2. See Table 1 for expla-
ations on MIPs and NIPs.

ecognition when the water content was greater than 65%. When
ater content was lower than 10%, hydrogen bonding was  pre-
icted as the main mode of recognition [17,50].

It has been previously demonstrated that a medium polar apro-
ic solvent such as THF gives better imprinting factor for quercetin

IPs involving hydrogen bonding [42]. However, the authors
eported lower imprinting factor when more polar solvents than
HF were used. In our studies we increased the polarity by adding
ater and methanol to THF to form a ternary solvent mixture with

 ratio of 6:3:1 (THF/H2O/MeOH, the porogen used to make M2
nd N2) due to the miscibility of the three. MeOH is expected to
mpart the porogenic effect while higher volumes of THF will bal-
nce the disturbing effect of water while providing higher chances
f hydrogen bond formation.

.5. The effect of pH

The performance of the prepared MIPs at three different pHs
pH 4, 5.5 and 7) was investigated (Fig. 6). The aim here was to
ee if the binding capacity was better or worse at pH 5.5, which
s the optimum pH for enzyme-catalyzed hydrolysis of quercetin
lucosides in onion extract.

Obviously, the pH plays a crucial role in the affinity between
uercetin and the MIP. This is the same pH effect that is used to
ashout quercetin template molecules from the MIP, i.e. an acid-

fied methanol solution is commonly used. A low pH is believed

o charge the amino groups of the MIP  resulting in the release of
uercetin molecules to the solution. In re-binding, one has to avoid

ow pH as it is shown that both MIP  and NIP exhibited lower binding
apacities at pH 4, see Fig. 6. M2  seems to work well at the desired

ig. 6. Effect of pH on binding capacity. Initial concentration of quercetin
6 �mol  L−1, amount of polymer 8 mg,  solution volume 4 mL,  contact time 90 min,
emperature 25 ◦C.
(b). pH was  5.5 and solvent was MeOH/H2O, 7:3 (v/v). Error bars showing standard
deviation are only displayed for one of the curves in each figure, due to limited space.
n  = 3.

pH 5.5 (Fig. 6) and this is a good sign that these MIPs can be used
for selective extraction of quercetin from yellow onion extracts.

3.6. Adsorption as a function of time

The influence of contact time on the adsorption of quercetin to
the polymers was investigated at 25 ◦C and 84 ◦C, and the results of
these investigations are depicted in Fig. 7(a) and (b), respectively.
For the studies at 25 ◦C, an initial concentration of 218 �mol  L−1 was
used whereas 1000 �mol  L−1 initial concentration was used for the
studies at 84 ◦C. All experiments were conducted in triplicates but
due to overlap of the adsorption curves, error bars were included
only for one of the MIPs in Fig. 7. Notably in this figure is that
M2 exhibited a higher binding capacity at about 55 �mol  g−1 after
6 h closely followed by its corresponding NIP, N2, at 42 �mol  g−1

after 6 h. All the other polymers were either below or in level with
N2. These results reveal that M2  had better imprinting capabili-
ties compared to other polymers. The graphs of the tested MIPs
and NIPs in Fig. 7(b) reach a plateau after 24 h, possibly with the
exception of M1.  This plateau was not reached because the poly-
mers had reached saturation but rather because all the quercetin
present in the initial solution was  adsorbed to the polymers. Hence,
since all quercetin in the solution was adsorbed it is not possible to
evaluate if there is any difference in binding capacity between the
different MIPs and NIPs. The fastest adsorption at 84 ◦C (Fig. 7(b))
is seen for M3  and N1, then followed by M2,  N2 and M4 and the
slowest adsorption was seen for M1.  When the slopes of Fig. 7(a)
and (b) for the first 5 h are compared, it reveals that the influence
of higher temperature (84 ◦C) leads to faster mass transfer. It is
also clear that a higher temperature leads to a larger magnitude
of binding capacity (Fig. 7(a)). The effect of higher binding capac-
ity at higher temperature can be explained by the lower viscosity

and surface tension of the solvent, enabling improved wetting of
the MIPs and NIPs. A higher temperature also leads to lower rel-
ative permittivity, i.e. weakened hydrogen bonding, which could
also result in higher binding capacity. A follow up detailed study



V. Pakade et al. / J. Chromatogr. A 1230 (2012) 15– 23 21

F
a
o

o
n

3

a
4
m
t
2
b
i
M
c
q
f
b
c
F
a
d
o
f
t
i
l
t
b
a
t

3

i
a
8
(

Table 3
Distribution coefficient (kd), selectivity coefficient (k) and relative selectivity coef-
ficient (k′) of the MIP  (M2) and NIP (N2) taken from results conducted at 84 ◦C.

