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Abstract This paper describes the synthesis of novel molec-
ularly imprinted polymers (MIPs), prepared by a noncovalent
imprinting approach, for cleanup and preconcentration of
curcumin (CUR) and bisdemethoxycurcumin (BDMC) from
medicinal herbal extracts and further analysis by high-
performance liquid chromatography with fluorescence
detection (HPLC-FLD). Two molecular mimics, a mix-
ture of reduced BDMCs and 4-(4-hydroxyphenyl)-2-
butanone (HPB), have been synthesized and applied as tem-
plates for MIP synthesis. The polymers were prepared using
N-(2-aminoethyl) methacrylamide (EAMA) as functional
monomer, ethylene glycol dimethacrylate (EDMA) as the
cross-linker (in a 1:5 molar ratio), and a mixture of
acetonitrile/dimethylsulfoxide (90 %, v/v) as porogen. MIPs
prepared using a mixture of reduced BDMCs as template
showed higher selectivity for CUR and BDMC than those
obtained with HPB, with imprinting factors of 3.5 and 2.7 for
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CUR and BDMC, respectively, using HyO/acetonitrile (65:35,
v/v) as mobile phase. The adsorption isotherms for CUR in the
MIP and the nonimprinted polymer (NIP) were fitted to the
Freundlich isotherm model, and the calculated average bind-
ing affinities for CUR were (17+2) and (8+1)mM ' for the
MIP and the NIP, respectively. The polymers were packed into
solid-phase extraction (SPE) cartridges, and the optimized
molecularly imprinted solid-phase extraction (MISPE-
HPLC) with fluorescence detection (FLD) method allowed
the extraction of both curcuminoids from aqueous samples
(50 mM NHAc, pH 8.8) followed by a selective washing
with acetonitrile/NH4Ac, 50 mM at pH 8.8 (30:70 %, v/v), and
elution with 3x1 mL of MeOH. Good recoveries and preci-
sion ranging between 87 and 92 %, with relative standard
deviation (RSD) of <5.3 % (n=3), were obtained after the
preconcentration of 10-mL solutions containing both CUR
and BDMC at concentrations in the range of 0-500 ug L.
The optimized method has been applied to the analysis of both
curcuminoids in medicinal herbal extracts.

Keywords Curcumin - Bisdemethoxycurcumin - Bulk
polymerization - Molecularly imprinted solid-phase extraction
(MISPE)

Introduction

Food additives, such as antioxidants, can be applied to extend
the shelf life of foods and maintain their safety, nutritional
quality, and functionality [1]. In the last decade, there has been
an increasing interest in the consumption of diets rich in
polyphenols, and other food phenolics, due to their potential
benefits on human health. These compounds confer stability
against oxidation, and several studies have shown their essen-
tial role in the prevention of cancer, cardiovascular diseases,
diabetes, osteoporosis, or neurodegenerative diseases [2].
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Polyphenolic compounds are secondary metabolites of plants
widely distributed in vegetables, fruits, cereals, and other food
commodities. The interest of food manufacturers and con-
sumers in natural additives, consumed for generations in
contrast to their synthetic counterparts, have stimulated the
use of natural antioxidants such as curcuminoids in the food
industry [3].

Curcumin is a hydrophobic polyphenol derived from the
rhizome (turmeric) of the herbal Curcuma longa with antiox-
idant and anti-inflammatory properties that has been proposed
as a cancer chemopreventive agent and is often employed as a
natural dye in foodstuffs [4—6]. This yellow pigment is autho-
rized as a food additive in the EU [7], as well as in other
countries. In 2003, the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) established an acceptable daily in-
take of 0—3 mg/kg bw/day [8]. Commercial curcumin contains
77 % 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione (CUR), 17 % demethoxycurcumin (DMC), and
3 % bisdemethoxycurcumin (BDMC), and these compounds
exhibit significantly different antioxidant (CUR>DMC>
BDMC), antitumor, and anti-inflammatory activities [9—11].
Therefore, efficient analytical methods for the isolation and
quantification of curcuminoids are essential for their applica-
tion in the control of pharmaceutical preparations as well as in
food analysis.

Several chromatographic methods based on high-
performance thin-layer chromatography [12], high-
performance liquid chromatography [13, 14], or micellar elec-
trokinetic capillary chromatography [15] have been reported
so far for the determination of curcuminoids in raw materials,
biological samples, foods, and pharmaceutical products. Most
of them require laborious sample extraction procedures
followed by subsequent cleanup and preconcentration by
solid-phase extraction (SPE) [16].

