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A simple and sensitive sensor based on

a molecularly imprinted polymer-modified carbon
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A highly sensitive and selective molecularly imprinted polymer-modified carbon paste electrode (MIP-CPE)
was designed. The curcumin molecularly imprinted polymer (CUR-MIP) was prepared by thermally induced
precipitation polymerization, using curcumin (CUR) as the template molecule, methacrylic acid (MAA) as the
functional monomer, 2,2’-azodiisobutyronitrile (AIBN) as the initiator, and ethylene glycol dimethacrylate
(EDGMA) as the cross-linker. The modified electrode was prepared by mixing the polymer, graphite
powder, and paraffin oil in specific proportions. The electrochemical behaviour of CUR on this electrode
was studied, and a method for direct CUR determination using this electrode was established. The
results showed that CUR exhibited a distinct oxidation peak (E,,) at 0.434 V (vs. SCE) in the mixed
phosphate buffer solution (PBS) at pH 3.06. The optimum addition ratio of the polymer in the modified
electrode was 20%, and the peak current (/,5) was 4.5-fold higher than that of the bare CPE. The /.,
showed a good linear relationship with concentration in the range 0.1-50 puM, and the detection limit
was 10.1 nM. The method was applied to determine CUR contents in food, giving recovery rates of
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1. Introduction

Curcumin (CUR, Scheme 1) is a diketone compound used
widely in food and medicine. It is extracted from the roots of
certain plants of the Zingiberaceae and Araceae families. It has
been used as a natural pigment in the food industry due to its
bright yellow colour, mainly in canned foods, intestinal prod-
ucts, cakes, beverages, and other dyeing applications.” Phar-
macologically, CUR, or its sodium salt, has antibacterial,
antitumour, hypoglycaemic, and antioxidant effects.>” In
traditional Chinese medicine, CUR is believed to help blood
circulation, warm the meridians, and cure pain caused by
rheumatism and blood stasis.

In China, Japan, the European Union, and other regions,
CUR can be legally added to food. However, in September 2010,
the Food Additives and Nutritional Enhancers Science
Committee of the European Food Safety Authority was asked to
re-evaluate the safety of CUR as a food colouring. The acceptable
daily intake amount may also be redefined. Therefore, the fast
and convenient determination of CUR content in food has
become necessary. Currently, CUR determination is mainly
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performed by HPLC, HPTLC, LC-MS, TLCS, CE, and spectro-
photometry.**® However, the pretreatment process for these
methods is tedious, and sensitivity and selectivity vary. The
electrochemical determination of CUR has rarely been reported.
Afzalia et al. detected CUR in urine and turmeric samples using
a ferrocene-nanofiber carbon paste electrode, which gave
a linear calibration graph in the range 0.1-500 pM curcumin
with a detection limit of 24 nM."” Cakir et al. used a palladium
nanoparticle (PANP)-coated graphite electrode to detect curcu-
min in samples of turmeric powder, which gave a linear cali-
bration graph in the range 3.0 x 10°®* M to 6.0 x 10”7 M with
a detection limit of 2.2 x 10~® M.*™® Ziyatdinova et al. deter-
mined curcumin in spices using a glassy carbon electrode in
0.1 M LiClO, in ethanol, which gave a linear calibration graph in
the range 9.9 x 107° to 1.07 x 10~* M curcumin with a detec-
tion limit of 4.1 x 10 ~® M.*®

Chemically modified carbon paste electrodes (CMCPEs) are
composed of a modifier and carbon paste, which provides
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Scheme 1 Chemical structure of curcumin.
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a specific function to the modified electrode. CMCPEs enhance
the selectivity and sensitivity of the CPE, combining separation,
enrichment, and selective determination.?**> Therefore
CMCPEs have become popular in electrical analysis research.
Our group has made progress in researching modified carbon
paste electrodes.”** MIP has good stereospecific recognition
and has been widely used in chromatographic separation,
antibody or receptor simulation, biosensors, enzyme simula-
tion, and catalytic synthesis, among other applications. In this
paper, the electrochemical behaviour of CUR was studied using
MIP-CPE as the working electrode. The direct determination of
CUR using this electrode was established and applied to the
determination of CUR in food, giving excellent results.

