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AbstractMolecular imprinting was conducted on a thin polymeric membrane stacked on the self-assembled mono-
layer of a gold plate. The covalent bonding method was used in the molecular imprinting process. Cholesterol was used
as a target molecule. Coating with poly(methyl methacrylate) was followed by hydrolysis and extraction of cholesterol.
The remaining site was used to recognize cholesterol. Using the cholesterol-imprinted gold electrode as a working elec-
trode, the cholesterol recognition ability was estimated. Various cholesterol analogs were used to obtain the compara-
tive data to determine the imprinting and selectivity factors. The results showed that molecular similarity was important
to enhance the recognition. However, the presence of a hydroxyl functional group played a key role in enhancing the
molecular recognition, suggesting that molecular polarity and hydrophobicity are important factors.
Keywords: Sensor, Molecular Imprinting Polymer, Cholesterol, Self-assembled Monolayer

INTRODUCTION

Cholesterol is a very important compound in the body; how-
ever, excessive cholesterol levels are a serious challenge for health
and well-being [1]. During a medical examination, the cholesterol
concentrations must be evaluated to ensure healthy levels. High
density lipoprotein (HDL) cholesterol and low density lipoprotein
(LDL) cholesterol are assessed during the examination. HDL cho-
lesterol is known as good cholesterol, and LDL cholesterol is known
as bad cholesterol. Therefore, many studies have attempted to develop
systems for the detection of cholesterol, and efforts to develop im-
proved systems for cholesterol detection are ongoing [2-8].

Molecular imprinting is a research technique designed to mimic
biological systems such as enzymes [9]. Until now, studies had shown
that the performance of the molecular imprinted material is infe-
rior to the biological system [9]. However, a molecular imprinting
system can overcome the limitations of the biological system. For
example, the biological system can be used under limited condi-
tions of temperature, solvent, and pH, whereas the molecular im-
printed system can be used under any conditions of temperature,
solvent, and pH [10-14].

Generally, molecular imprinting entails polymerization of the
crosslinkable monomer with the target molecule to fabricate a three-
dimensional crosslinked polymer [9]. The obtained polymer is
ground to fine powder, and many target molecules are placed at
the surface of the ground polymeric materials. These target mole-
cules are extracted, and the remaining sites are used to recognize
the target molecule. Because the grinding occurs randomly during
the molecular imprinting, the target molecule occupies a random
position after grinding. If the target molecule is located excessively

shallow beneath the surface, a good molecular imprinted site can-
not be obtained. If the target molecule is located excessively deep
beneath the surface, the target molecule cannot be extracted. Only
the target molecule located at an optimum depth provides a good
molecular imprinted site. Therefore, to ensure adequate molecular
recognition, surface molecular imprinting was conducted without
the grinding process. Nevertheless, ensuring the optimum position
of the target molecule is still a challenge [15-22].

Previously, we conducted molecular imprinting at the self-assem-
bled monolayer (SAM) as an extreme case of surface molecular
imprinting [23-25]. We found that molecular imprinting at the SAM
was effective but still associated with a few limitations. To overcome
this, molecular imprinting was conducted at the thin polymeric
membrane on SAM [26,27]. In this study, we developed a choles-
terol imprinted system at the thin polymeric membrane on SAM
and estimated the selectivity to seven cholesterol analogs. Surface
molecular imprinting was conducted without the grinding process
in this study.

EXPERIMENTAL

1. Materials and Instruments
Poly(methyl methacrylate) (PMMA) (MW 350,000), cholesteryl

chloroformate, benzenethiol, 4-mercaptophenol, triethylamine, potas-
sium ferricyanide [K3Fe(CN)6], sodium perchlorate, cholesterol, cho-
lic acid, deoxycholic acid, estrone, estradiol, testosterone, testosterone
propanoate, -estradiol 17-acetate, and tetrahydrofuran (THF) were
purchased from Aldrich (St. Louis, MO, USA). Ivium potentiostat
(Ivium Technologies, Netherlands) was used to obtain the cyclic vol-
tammograms. A round gold plate, which was manufactured at a
jewelry store, was used as a working electrode. Its surface area was
1.0cm2×2, and its thickness was 0.50mm. The gold plate was cleaned
using piranha solution prior to use [23]. The piranha solution was
obtained by mixing 30 mL of 30 wt% H2O2 and 90 mL of concen-
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trated sulfuric acid. In the cleaning process, the gold plate was located
in the piranha solution for 15 min and later transferred into deion-
ized water for 10 min. It was cleaned with deionized water [23].
ACE-200 spin coater (Dong Ah Trade Co., Korea) was used for spin
coating. Horiba Uvisel 2 Ellipsometer. (Kyoto, Japan) was used to
measure the coating thickness.
2. SAM Formation on the Surface of the Au Plate