Molecularly imprinted polymers (MIPs) are organic mate-
rials with the ability to recognize and bind specific target
molecules and separate them from other matrix components.
These materials have proven to be very useful in analytical
separations, especially as SPE sorbents (molecularly
imprinted solid-phase extraction (MISPE)) [17]. There are
only a few examples in the literature on the application of
MIPs for curcuminoid analysis. Wang et al. [18] described the
preparation of curcumin-imprinted poly(methacrylamide-co-
methacrylic acid) membranes using a porous filter paper as
support for the polymerization. Long incubation times (12 h)
were required for the extraction of CUR, DMC, and BDMC
from methanol solutions, and the composite membranes
showed the highest selectivity for CUR. The use of
methacrylic acid (MAA) as functional monomer was also
reported by Aziz et al. [19] for the synthesis of CUR-
selective bulk polymers using acetonitrile (MeCN),
tetrahydrofurane (THF), or CHCl; as porogens. The best
imprinting factor (IF) for CUR (IF=1.27) was reported for
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the polymer prepared with THF. Recently, Kitabatake et al.
[20] described the preparation of CUR-imprinted polymers by
precipitation polymerization and its application for the
extraction of curcuminoids from C. longa L. The authors
concluded that MAA was not a suitable monomer for the
preparation of CUR-selective MIPs, choosing a mixture of
4-4-vynilpiridine and methacrylamide, as functional co-
monomer, and divinylbenzene as cross-linker, for MIP
synthesis. The development of MIPs for the extraction
of other bioactive phenolic compounds, such as
kukoamine A, from vegetal samples has also been report-
ed in the literature [21].

The use of close structural analogs of the analyte as templates
(known as mimics, surrogate, or dummy templates) for MIP
synthesis has proven to be very useful when the polymers are
intended to be used for trace analysis [22]. Moreover, this
approach is also necessary when the structure of the target
molecule contains double bonds that can be involved in the
polymerization process, as in the case of CUR. As a result, the
template molecule may be covalently attached to the polymer
backbone, and less cavities will be available for analyte
rebinding decreasing efficiency of the generated material
[23-25]. This would explain the relatively low imprinted factors
reported previously with CUR-imprinted polymers [19, 20].

This paper describes the synthesis of curcuminoid-selective
MIPs for their application as SPE sorbents for the selective
extraction of these compounds in food samples. Two structur-
al analogs of CUR, namely 4-(4-hydroxyphenyl)-2-butanone
(HPB) (MIP-1) and a mixture of reduced BDMCs (MIP-2)
(Fig. 1), have been synthesized and applied as templates for
MIP synthesis using a noncovalent imprinting approach. The
interaction of CUR with N-(2-aminoethyl) methacrylamide
(EAMA) in acetonitrile (MeCN) solutions has been evaluated
by UV-Vis spectrophotometry. The binding affinity and het-
erogeneity of the binding sites in the polymers have been
assessed in equilibrium rebinding experiments, and their
cross-selectivity for CUR, BDMC, and related compounds
has been determined by high-performance liquid chromatog-
raphy (HPLC). A MISPE method has been optimized for
CUR and BDMC extraction from medicinal herbal samples.

Experimental
Reagents

Bisdemethoxycurcumin (>98 %) and 4-(4-hydroxyphenyl)-2-
butanone (HPB, >99 %) were purchased from TCI Europe
(Zwijndrecht Belgium), while N-(2-aminoethyl)
methacrylamide hydrochloride (EAMA, 98 %) was purchased
from Polysciences Inc. (Eppelheim, Germany), and prior to
use, it was neutralized by adding a stoichiometric amount of
1.0 M tetrabutylammonium hydroxide (TBA) in MeOH (the
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Fig. 1 Chemical structure of o o 0
CUR, BDMC, the template MeO N I OMe CHg
molecule, HPB, and other cross- O O Ho HPB
reactives included in the study HO CUR OH
o O OH
HO BDMC OH HO
RESOR
OH O
OCH.
HO OH HO 4-MePOH HO Z "o
BPA
o-ZOL

solvent was eliminated in the rotavapor), ethylene glycol
dimethacrylate (EDMA) (98 %, with monomethyl hydroqui-
none as inhibitor), and 2-(diethylamino)ethyl methacrylate
(99 %, with 100 ppm of phenothiazine inhibitor). The mono-
mers were purified by using an inhibitor removal column from
Sigma-Aldrich (Milwaukee, WI). 2,2’-Azobis (2'4-dimethyl
valeronitrile) (ABDV) was purchased from Wako (Neuss,
Germany). Bisphenol A (BPA) was from Fluka (Buchs, Swit-
zerland); resorcinol (RESOR), «-zearalenol (x-ZOL), 4-
methoxyphenol (4-MetPOH), and ammonium acetate
(NH4Ac) were from Sigma-Aldrich (Madrid, Spain); and
water purified by a Millipore Milli-Q system (Millipore, Bed-
ford, MA, USA) was used throughout. 1,7-Bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione (98 %), ethanol
absolute (EtOH, synthesis grade), acetonitrile (MeCN, HPLC
grade), dichloromethane (synthesis grade), methanol (MeOH,
HPLC grade), tetrahydrofuran (THF, synthesis grade), and
extra dry DMSO (99.9 %) were purchased from Acros Organics
(Geel, Belgium).