2. Experimental
2.1 Apparatus and chemicals

Cyclic voltammetry (CV) was performed using an Ingsens-1100
series handheld electrochemical workstation (Ingsens Instru-
ments, Guangzhou, China). A conventional three-electrode
system comprising MIP-CPE as the working electrode, SCE
(Chenhua Instruments, Shanghai, China) as the reference
electrode, and a platinum electrode (Chenhua Instruments,
Shanghai, China) as the indicating electrode. A pH meter (pHS-
25, Leici Instrument, Shanghai, China) with a double junction
glass electrode was used to determine the pH of solutions.

CUR (=98%) was purchased from the China Institute of
Pharmaceutical and Biological Products, graphite powder (SP,
40 nm) was obtained from the China National Pharmaceutical
Group Chemical Reagent Co., Ltd. MAA (AR), EDGMA (AR),
AIBN (AR), and liquid paraffin (HPLC) were purchased from
Shanghai Aladdin Reagent Co., Ltd. Other chemicals were
analytically pure, and deionized water was used in all experi-
ments. Curcuma powder and cookies (Meixin West Bakery) were
purchased from a supermarket in Guangzhou.

2.2 Preparation of MIP***’

CUR (1 mM) was accurately weighed and placed in a round-
bottom flask. CH;OH (120 mL), MAA (4 mM), EDGMA (20
mM), and AIBN (30 mg) were then added and mixed well, fol-
lowed by nitrogen purging for 10 min. The flask was sealed and
placed in a constant temperature water bath for polymerization
at 60 °C for 24 h. The product was rinsed with a mixed solution
of methanol-acetic acid (9 : 1) until no CUR was detected in the
eluent. Methanol was used to remove the residual formic acid.
The product was dried in the oven at 60 °C to obtain CUR-MIP.

A blank or a non-imprinted polymer (NIP) was prepared
using the same method in the absence of template.

2.3 Electrode fabrication

Fine graphite powder, MIP, and paraffin oil were mixed in
certain ratios and packed into a 2.0 mm radius glass tube. A
copper wire was inserted from the back as the electrical contact.
The electrode surface was polished using soft white paper, and
the MIP-CPE was then prepared.
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An NIP-CPE was prepared using the same method, but
replacing MIP with NIP.

2.4 Preparation of buffer solution and standard solution

Mixed phosphate solid reagent (KH,PO, 3.388 g + Na,HPO,
3.533 g) was dissolved in distilled water and transferred into
a 250 mL volumetric flask to obtain PBS of pH 6.86. The pH was
adjusted using 1 M HCI solution.

A CUR standard sample (0.07369 g) was accurately weighed
and dissolved in absolute ethanol. The solution was transferred
to a 200 mL brown volumetric flask. A 1.0 mM CUR standard
solution was obtained and stored in a 4 °C refrigerator. The
solution was diluted to the desired concentration using PBS at
pH 3.06.

2.5 Sample pretreatment

Small samples of curcuma powder and cookies were ground
and dried at 70 °C. The curcuma powder (0.2 g) and curcuma
cookie powder (1 g) were weighed and placed in separate conical
flasks with stoppers. Next, 95% ethanol (20 mL) was added to
each flask for extraction under ultrasonication for 30 min, fol-
lowed by filtration. The sample residue was also extracted using
this method. The filtrate was combined and transferred into
a 100 mL volumetric flask to be stored at 4 °C. For use, 2 mL of
this solution was diluted to the desired concentration using PBS
(18 mL, pH 3.06).

2.6 Electrochemical measurement

The solution was transferred into a small beaker with the three-
electrode system. The accumulation time (¢,..) was set to 20 s,
and the electrode was scanned in the range 0-1.0 V at a scan rate
of 50 mV s™'. The peak potential (E,,) and peak current (I,,)
were recorded at 0.434 V.

At the end of each measurement, the working electrode was
placed in a 1 M NaOH solution and scanned for five cycles to
remove any absorbed CUR.

The recovery study was conducted using a standard addition
method. Different amounts of CUR were added to the sample
solution, and the measured peak current was recorded using
the electrode present.