The gold plate was immersed in a solution containing the thiol
compound for 12 h to form the SAM on the gold plate. The solu-
tion containing the thiol compound was prepared with 198 mg
(1.80 mmol) benzenethiol and 25.2 mg (0.20 mmol) 4-mercap-
tophenol in 100 mL ethanol. This gold plate was transferred into
50 mL ethanol for 30 min to remove the overcoated thiol com-
pound. The gold plate was dried under vacuum for 3 h. The pro-
cess was conducted by hanging the gold plate, and the reaction was
carried out on both sides of the plate [23].
3. Reaction of Cholesteryl Chloroformate with 4-Mercaptophe-
nol on the SAM

The gold plate with the SAM was transferred into the solution
containing 1mL triethylamine in 30mL dry THF. The solution con-
taining 1.50 g (3.34 mmol) cholesteryl chloroformate in 15 mL THF
was added in the above solution with stirring. The solution was
stirred for 6 h after the solutions were combined. The gold plate
was rinsed with THF twice [26].
4. Purification of PMMA and Spin Coating of PMMA on the
Gold Plate

The remaining polymerization additives and the low molecular
weight PMMA were removed as follows. First, 1.0 g PMMA (MW

350,000) was dissolved in 20 mL acetone. This solution was added
dropwise to 100 mL methanol with stirring. The precipitate was
collected, and the dissolution of PMMA in acetone and its drop-
wise addition to methanol was repeated two more times, so the pro-
cess was conducted three times totally. The final precipitate was
dried under vacuum for 6 h. Using this PMMA material, the spin
coating was conducted using the 0.30 wt% PMMA in toluene at
6,000 rpm for 80 s. The coated gold plate was dried under vacuum
for 6 h.
5. Formation of Cholesterol-imprinted Site on the Coating
Surface

To hydrolyze the carbonate group linking the cholesterol group
with the SAM, the PMMA-coated gold plate was transferred into
1 M NaOH in methanol and refluxed for 6 h. After refluxing, the
gold plate was rinsed five times with deionized water. The hydro-
lyzed cholesterol was extracted with methanol and extracted with
hexane once more [26].
6. Electrochemical Measurement

The measurement equipment comprised a three-electrode sys-
tem including a working electrode, a reference electrode, and a
counter electrode in 50 mL reactor. Cholesterol-imprinted gold plate
was used as a working electrode. The 10 cm platinum wire was used
as a counter electrode and Ag/AgCl (3 M KCl) was used as a ref-
erence electrode [26].

During the electrochemical measurement, the redox reaction of
potassium ferricyanide was used as a background reaction [23]. It
was carried out with 5.0 mM potassium ferricyanide and 50 mM
sodium perchlorate composed of 0.0495 g (0.150 mmol) potassium

ferricyanide and 0.1838 g (1.50 mmol) sodium perchlorate in the
mixed solvent containing 15 mL ethanol and 15 mL distilled water.
The cyclic voltammogram was measured between 0.5 V and 0.5 V
at 50mV/s. The recognition was measured by estimating the maxi-
mum current in the background oxidation reaction by adding cho-
lesterol or cholesterol analogs. A 1.0 mM solution of cholesterol or
cholesterol analogs was prepared, and supplemented with 150L
solution every time, i.e., the concentration of the solution was in-
creased 5M per addition.
7. Formation of Non-imprinted Electrode

The non-imprinted electrode was designed to compare experi-
mental outcome with cholesterol-imprinted electrode. The same
gold plate was used to form the SAM with the same thiol com-
pound solution. The same PMMA solution was coated on this SAM.
Comparing the formation process of the non-imprinted electrode
with that of the cholesterol-imprinted electrode, the reaction step
of cholesteryl chloroformate and the hydrolysis step of carbonate
group were omitted.