Apparatus

Hydrogenation of BDMC was performed in a H-Cube™
hydrogenation reactor from ThalesNano (with 10 % Pd/C
CatCart as the catalyst cartridge). MS spectrometry was per-
formed in a Bruker Esquire-LC equipment in electrospray
ionization (ESI)-negative mode, and proton nuclear magnetic
resonance ('H-NMR) spectra were recorded in a Bruker
Avance DPX 300 MHz (UCM Central Instrumentation Facil-
ities). The chromatographic system consisted of a HP-1100
series high-performance liquid chromatography from Agilent
Technologies (Palo Alto, CA) equipped with a quaternary
pump, an online degasser, an autosampler, an automatic in-
jector, a column thermostat, and a diode-array (DAD), or a
fluorescence (FLD), detector. A peristaltic pump miniplus 3
(Gilson) was used for sample preconcentration in the car-
tridges. Chromatographic separation of the curcuminoids
was performed on an AQUA C18 (2) (250 mmX*4.6 mm
i.d.) HPLC column from Phenomenex (Torrance, CA). The

mobile phase consisted of a mixture of MeCN/water
49:51 (v/v) at a flow rate of 1.0 mL min '. The column
was kept at room temperature. The injection volume
was 8 pL, and all the compounds eluted within 10 min. The
FLD detector excitation and emission wavelengths were set at
Aexe=428 nm and \.,=535 nm, respectively. All solutions
prepared for HPLC were passed through a 0.45-pum nylon
filter before use. Quantification was performed using external
calibration and peak area measurements.

Synthesis of BDMC

A solution 0f 41.8 mg of BDMC (0.135 mmol) in 45 mL of a
mixture of absolute ethanol and dichloromethane (2:1, v/v)
was circulated through the H-Cube™ hydrogenator
(1 mL min~" flow rate, at 20 °C, full hydrogen mode) through
a 10 % Pd/C catalyst; 32.1 mg (ca. 76 % yield) of a mixture of
partially reduced (4H-BDMC) and totally reduced (8H-
BDCM) BDMC was obtained as shown by MS-ESI spec-
trometry and "H-NMR spectroscopy.

UV-Vis titration

UV-Vis absorption spectra were measured using a Varian Cary
3-Bio (Palo Alto, CA, USA) spectrophotometer. The affinity
constants and stoichiometry of the CUR complex with EAMA
were determined by monitoring the intensity changes in the
absorption band (AA) of a solution of CUR in MeCN (c=
24 uM) at 418 nm when adding increasing amounts of the
functional monomer. The molar ratio CUR/EAMA was in-
creased from 1:0 to 1:50. Total volume for each analysis was
1 mL, and all the spectra were recorded between 300 and
600 nm. The association constants for the 1:1 and 1:2 com-
plexes, K, and K;,, were calculated using the following
equations (Egs. 1 and 2) [26]:

L, + 2K 1K12SoL
1+ K150 + 4K11K12S80L¢

L] = (1)
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A St(ﬂnAEll[L]+512A512[L]2) 5
b 1+ BulL] + BrlL) 2

where 3,,=K;; and 3,,=K;,K/»; L, is the total concentration
of functional monomer (mol L™"); [Z] is the concentration of
free functional monomer (mol L™"); Sy=2.4x10"> (mol L ™),
Ace is the molar absorption coefficient (mol ' L cm "), and b
is the optical path length (1 cm).

Polymer synthesis

MIP-2 was synthesized by dissolving in a glass vial 27.5 mg
(0.088 mmol) of the reduced BDMC template molecule,
148 mg (0.352 mmol) of EAMA, HCI-TBA (the commercial
hydrochloride salt of EAMA was previously neutralized by
adding a stoichiometric amount of TBA), and 331.9 pL
(1.76 mmol) of EDMA as cross-linker (molar ratio 1:5), in a
mixture of 64 uL of DMSO and 573 puL of MeCN. The
mixture was left to stand for 15 min and purged with Ar for
5 min. After addition of 24.0 mg of ABDYV, the vials were
purged with Ar for 10 min, sealed, and kept at 60 °C for 24 h
for polymerization. The resulting bulk polymers were ground-
ed in a mortar and sieved with 25-100-mm sieves. The same
procedure was followed for the synthesis of MIP-1 using HPB
(29.5 mg, 0.179 mmol) as the template molecule. A
nonimprinted polymer (NIP) was prepared in the same way,
in the absence of the template molecule. The resulting MIP
and NIP particles were washed with methanol/HCI (10 %, v/v)
in a Soxhlet (24 h) for the extraction of the template mole-
cules. Prior to use, the solid was settled in MeOH/water
(80:20, v/v) to remove fine particles.

Chromatographic evaluation of the imprinted polymers

MIP-1, MIP-2, or NIP polymers were slurry-packed in meth-
anol into stainless steel HPLC columns (50 mmx2.1 mm),
using an HPLC pump (M45, Waters) at a flow rate of
1 mL min"'. The temperature was kept at 25 °C, and the
analytical excitation and emission wavelengths were set at
Aexe=428 nm and A\.,,=535 nm, respectively. Methanol was
used as void volume marker. The columns were equilibrated
with the mobile phase (using mobile phases based on binary
mixtures of H,O and MeCN ranging from 100 % H,O to
100 % MeCN), and for each run, 8 puL of solutions of CUR,
BDMC, HPB, and other related/nonrelated compounds
(50 mg L") was injected separately into the column.
The capacity factor (k) for each analyte was calculated
as k=(t—1ty)/ty, where ¢ and ¢, are the retention times of the
analyte and the void marker, respectively. The IF was calcu-
lated as kyyp/knie, Where kyp and kypp are the retention factors
of a solute on the MIP and the NIP columns, respectively.
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Determination of the binding capacity