3. Results and discussion
3.1 Electrochemical behaviour of CUR

Three different electrodes, MIP-CPE, NIP-CPE, and CPE, were
used in a 10 uM CUR solution for cyclic voltammetry scans, as
described in Section 2.6. The results are shown in Fig. 2. The
oxidation peak (Ep,) of CUR on the bare CPE was 0.434 V, and
the reduction peak (Ep.) was 0.338 V (Fig. 1c), which indicated
that the oxidation-reduction reaction of CUR on CPE was quasi-
reversible. The response of CUR on MIP-CPE was the highest
(Fig. 1a). Compared with the bare CPE, the I,, increased
approximately 4.5-fold. This increase was probably due to the
specific ability of MIP to recognize the template molecules. The
CUR molecules could diffuse to the surface of the electrode
through polymer pores and undergo a redox reaction.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Cyclic voltammetry of CUR on three different electrodes (a)
MIP-CPE in 10 uM CUR solution, (b) NIP-CPE in 10 uM CUR solution,
(c) bare CPE in 10 uM CUR solution, and (d) bare CPE in PBS blank
solution.

Meanwhile, due to the enrichment effect of MIP on the template
molecules, the sensitivity of the electrode was increased, and
the anti-interference ability of the electrode was improved.

3.2 Optimization of measurement conditions

3.2.1 Composition of polymer-modified CPE. Electrodes
were prepared according to the method described in Section
2.3, for which the ratios of graphite to MIP were 90 : 10, 80 : 20,
70 : 30, and 60 : 40 (m/m). The resulting electrodes were scan-
ned in a 10 uM CUR solution, and the results are shown in
Fig. 2. Probably due to the functional group and pore of MIP
having a specific recognition ability for the template molecule,
adding MIP into the electrode material increased the adsorp-
tion capacity of the template molecule on the surface of the
electrode, which increased the peak current. Higher peak
currents and better peak shapes were obtained when the ratio of
graphite to MIP was 80 : 20. Therefore, this optimized electrode
composition was used to prepare modified electrodes.

3.2.2 Selection of buffer solution. Tests were performed in
buffer solutions, such as H;PO,~-KH,PO,, NH;-NH,Cl, HAc-
NaAc, PBS, BR, HCIl, Na,B,0,, and KHC,H,Os. The results
showed that CUR had signals in both HAc-NaAc and Na,B,0-,
solution, but with a small peak current and poor stability.
However, CUR showed an excellent peak shape, maximum peak
current, and good stability in PBS solution. Therefore, PBS was
selected as the buffer solution for subsequent tests.

3.2.3 Effect of solution pH on peak current and peak
potential. Buffer solution pH had a significant effect on the
cyclic voltammetry (CV) results. The curves of the linearly swept

0.2 03 0.4 05 0.6 0.7
Evs SCE/V

Fig. 2 Effect of MIP amount in the modified electrode at 10 uM CUR
peak current: (a) 80 : 20, (b) 90 : 10, (c) 70 : 30, (d) 60 : 40, and (e) bare
CPE.
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voltammograms, peak current, and peak potential vs. pH are
shown in Fig. 3A. The CUR peak current at different pH values
showed no regularity (Fig. 3B), while the best peak shape and
maximum peak current were observed at pH 3.06. Therefore,
PBS solution at pH 3.06 was used for subsequent tests.

CUR has a yellow or orange-yellow colour in acidic or neutral
environments, and its peak potential decreases with increasing
pH. Over the pH range 2.54-7.52, the peak potential was a linear
function of pH (Fig. 3C), following the equation £ = —0.054 pH
+ 0.688, r = 0.9990, for which the slope was 0.054 and close to
0.059. According to the Nernst equation, the reaction of CUR on
the electrode was a redox process with equal electrons and
protons.

3.2.4 Effect of accumulation time on peak current. The
effect of accumulation time (t,..) on peak current was investi-
gated at two different CUR concentrations. At 10 pM, the peak
current reached a maximum at 15 s, while at 1 uM, the peak
current reached a maximum at 25 s. This result indicated that
lower-concentration CUR solutions required longer accumula-
tion times. Considering peak shape, time, cost, and other
factors, a t,.. of 20 s was used for subsequent tests.