RESULTS AND DISCUSSION

1. Formation of Cholesterol-imprinted Site on SAM
Molecular imprinting involves covalent and non-covalent bond-

ing methods. In the covalent bonding method, covalent bonding
exists between the target molecule and the polymeric material. Gen-
erally, non-covalent bonding method is used because of its simplicity
compared with covalent bonding. However, covalent bonding can
generate a more elaborate molecular imprinted site. The covalent
bonding method was used in this study. The surface molecular im-
printing technique was also used. Cholesterol imprinting was con-
ducted on the round gold plate. The SAM was formed using ben-
zenethiol and 4-mercaptophenol at a molar ratio of 9 : 1. Previous
studies showed that this ratio yielded the most superior cholesterol
recognition because of the maximum formation of molecular im-
printing sites isolated independently [26]. After the SAM forma-
tion, the reaction between cholesteryl chloroformate and hydroxyl
group in 4-mercaptophenol linked the cholesterol to the SAM via
covalent bonding. The PMMA coating enveloped the cholesterol
group. Under this state, the optimum coating thickness is very im-
portant to facilitate the hydrolysis and extraction of cholesterol. In
our previous study [26], the coating thickness was unsuccessfully
controlled, and therefore, after the coating, the partial exfoliation
method was used to control the thickness. Partial exfoliation involved
the leaving and the stroking methods. The stroking method yielded
better results compared with the leaving method. However, the
results of the stroking method were partly dependent on the inves-
tigators. Therefore, we searched for the direct coating conditions to
obtain the optimum coating thickness without partial exfoliation
in this study. We finally determined that the viscosity of the solu-
tion was the most important condition in minimizing the coating
thickness. In this study, we selected the PMMA with an MW 350,000
instead of the PMMA with MW 120,000, which was used in the
previous study [26]. Using the PMMA with an Mw 350,000, the
removing process of the remaining additives during the polymer-
ization was conducted. In this process, the low-molecular weight
PMMA was also removed. The PMMA was dissolved in acetone
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and precipitated in methanol. This process was repeated three times
for the removal. After the removal, the molecular weight was in-
creased to 375,000. Using the PMMA obtained, the coating was per-
formed with 0.30wt% in toluene solution at 6,000rpm for 80s. After
drying under vacuum, the coating thickness was 3.2±0.2 nm.

The hydrolysis reaction was conducted and the hydrolyzed cho-
lesterol was extracted using the solvent. Finally, the cholesterol-
imprinted site was formed and used for cholesterol recognition.
The process is outlined in Fig. 1.
2. Recognition Ability Estimation of the Cholesterol-imprinted
Site

We estimated the recognition potential of our system by com-
paring seven cholesterol analogs. The chemical structures of cho-
lesterol and the seven cholesterol analogs are shown in Fig. 2.

Using the cholesterol-imprinted gold plate as a working electrode,
the maximum current was estimated during the background oxi-
dation reaction. The reduced maximum current values were esti-
mated at every 5M increase in the cholesterol or the cholesterol
analogs until 35M. The large amount of the reduced value indi-
cates the exquisite fit of the added molecule with the cholesterol-
imprinted site. The results are shown in Fig. 3(a). Using the non-

imprinted gold plate as a working electrode, the results of the above
experiment are shown in Fig. 3(b).

In Fig. 3(a) with a cholesterol-imprinted electrode, cholesterol
shows the largest current reduction compared with the results of
cholesterol analogs. The order of the current reduction was chol-
esterol>>testosterone propanoate>-estradiol 17-acetate>estrone=
testosterone>estradiol>deoxycholic acid>cholic acid. As shown in
Fig. 3(b), using a non-imprinted electrode similar low values were
obtained for all the cholesterol analogs including cholesterol.

To accurately estimate the recognition ability, the imprinting fac-
tor and the selectivity factor were estimated using the reduced cur-
rent value at 30M. The imprinting factor was estimated using the
following equation:

Imprinting factor=RedMI/RedNI

RedMI denotes the reduced current, which was detected with 30M
of cholesterol or its analogs using a cholesterol-imprinted electrode,
and RedNI refers to the reduced current, which was detected at 30M
of cholesterol or its analogs using a non-imprinted electrode. The
imprinting factor indicates the efficiency of the cholesterol-imprinted
electrode compared with the non-imprinted electrode. The selec-

Fig. 1. A schematic diagram of cholesterol imprinting process.