The binding capacity of the polymers has been evaluated in
equilibrium rebinding experiments. To that aim, 10 mg of the
MIP and the NIP materials was transferred into 1.5-mL glass
vials and mixed with 1 mL of H,O/MeCN (70:30, v/v) solu-
tions containing increasing concentrations of CUR (10—
4,000 uM) and left shacking at 70 rpm, for 24 h, at room
temperature. The vials were centrifuged (5 min, 2,000 rpm),
and the concentration of ENRO in the supernatant was
monitored by HPLC-FLD. The amount of CUR bound to
the polymer (B) was calculated by subtracting the
nonbounded amount (F) from the initial CUR concentra-
tion. The experimental data were fitted to the Freundlich
adsorption isotherm (FI) (Eq. 3) using the nonlinear
fitting module of SigmaPlot 11.0 software based on the
Marquardt-Levenberg algorithm.

B=aF" (3)

where a is the binding capacity and m is the heterogeneity
index that ranges between 0 and 1, increasing with decreasing
heterogeneity of the material.

The affinity distribution (AD) was calculated with
Eq. 4 and the experimentally derived FI fitting parameters
(a and m) [27]:

N(K) = 2.303am (1-m?) >33k W

This equation is valid for a certain range of binding
affinities with K,,;;, and K., set by the free concentra-
tions (Fmax and Fp;,) in the binding experiments

(Eq. 5).
Kl = Kmin = I/Fmax and KZ = Kmax = 1/Fmin (5)

The apparent number of binding sites (N, ,, ) and the
apparent weighted average affinity (K,, ,, ) were calculated

with Egs. 6 and 7, as described in the literature [27].

1-K2

Nk, «, = a(l-m*) (K;"~K,") (6)
) (s )

Molecularly imprinted solid-phase extraction

Ky —«, =

Solid-phase extraction cartridges (Varian, Spain), 1 mL in
volume, capped with fritted polyethylene disks at the top
and at the bottom, were packed with 25 mg of the correspond-
ing MIP or the NIP. The cartridges were equilibrated with
5 mL of buffer (NH;Ac, 50 mM, pH 8.8), and the sample
containing the curcuminoids (NH4Ac, 50 mM, pH 8.8) was
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percolated at a constant flow rate of 0.50 mL min ™' with the
aid of a peristaltic pump. The washing step was carried out
with 1 mL of MeCN/NH4Ac, 50 mM, pH 8.8 (30:70 %, v/v).
Curcuminoids were eluted with 3x1 mL of MeOH. The
cartridges were re-equilibrated with 10 mL of buffer (NH4Ac,
50 mM, pH 8.8), before a new application. Quantifica-
tion was performed using external calibration peak area
measurements. Linear calibration graphs were obtained
in the 0-5,000-ug L' concentration range for CUR and
BDMC (R?>0.9993). All the experiments were carried
out in triplicate.

Determination of CUR and BDMC in medicinal herbal
extracts

Medicinal herbal extracts (25 g), containing Curcumae
domesticae thizome and tamarind pulp extract (http:/www.
sidomuncul.com), purchased from a local supermarket in
Bandung (West Java, Indonesia), were dissolved in 500 mL
of NH4Ac (pH 8.8) and stored in the fridge at 4 °C, protected
from light, until use. Aliquots of 15 mL were spiked with
standard solutions of both curcuminoids to achieve final
concentrations in the range of 0-500 pg L™ for CUR and
0-150 pg L™ for BDMC. The samples were centrifuged for
10 min at 3,500 rpm, and thereafter, 10 mL of the supernatant
was analyzed using the optimized MISPE-HPLC-FLD proto-
col described above (“Experimental” section, “Apparatus”).
The procedure was carried out in triplicate.

For quantification purposes, in the recovery experiments,
10 mL of standard solutions of CUR and BDMC (100, 200,
300, 400, and 500 ug L") was prepared in NH4Ac, 50 mM,
pH 8.8, and preconcentrated in the MIP-2 columns described
above (“Experimental” section, “Molecularly imprinted
solid-phase extraction”). Calibration curves were obtained
plotting the CUR and BDMC peak areas against the
curcuminoid concentration in the standard solutions. Linear
calibration graphs were obtained in the studied concentration
range for both compounds (R*>0.995).