Polymer Analyte kd (mL  g−1) k k′

M2
Quercetin 14,260 – –
Kaempferol 388 37 1.19
Morin 148 97 1.07
Quercetin 14,260 – –

to attached glucose moieties and hence unable to fit in the
quercetin cavities created by imprinting. Therefore, almost none of
these were selectively adsorbed, particularly not the diglucoside,
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ig. 8. Effect of initial quercetin concentration on binding capacity of polymers M2
nd  N2. Amount of polymer 8 mg,  solution volume 4 mL,  contact time 24 h at 25 ◦C,
r  2 h at 84 ◦C, pH 5.5, solvent MeOH/H2O (7:3, v/v).

n the effects of temperature on binding capacity is planned in the
earest future.

.7. Binding capacity of the MIPs at different temperatures

Binding capacity was evaluated at 25 ◦C and 84 ◦C using M2
nd N2. The initial concentration was varied between 10 and
00 �M and the results are depicted in Fig. 8. When the experi-
ents were done at room temperature, 25 ◦C, it can be observed

hat M2  is approaching steady state at about 270 �mol  L−1 of about
8 �mol  g−1 whereas N2 at about the same concentration had a
inding capacity of 16 �mol  g−1. This difference in binding capac-

ty is attributed to predefined imprinting cavities present in the
IP  and absent in the NIP in addition to shape and size, and unspe-

ific binding. Therefore, the MIP  (M2) has slightly higher degree of
uercetin recognition than its corresponding NIP (N2). However,
or the same initial concentration range the binding capacity of
oth M2  and N2 increased by 4-folds when the experiments were
onducted at higher temperature, 84 ◦C, confirming the results in
ig. 7 as discussed above. To test whether the quercetin was actually
dsorbed on the polymer particles or it was just an effect of degra-
ation, reaction vials containing the different initial concentrations
f quercetin solution were also subjected to the same temperature
or the duration of the experiments. No MIPs/NIPs were added in
hese solutions. Indeed it showed that there was no degradation
nvolved as concentrations before and after exposure were simi-
ar (data not shown). The observed results are in agreement with
he theory that MIPs prepared at higher temperature tend to work
etter at higher temperatures [22,51], and our MIP  was prepared
t 80 ◦C due to the use of the ACCN initiator which requires higher
emperature to form radicals.

.8. Selectivity

The selectivity of the MIP, M2,  to quercetin amongst some of

ts structural related compounds, morin and kampferol (Fig. 1(b)
nd (c)), was evaluated at the selected processing temperature of
4 ◦C in triplicates. Distribution constant (kd), selectivity coefficient
k) and the relative selectivity coefficient (k′) were calculated as
N2 Kaempferol 452 31 –
Morin 156 91 –

described in Eqs. (2)–(4),  respectively. The results are illustrated
in Table 3. As shown in Table 3, M2  and N2 have the same bind-
ing capacity as demonstrated by the Q and kd values tabulated.
Although the capacity of the MIP  is expected to be higher than
that of the NIP, this is not demonstrated in Table 3 because all
the dissolved quercetin was adsorbed, even though the solution
was nearly saturated. Another explanation to the similar binding
capacity is that MIPs are less selective in binding target compounds
when a polar solvent is used. Instead, the selectivity of the MIPs is
demonstrated from washing and elution steps, as described further
below for a real sample. However, as discussed above, the imprint-
ing effect of M2  prevailed over N2 when the concentration of the
analyte was higher (Fig. 8). Because of the high cost of the other
compounds tested for selectivity we have only been able to work
with relatively low concentrations as mentioned already.