Fig. 2. Chemical structures of cholesterol analogs used in this study.
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tivity factor is obtained from the relative value of Red, (RedMI-
RedNI) using the data of cholesterol and its analogs. The selectivity
factor is estimated using the following equation:

Selectivity factor=Redanalog/Redcholesterol

Redanalog denotes the difference between RedMI and RedNI in the
cholesterol analogs, and Redcholesterol refers to the gap between RedMI

and RedNI for the cholesterol. The selectivity factor indicates the
segregation ratio of the cholesterol analogs to cholesterol.

The results of the imprinting factor and the selectivity factor are
shown in Table 1.

In Table 1, the imprinting factor indicates the relative reduction
of the cholesterol-imprinted electrode compared with the non-im-
printed electrode. In the case of cholesterol, the imprinting factor

Fig. 3. Current reduction value in the cyclic voltammogram of cholesterol and cholesterol analogs addition. (a) cholesterol-imprinted elec-
trode, (b) non-imprinted electrode.

Table 1. The imprinting and the selectivity factors for cholesterol and its analogs
RedMI RedNI Red Imprinting factor Selectivity factor

Cholesterol 74.2 18.8 55.4 3.95 1.000
Cholic acid 19.2 16.9 02.3 1.14 0.042
Deoxycholic acid 23.8 17.2 06.6 1.38 0.120
Estrone 31.3 18.1 13.1 1.73 0.240
Estradiol 28.5 17.6 10.9 1.62 0.200
Testosterone 31.8 18.2 13.6 1.75 0.250
Testosterone propanoate 49.8 18.5 31.3 2.69 0.560
-Estradiol 17-acetate 39.1 18.2 20.9 2.15 0.380
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was 3.95, which was the largest value among the eight compounds
in this study, and in case of cholic acid, it was 1.14, which was the
lowest value. The selectivity factor of cholic acid in Table 1 was
0.042, which is also the lowest value among the cholesterol analogs.
The selectivity may be attributed to two additional hydroxyl groups
and one carboxyl acid group in the cholic acid compared with cho-
lesterol. In case of deoxycholic acid, it has one reduced hydroxyl
group compared with cholic acid. Therefore, deoxycholic acid
showed a minor increase in selectivity compared with cholic acid.
However, deoxycholic acid still showed a lower selectivity factor
because it carries an additional hydroxyl group and a single car-
boxyl acid group compared with cholesterol. Estrone showed a
larger selectivity factor than estradiol. Estrone contains a ketone
group instead of hydroxyl group in estradiol. Testosterone showed
similar selectivity factor compared with estrone.
-Estradiol 17-acetate showed a higher selectivity factor than

estradiol because -estradiol 17-acetate carries an alkyl side chain
even though it is very short. This effect was observed more clearly
for testosterone propanoate, which showed higher selectivity than
any other cholesterol analogs. Especially, it exhibited a higher selectiv-
ity factor than testosterone. Its selectivity factor of 0.56 suggests struc-
tural similarity with cholesterol. Conclusively speaking, the order of
the selectivity factor was cholesterol>>testosterone propanoate>-
estradiol 17-acetate>testosterone=estrone>estradiol>deoxycholic
acid>cholic acid. A very low selectivity factor results in segrega-
tion of the compound by the sensing system to cholesterol. In case
of compounds with very high selectivity factor, the sensing system
cannot segregate them to cholesterol, suggesting that the system
cannot segregate the compound to cholesterol because of similar
chemical structures.

CONCLUSIONS

Molecular imprinting was conducted on the thin polymeric mem-
brane of the SAM with cholesterol as the target compound. The
recognition ability was estimated by measuring the maximum cur-
rent in the background oxidation reaction using a cholesterol-im-
printed electrode. Results of the seven cholesterol analogs were com-
pared with cholesterol. The imprinting and selectivity factors were
estimated using the data at 30M concentration. The imprinting
factor was 3.95 for cholesterol, suggesting satisfactory performance
of the cholesterol-imprinted site. The selectivity factor of cholic acid
was 0.042, which was the lowest value. It suggested that the choles-
terol-imprinted site segregated cholic acid adequately. The selectiv-
ity factor of testosterone propanoate was 0.56, which was a relatively
higher value indicating that testosterone propanoate has a very simi-
lar chemical structure and polarity compared to cholesterol. The
cholesterol-imprinted system was developed at the thin polymeric
membrane on SAM to improve the molecular imprinting method,
and the system was characterized in detail in this study.
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