Results and discussion
Synthesis of BDMC

The vinyl groups in the BDMC molecule were hydrogenated
in order to prevent copolymerization of the template during
the MIP synthesis. The reduction yielded a mixture of two
products, 63 % of the 4H-BDMC molecule (a sum of 34 % of
the enol form 4Ha, and 29 % of the keto isomer 4Hb, as
displayed in Fig. 2), and a 37 % of 8H-BDMC, which is
BDMC reduced with eight hydrogen atoms. These percent-
ages were estimated from the integral values of the "H-NMR
signals of the reduced BDMC in DMSO-d¢. The H that was
monitored for calculating the relative integral values is marked
as “a—d” in the corresponding chemical structures in Fig. 2,
which appear at the following chemical shifts (6/ppm): Ha (s,
2H) 3.70, Hb (s, 1H) 5.74, He (quin, 2H) 3.47, and Hd (¢, 2H)
1.09. The reduction of BDMC was also confirmed by mass
spectrometry; the MS-ESI with negative ion detection showed
the presence of two compounds: 4H-BDMC (C;9H;90,)
[M-17": 311.1 (caled.), 310.8 (exp.), and S8H-BDMC
(C19H2304+CH;0H) [M'-1+MeOH] : 347.2 (caled.), 346.8
(exp.), with the relative peak intensities of 55 % for 4H-
BDMC and 45 % for 8H-BDMC (quite in agreement with
the NMR results). Since both products are structurally very
similar and suitable molecular surrogates for our imprinting
purposes, we proceeded with the synthesis of MIP-2 using the
mixture of reduced BDMCs without further purification.

UV-Vis evaluation of the interaction of CUR with EAMA

UV-Vis studies were carried out to investigate the interaction
between CUR and the functional monomer selected for
MIP synthesis. As deduced from Job’s plot (Fig. S1 in the
Electronic Supplementary Material, ESM), a 1:2 CUR-
EAMA complex is formed in MeCN. The two phenol
groups in the CUR molecule can interact by hydrogen
bonding with the amine group of two molecules of func-
tional monomer. The association constants, calculated

O O (¢}
SAROeE 0
HO “ OH HO 4Ha-BDMC OH o on
BDMCa H2/ 10% Pd-C 1L H2/ 10% Pd-C d
oMo EtOH / RT EtOH / RT c O
O XN N O E\O HO 8H-BDMC OH
o . on [M-14+MeOHT oy, = 346.8
BDMCb e HO 4Hb-BDMC OH

[M-1] gps = 310.8

Fig. 2 Reaction scheme for the reduction of the BDMC molecule with
H, over 10 % Pd-C catalyst. A mixture of two compounds is obtained as
shown by the MS-ESI results: 4H-BDMC ([M-1]: 310.8) and, 8H-

BDMC ([M-1+MeOH] : 346.8). As predicted from the '"H-NMR data,
the mixture was formed by 63 % of 4H-BDMC+37 % 8H-BDMC
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from the titration experiments applying Egs. 1 and 2, were
K1,=36,644 M"" and K;,=7,110 M"" in MeCN. From
these results, EAMA was expected to be a good selection
as a functional monomer for MIP synthesis. However, as
discussed previously, it was decided not to use CUR as
template to prevent its copolymerization during polymer
synthesis.

Both HPB and the mixture of reduced BDMCs (4H-
BDMC and 8H-BDMC, Figs. 1 and 2) also possess phenol
groups in their structure that can interact via hydrogen bond-
ing and/or electrostatic interactions with the EAMA monomer
in a similar way to CUR. All MIPs were prepared in MeCN, a
hydrogen bond-preserving porogenic solvent; however, the
addition of a small amount of DMSO (10 %) was necessary
to facilitate the complete dissolution of the templates.

Chromatographic evaluation of the polymers

The polymers were first tested for their ability to retain CUR
and BDMC using mobile phases based on binary mixtures of
H,0 and MeCN ranging from 100 % H,O to 100 % MeCN. A
summary of the calculated retention factors (k) and IF are
given in Tables 1 and 2. No elution of CUR or BDMC was
observed using 100 % H,O as the mobile phase, either in the
MIPs or in the NIP (typ>60 min). In these conditions, the
functional monomer is positively charged (pK, ca. 9.2
(calculated using Marvin Sketch software V5.12 from Chem
Axon, www.chemaxon.com)) and CUR is neutral (pK,;=8.
38, pK.»=9.88, pK,3=10.51 [28]); thus, ionic interactions are
not to be expected, and hydrogen bonding and hydrophobic
interactions will be responsible of the retention of the target
compounds in the imprinted cavities. Increasing the MeCN
content in the mobile phase resulted in a decrease in the
retention factors in the NIP. The same behavior was

Table 1 Effect of MeCN content in the mobile phase on the retention
behavior of CUR on MIP-1, MIP-2, and the NIP. Sample volume, 8 puL;
analyte concentration, 50 mg L% flow rate, 0.5 mL min '; column
dimensions, 50 mmx=2.1 mm; A =428 nm; \.,=535 nm. Methanol
was used as void volume marker. Results shown are the average of three
separate analyte injections

H,O/MeCN NIP MIP-1 MIP-2
knip knipo1 IF-1 knip 2 IF-2

100:0 (n.e.) (n.e.) - (n.e.) -
80:20 (n.e.) (n.e.) - (n.e.) -
70:30 9.9 20.8 2.1 21.8 22
68:32 7.3 8.7 1.2 12.7 1.7
65:35 2.6 7.8 3.0 9.1 3.5
50:50 0.6 0.1 0.1 0.6 1.1
0:100 0.5 1.4 2.6 1.5 2.8

n.e. no elution observed over 60 min
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Table 2 Effect of MeCN content in the mobile phase on the retention
behavior of BDMC on MIP-1, MIP-2, and the NIP. Sample volume,
8 uL; analyte concentration, 50 mg L'; flow rate, 0.5 mL min"'; column
dimensions, 50 mmx2.1 mm; A.=428 nm; \,,=535 nm. Methanol
was used as void volume marker. Results shown are the average of three
separate analyte injections