Fig. 9(a) shows a typical chromatogram of the selectivity stan-
dard solution mixture before the application of MIP (M2) and
Fig. 9(b) is a typical chromatogram obtained after MIP  appli-
cation as described above. It can be seen that the MIP  was
able to selectively remove all the quercetin from the mixture of
compounds containing kaempferol, morin, quercetin-4′-glucoside
and quercetin-3,4′-diglucoside. Both quercetin-4′-glucoside and
quercetin-3,4′-diglucoside are relatively “bulky” molecules due
Retention Time (min)

Fig. 9. HPLC chromatograms of a standard solution of Q-3,4′ (1), Q-4′ (2), morin (3),
quercetin (4) and kaempferol (5), before (a) and after (b) the addition of M2  MIPs.
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nion extract after addition of M2  MIP, (c) collected MeOH washing solution and (d)
ollected MeOH/acetic acid washing solution. 1 = Q-3,4′ , 2 = Q-4′ , 3 = Q.

hereas to some extent morin and kaempferol were adsorbed on
he polymer (Fig. 9). This shows that MIPs can be selective but they
till suffer from unspecific binding.

As mentioned earlier, quercetin-4′-glucoside and quercetin-
,4′-diglucoside are commonly hydrolyzed to quercetin aglycone,
herefore these are not included in Table 3 for calculations of
electivity and distribution factors. The selectivity factor and distri-
ution constant values summarized in Table 3 further emphasize
hat both M2  and N2 can bind the quercetin substantially well. The
mprinting effect of M2  over N2 is demonstrated by the k and k′

alues, which show that M2  is better than N2. However, k′ is just
bove 1, implying closeness in binding the quercetin molecule by
2 and N2. Hydrogen bonding and �–� interactions are most likely

he main recognition sites, as explained by the structure of the
uercetin molecule. The presence of water in these experiments
ight disrupt hydrogen bonding resulting in more �–� interac-

ions (aromaticity of quercetin and 4-VP monomer). Studies are
nderway to further improve the selectivity of quercetin MIPs in
ure aqueous environments.

.9. Application to a yellow onion extract

Fig. 10(a) shows an aqueous yellow onion extract (ten times
ilution) obtained from pressurized hot water extraction of yel-

ow onion. Fig. 10(b) shows the chromatogram of the onion extract
fter MIP  application, Fig. 10(c) shows a chromatogram of M2  par-
icles washed with pure methanol solution (2 mL)  for 75 min  and
ig. 10(d) shows M2 particles washed with MeOH/acetic acid (9:1,
/v) after the MeOH wash. The prepared polymer seemed to work
ell under the tested conditions, in that almost no quercetin peak
as observed in Fig. 10(b) compared to in Fig. 10(a), implying a
ossible adsorption to the polymer. A similar trend was observed
hen N2 was applied to the aqueous onion extract (data not

hown). However, since quercetin was found both in the MeOH

nd MeOH/acetic acid wash solutions, and this trend was  the same
or N2, it is hard to draw any conclusions on the ratio between
nspecifically and specifically bound quercetin. For future studies,

[
[

[

r. A 1230 (2012) 15– 23

it needs to be investigated further the choice of washing solution
for unspecifically bound quercetin.

4. Conclusion

Novel quercetin MIPs that can be used at high temperatures
under aqueous conditions were produced using a THF/H2O/MeOH
porogenic mixture. All MIPs and NIPs produced were intact at
temperatures of up to 250 ◦C as determined by TGA. The most
promising MIP  worked well at pH 5.5 and with the re-binding solu-
tion methanol/water (7:3), demonstrating a significantly higher
binding capacity of the MIP  compared to its corresponding NIP. Fur-
thermore, our results demonstrate that a higher temperature (84 ◦C
compared to 25 ◦C) can beneficially be used to obtain faster adsorp-
tion kinetics as well as higher binding capacity and more research
in this direction is planned. Finally, the MIP  demonstrated good
affinity and selectivity to the quercetin from yellow onion extract
solution. No conclusive remark on the type of bonding (unspecific
or specific) could be made on experiments conducted at 84 ◦C for
24 h as all the quercetin was adsorbed on both MIP  and NIP. How-
ever, the influence of the imprinting effect under these conditions
was observed when adsorption of structurally related analogs was
tested. Other monomers that can have adequate hydrogen bonding
under aqueous conditions are currently being explored.
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