3.3 Reaction mechanism study

The effect of scanning rate on the 10 uM CUR peak current and
peak potential was studied using cyclic voltammetry (Fig. 4A).
The results showed that the peak current of CUR and v exhibited
a linear relationship in the scanning rate range 10-800 mV s '
(Fig. 4B), with the equation I, = 0.0078v + 0.0704, r = 0.9998.
This result indicated that the oxidation of CUR was an
absorption-controlled process. Additionally, the peak current
increased gradually with increasing scanning rate. To obtain
a better signal-to-noise ratio and peak shape, a scanning rate of
50 mV s~ " was used for subsequent experiments.

Ep, and In v also had a good linear relationship (Fig. 4C),
with the following equation:

18 A

——pH2.64 —pH3.06
1.4 {—pH346 —pH385
—pH462 —pH5.13
—pH5.57 —pH5.95
10 1—pH651 —pHT.52

0246 01 02 03 04 05 06 07

Evs SCE/V
15 4 0.6 -
B C
12 A
0.5
£ 0.9
3 7]
= E. 0.4
0.6
03 0.3
0.0 0.2 T T T T T "
2 3 4 5 6 7 8 2 3 4 5 6 7 8
pH pH

Fig. 3 (A) Cyclic voltammograms of 10 uM CUR in PBS at pH 2.64-
7.52. Effect of pH on the (B) peak current and (C) potential.
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Fig. 4 (A) Cyclic voltammetry of 10 uM CUR at different scanning

rates, (B) linear relationship of /,, and v, and (C) linear relationship of /,,
and lnv.

E=0.021Inv + 0.357 (r = 0.9842) (1)

According to the quasi-reversible electrode reaction, the
relationship between peak potential and scanning rate can be
described as follows:*®

RT
E.=E' - —
P anF

0 1/2
078 —In < 4In (“”F V) @)

D!/2 RT

Combining eqn (1) and (2),

% X 01;—2 =0.021

where « is the charge transfer coefficient, n is the number of
transferred electrons, F is the Faraday constant (96 487 C
MY, v is the scanning rate (V s™'), R is the gas constant
(8.314J K1), and T'is the temperature in K (298). The value of
an was calculated to be 0.61, assuming « was 0.5 (ref. 29) and
the number of electrons involved in the reaction was n =
1.22, which was close to 1. In combination with the conclu-
sion of Section 3.2.3, the redox reaction of CUR on this
electrode involved transferring one proton and one electron.
A reaction mechanism was proposed, as described below
(Scheme 2).

In addition, combining eqn (3) and the linear relation
between I,,, and v (Fig. 4B), the absorption capacity of CUR on
the MIP-CPE surface was calculated as follows:**

n*F?T Ay
In = —or (3)
o o o o
= 7 I N e
(I) O O T + e+H' rI) 7 ?
cH, o OH  CH, CH, oH OH  CH,

Scheme 2 Redox reaction mechanism of CUR on MIP-CPE.
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where I is the absorption capacity (M cm?), A is the electrode
surface area (cm®), and n, F, v, R, and T are as described in eqn
(2). The absorption capacity of CUR on the MIP-CPE surface was
calculated to be I' = 26.8 nM cm?>.

3.4 Interference test

For the interference test, 1000-fold Mg”*, Zn>*, K", Na*, Cl~, and
CO;*” were added to a 10 pM CUR standard solution and
scanned using the CPE and MIP-CPE, respectively. The results
showed no interference in the detection of CUR and that the
MIP-CPE exhibited a higher anti-interference ability than the
bare CPE.

3.5 Electrode precision, repeatability, and stability

After obtaining a stable scan for the blank solution, the freshly
prepared modified electrode was evaluated by continuously
measuring the CUR standard solution ten times. As the relative
standard deviation (RSD) was 0.4%, the modified electrode was
very precise. Five electrodes were prepared under the same
conditions simultaneously. The RSD was 3.3% when measuring
the same CUR standard solution, which indicated good
repeatability. After storing the same electrode at room temper-
ature for 3, 6, 9, 12, and 15 days, the RSD was 2.8% when
measuring the same CUR standard solution, which indicated
good stability.