H,0/MeCN fentp fvip-1 IF-1 knpo 1F-2
100:0 (n.e.) (n.e.) - (n.e.) -

80:20 (n.e.) (n.e.) - (n.e.) -

70:30 18.8 32.6 1.7 339 1.8
68:32 11.2 14.1 1.3 18.9 1.7
65:35 5.7 12.0 2.1 154 2.7
50:50 1.1 1.2 1.0 1.1 1.0
0:100 1.2 1.5 1.3 3.0 2.6

n.e. no elution observed over 60 min

observed in MIP-1 and MIP-2, but in such polymers, a min-
imum retention was reached for 50 % H,O in MeCN, both for
CUR and BDMC. In 100 % MeCN, an imprinting effect was
observed in both MIPs with IFs of 2.6 (MIP-1) and 2.8 (MIP-2)
for CUR, and slightly lower values for BDMC (MIP-1: [F=1.5;
MIP-2: IF=2.6, n=3).

A comparison of the retention factors of both analytes in
MIP-1 and MIP-2 reflects a stronger retention of BDMC than
for CUR in the imprinted polymers (Tables 1 and 2) as well as
in the NIP. On the other hand, the polymers prepared with a
mixture of reduced BDMCs (MIP-2), which shows a closer
structural resemblance to the target curcuminoids, displayed a
higher affinity for both analytes than those prepared with HPB
(MIP-1). The highest IF values for CUR and BDMC, [F=3.51
and IF=2.68 respectively, were obtained with MIP-2 using a
H,O/MeCN (65 %, v/v) mobile phase, improving the results
previously reported in the literature [19, 20]. Therefore, MIP-2
was selected for MISPE optimization.

The effect of pH on the retention of both compounds in
MIP-2 was evaluated using a mixture of MeCN/NH4Ac,
50 mM, pH 8.8 (30:70 %, v/v) as mobile phase The IFs
considerably increased both, for CUR (knip=2.3; kmip2=
11.4; IF=4.96) and BDMC (knip=4.2; kvip2=19.0; IF=
4.52) using such mobile phase. This behavior could be ex-
plained considering that the recognition mechanism is based
on the ionic interactions between the deprotonated curcumi-
noids and the positively charged polymer network combined
with a size and shape molecular fitting.

Evaluation of the MIP cross-selectivity

The specificity of the MIP-2 was evaluated by comparing the
retention behavior of CUR, BDMC, and other structurally
related and nonrelated compounds. The mobile phase used
for these experiments was H,O/MeCN 65:35 (v/v), and the
results are summarized in Table 3. The polymer exhibited a
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Table 3 Evaluation of

the cross-selectivity of Analyte ke k2 IF
MIP-2
CUR 2.6 92 35
BDMC 5.7 15.4 2.7
4-MetPOH 0.48 0.44 0.92
RESOR 0.13 0.17 1.3%
HPB 0.30 0.39 1.7%
* Imprinting factor BPA 0.13 0.22 1.7%
derived from low ®-ZOL 1.1 1.9 1.7

retention factors (£<0.3)

marked affinity for CUR and BDMC. Other phenolic com-
pounds such RESOR, 4-MetPOH, HPB, BPA, and «-ZOL,
with similar functional groups but different sizes and/or
shapes than the target analytes, were retained neither in the
MIP nor in the NIP. In view of these results, it can be con-
cluded that the use of a mixture of reduced BDMCs as
templates for polymer synthesis generates binding cavities in
the polymer network suited to accommodate the target com-
pounds, as they show a close structural and functional resem-
blance to the surrogates.

Determination of binding site distribution and affinities

The binding affinity and heterogeneity of the binding sites in
the polymers were assessed in equilibrium rebinding experi-
ments in HyO/MeCN (70 %, v/v). The selection of this solvent
was based on the higher retention factors obtained for CUR,
both in MIP-1 and MIP-2, in comparison to those calculated
using H,O/MeCN (65 %, v/v), although the IFs were slightly
lower.

The binding isotherms showed a good fitting to the
Freundlich model (Fig. 3), and the fitting results are

350

300 1

250

200 -

150

B (umol/g)

100 A

50

000 025 050 075 1.00 125 150 1.75 2.00 225
F (mM)
Fig. 3 Equilibrium binding isotherms for the uptake of CUR by MIP-1
(green triangles), MIP-2 (blue circles), and NIP (red squares) in HyO/MeCN
30:70 (v/v). F, concentration of free CUR; B, specific amount of bound
CUR. The experimental data were fitted to a Freundlich (FI) isotherm
model (see text for details)

summarized in Table 4. The apparent weighted average affin-
ity was higher for the MIPs than for the NIP in the measured
concentration range [27]. The total number of binding sites
was significantly higher in MIP-2 (Nyqp-» : 145+17 pmol g )
than in MIP-1, which showed just marginally higher values than
for the NIP (Nyqp-; : 115412 pmol g ', Nyp : 110+10 pmol g ).
Therefore, the polymer synthesized with a mixture of reduced
BDMC:s presents higher capacity and binding affinity for CUR
than that prepared using HPB. However, both imprinted net-
works show higher affinity constants than the nonimprinted
material.

Molecularly imprinted solid-phase extraction optimization

Several factors have been evaluated to establish the optimum
conditions for the MISPE procedure, including the study of
the composition and volume of the eluting solvent, the com-
position of the washing solvent, and the breakthrough volume.

In order to select the best eluting solvent for quantitative
analyte recovery, 2 mL of an aqueous solution of CUR
(0.25 mg L") was percolated through the MIP cartridges.
The analyte was eluted with 3x1 mL volumes of different
solvents, and the concentration of the CUR was measured in
each fraction. The eluting solvents tested were MeOH, EtOH,
mixtures HO/MeCN (50:50, v/v), THF, and 0.05 M tetra-n-
butyl ammonium hydrogen sulfate (TBA), an ion-pairing
reagent, in MeOH. The results are collected in ESM Table S1.

The best recoveries in MIP-2 were achieved with MeOH
(CUR, 98 %, relative standard deviation (RSD)<6 %; n=3)
and with THF; however, the use of this solvent was discarded
due to the limited stability of the SPE cartridges in this solvent
after repeated use. MeOH volumes lower than 3 mL did not
provide quantitative recoveries neither for CUR nor for
BDMC (data not shown); therefore, 3x1 mL of MeOH was
selected as eluent solvent for the MISPE method.

As concluded from the chromatographic experiments, the
nonspecific interactions between CUR and BDMC and the
imprinted polymers can be minimized in the presence of a

Table 4 Freundlich fitting parameters, weighted average affinity (K, ,, ),
and number ofsites (N, ,, ) obtained with the experimental binding data

of CUR towards the imprinted (MIP-1 and MIP-2) and nonimprinted
polymer (NIP) [27]

MIP-1 MIP-2 NIP
al(umol g™ M Y™ 15512 284+15 129+9
Krange (M) 0.58-632 0.95-1,348 0.49-602
K, ., mM" 9+1 17+2 8+1
N (umol g7h) 115£12 145417 110£10
m 0.70+0.01 0.71+0.02 0.69+0.02
R? 0.960 0.999 0.997

n=13 points per plot
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Table 5 Average recovery (%) of CUR (0.75 mg Lfl) and BDMC
(0.75 mg L) in MIP-2 and in the NIP, as a function of the sample
loading volume, in the optimized MIPSE conditions (7=3)

Loading Analyte Recovery RSD (%) Recovery RSD (%)
volume (mL) MIP-2 (%) NIP (%)
1 CUR 91 4 37 7
BDMC 93 5 41 4
5 CUR 90 5 35 6
BDMC 91 4 38 5
10 CUR 90 5 33 6
BDMC 90 5 39 3
25 CUR 73 5 11 8
BDMC 74 5 21 7
50 CUR 53 4 7 4
BDMC 63 6 14 3

mixture of MeCN/NH4Ac, 50 mM, at pH 8.8 (30:70 %, v/v),
that would also facilitate washing out the less polar nonrelated
compounds from the sample matrix. To evaluate this effect, a
sample (I mL NH4Ac, 50 mM, pH 8.8) containing
0.25 mg L™ of each curcuminoid was loaded into the MIP-2
and NIP cartridges, washed with 1 mL of the hydro-organic
mixture and the analytes were eluted with (3x1 mL) of
MeOH. The extracts were analyzed by HPLC-FLD. Recover-
ies for CUR and BDMC were 91 % (RSD 5 %) and 93 %
(RSD 4 %) in MIP-2, and 37 % (RSD=6 %) and 41 %,
(RSD=7 %) in the NIP, respectively. Thereby, a volume of
1 mL of MeCN/NH4Ac 50 mM, at pH 8.8 (30:70 %, v/v), was
selected as washing solvent for further experiments.

The breakthrough volume (¥) can be defined as the largest
volume of a sample, which can be preconcentrated without
significant loss of analyte and for which recovery, after elution
for all sample volumes less than the breakthrough volume,
will be 100 % [29]. In order to evaluate this parameter of the
MIP-2/NIP cartridges, the sorbents were equilibrated with
5 mL of MeOH and 10 mL of NH4Ac (50 mM, pH 8.8).
Then, increasing loading volumes (1, 5, 10, 25, and 50 mL) of
a sample containing 0.75 mg L' of CUR and BDMC were
percolated on the MIP-2/NIP cartridge flow rate of
0.5 mL min'; a washing step of 1 mL of MeCN/NH,Ac,
50 mM, at pH 8.8 (30:70 %, v/v) was used, and finally, the
analytes were eluted with 3x1 mL of MeOH followed by
chromatographic analysis. As it can be observed in Table 5,
percolation of sample volumes lower than 10 mL allowed
recoveries higher than 90 % (RSD<5 %, n=3) for both
curcuminoids in MIP-2. The nonspecific retention in the NIP
was significantly lower in such conditions, in the range of 33—
39 % (RSD 3-6 %, n=3). The MIP capacity towards CUR and
BDMC was estimated at 0.27 mg g ' of the polymer, while
the corresponding values for the NIP were 0.10 and
0.12 mg g ' for CUR and BDMC [21], respectively, further

@ Springer

supporting the imprinting effect for both curcuminoids in
MIP-2. As the percolated volume was increased to 50 mL,
the extraction recoveries decreased in the MIP-2 (CUR, 53 %;
BDMC, 63 %) but especially in the NIP (CUR, 7 %; BDMC,
14 %).