3.6 Linear range and detection limit

The peak current was found to be linearly dependent on CUR
concentration in the range 0.1-50 uM (Fig. 5). The regression
equation was I, = 0.065¢ + 0.322, r = 0.9999. According to
S/N = 3, the detection limit was calculated to be 10.1 nM.

3.7 Sample analysis

The contents of CUR in curcuma powder and cookies were
determined using the MIP-CPE. The samples were treated as
described in Section 2.5, and the results are summarized in Table
1. Converting to a mass fraction, the contents of CUR in curcuma
powder and cookies were 2.10% and 0.0199%, respectively.

3.8 Method comparison

Compared with the reference method (Table 2), the present
method had a wider linear range, higher recovery rate, and

45 40

w01 A B
;; 30

<25 S0uM <

290 T 220
L5 /\ 0.1pM 10
10 :
i —~—
00 ‘ - - ‘ s 0.0 + ——

0.2 03 04 05 0.6 07 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Evs SCEIV o/uM
Fig. 5 (A) Linear scan cyclic voltammogram of CUR at different

concentrations, and (B) linear relationship between CUR concentra-
tion and peak current.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Application of MIP-CPE to the detection of CUR in curcuma powder and cookies (n = 5)
Recovery, RSD,
Samples Found/uM Added/uM Determined/uM n=>5% n=>5%
Curcuma powder 11.40 9.00 20.12 96.67 2.33
11.40 11.50 23.51 105.2 1.95
11.40 14.00 26.26 105.7 1.97
Curcuma cookies 0.54 0.42 0.93 92.86 3.23
0.54 0.55 1.04 90.91 3.48
0.54 0.65 1.13 90.77 2.99
Table 2 Comparison of this method with references for CUR detection
Ref. Method Linear range Recovery/% LOD RSD/%
8 HPLC 0.075-0.175 mg mL~" (75-175 ng mL ™) 100.35-101.21  0.014 mg mL™" (14 ng mL ™) —
9 HPLC — 85 — 5.0
10 HPLC 5-255 ng mL ™" 76.9 5ng mL~* —
11 HPLC 0.2-7.0 ng mL ™" 9 0.091 ng mL, " —
12 HPTLC  50-300 ng per spot 99.55-1.1.83 8 ng per spot 0.53-0.73
13 LC-MS  5-2000 ng mL ™' — 5ng mL " 0.58-14.46
14 CE 3x10°to7 x 10 * mol L™ (1.1-257.6 ng mL™")  81.0-85.5 3x10 ®mol L" (0.011 ng mL™") 4.1-6.3
15 UV-vis  4-40 mg L' (4-40 ng mL ™) 77.21-97.28 0.04 mg L~ " (0.04 ng mL ™) 0.37-0.69
17 cv 0.1-500 uM 98-103.4 24 nm 2.23
18 cv 0.03-0.6 pM — 22 nM 2.9
19 cv 9.9-107 uM — 4.1 M 2.3
Present work  CV 0.1-50 uM (0.0368-18.4 ng mL ™) 90.77-105.7 10.1 nM (0.00368 ng mL ™) 1.95-3.48
lower detection limit. A small portable electrochemical work- References

station was used in this study, for which the instrument cost
was relatively low and no complex pre-treatment of the sample
was needed. Therefore, it could be applied to the on-site rapid
detection of CUR in food.

4. Conclusions

A CUR-MIP-modified MIP-CPE has been developed. The
optimum amount of polymer in the electrode was 20% and the
oxidation peak current at 0.434 V was approximately 4.5 times
higher than that of the bare CPE. The optimum conditions for
CUR determination by the electrode were found to be a PBS
buffer solution (pH 3.06), an accumulation time of 20 s, and
a scanning rate of 50 mV s~ '. The linear range was 0.1-50 uM,
and the detection limit was 10.1 nM. The method was used to
determine the CUR content in commercial samples A and B,
and the recovery rate ranged from 90.77% to 105.7%. The
electrode showed good sensitivity, selectivity, and anti-
interference ability. Its simple sample pretreatment, fast
detection speed, and low cost make its application to the rapid
determination of CUR in food feasible.
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