For calibration purposes, 10-mL NH4Ac (50 mM, pH 8.8)
solutions containing increasing concentration of both CUR
and BDMC (0-500 pg L") were preconcentrated using the
optimized MISPE method. Good linearity was obtained for
both compounds in the spiked range (R*>0.991). Extraction
recoveries of 87-92 % were obtained at all fortification levels
for both analytes, with RSDs<5.3 % (n=3). The detection
limits, based on a signal-to-noise ratio of 3:1, were 19 ug L™
for CUR and 9 pg L™ for BDMC. Quantification limits
(signal-to-noise ratio of 10:1) were 63 and 30 pg L™ for
CUR and BDMC, respectively.

Determination of CUR and BDMC in medicinal herbal
extracts

To evaluate the applicability of the MISPE method, a
medicinal herbal extract containing curcuminoids was an-
alyzed using the optimized protocol. Direct analysis of the
sample revealed the presence of both CUR and BDMC at
concentrations of 80 pg L' (RSD=2.5 %, n=3) and
260 pg L' (RSD=6.3 %, n=3), respectively. As observed
in Fig. 4, cleaner HPLC chromatograms were obtained for the
herbal extract submitted to the MISPE protocol in comparison
to the SPE using NIP.

The accuracy and precision of the whole analytical method
was assessed analyzing the herbal extract sample fortified
with CUR and BDMC at four concentration levels in the range
of 100-500 pg L™ for CUR and 30-150 pug L™ for BDMC
(n=3). The results are reported in Table 6. Good linearity was

40

354

BDMC

30

25

20+

Fluorescence (u.a.)

Time (min)
Fig. 4 Chromatograms of an herbal extract (fortified with 100 ug L™ of
BDMC and CUR): without preconcentration (dotted line), with cleanup

on the MIP-2 cartridges (solid line), or NIP cartridges (dash line). For
chromatographic conditions, see text
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Table 6 Accuracy of the MISPE-HPLC-FLC method for CUR and BDMC analysis in herbal extracts

CUR BDMC

Spiked Found Recovery Precision (RSD, %) Spiked Found Recovery  Precision (RSD, %)

concentration  concentration (%) (n=3) concentration  concentration (%)

(gL (ngLh Intraday Interday (ngLh (ngLh Intraday Interday
(n=3) n=9) (n=3) (n=9)

0 80 - 25 3.8 0 260 - 6.3 72

100 182 101 3.8 30 289 100 44

200 283 101 43 60 318 99 53

300 385 101 5.0 90 351 100 2.5

400 467 97 4.2 120 383 101 2.8

obtained for both compounds in the spiked range (R*>0.995),
and no significant differences (confidence level 95 %) were
observed between the slope of the standard addition curve and
that obtained after the preconcentration of standard solutions
of the curcuminoids (data not shown) confirming the lack of
matrix effect using the optimized MISPE conditions. There-
fore, CUR and BDMC concentrations were calculated by
interpolation of the peak area values in the calibration curve
obtained after preconcentration of standard curcuminoid solu-
tions as described in the “Experimental” section. Satisfactory
accurate results were achieved for both curcuminoids at the all
the fortification levels tested with recoveries between 97 and
101 % (RSD 2.5-5.0 %, n=3) for CUR and between 99 and
101 % (RSD 2.5-6.3 %, n=3) for BDMC. To determine the
within-laboratory reproducibility, the sample was analyzed by
triplicate on three different days obtaining RSD values of 3.8
and 7.2 % for CUR and BDMC (Table 6), respectively, which
confirm the good reproducibility of the optimized methodol-
ogy and its applicability for the analysis of herbal extracts. The
cartridges have been used more than 25 times without losing
their recognition properties.

Conclusions

This work demonstrates the usefulness surrogate tem-
plates for the preparation of molecularly imprinted poly-
mers selective to CUR and BDMC. A mixture of reduced
BDMCs was the best choice for the generation of binding
cavities with the right shape and functionality to achieve
the efficient recognition of the target curcuminoids in
aqueous samples. The application of this approach avoids
the problems associated to CUR copolymerization during
MIP preparation. A poly(EAMA-co-EDMA) molecularly
imprinted polymer has been synthesized and applied to
the optimization of a MISPE procedure followed by
HPLC with fluorescence detection for the simultaneous
extraction of CUR and BDMC from herbal extracts with

good recoveries and precision, improving the performance
of previously reported MIPs for these analytes. Cartridge
capacity could be improved using imprinted microbeads,
and work is in progress to explore such approach. In any
case, the novel MIPs represent a cost-effective alternative
to traditional SPE sorbents for the analysis of curcuminoids in
complex matrices.
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