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Molecular imprinted polymers (MIPs) as a recognition element for sensors are increasingly of inter-
est and MIP-nanoparticles have started to appear in the literature. In this study, we have proposed a
novel thiol ligand-capping method with polymerizable methacryloylamido-cysteine (MAC) attached to
gold-silver-nanoclusters reminiscent of a self-assembled monolayer and have reconstructed surface shell
by synthetic host polymers based on molecular imprinting method for cholic acid recognition. In this
method, methacryloylamidohistidine-Pt(II) [MAH-Pt(II)] has used as a new metal-chelating monomer
via metal coordination-chelation interactions and cholic acid. Nanoshell sensors with templates give a
cavity that is selective for cholic acid. The cholic acid can simultaneously chelate to Pt(Il) metal ion and
fit into the shape-selective cavity. Thus, the interaction between Pt(II) ion and free coordination spheres
has an effect on the binding ability of the gold-silver-nanoclusters nanosensor. The binding affinity of
the cholic acid imprinted nanoparticles have investigated by using the Langmuir and Scatchard meth-
ods and determined affinity constant (Kugnity) has found to be 2.73 x 104 mol L' and 2.13 x 108 mol L1,
respectively. At the last step of this procedure, cholic acid level in blood serum and urine which belong
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to a healthy people were determined by the prepared gold-silver-nanoclusters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bile acids are important steroidal compounds which are syn-
thesized from cholesterol in the liver, stored in the gall bladder,
and released in the small intestine for the digestion of fats and
lipids. The concentration of bile acids in body is related with hep-
atitis, gallstone and other diseases in liver. The qualitative and
quantitative analysis of bile acids have both clinical and pharma-
ceutical significance. Medically, it is feasible to reduce cholesterol
content in body by removing bile acids, especially for the treat-
ment of hyperlipidemia [1,2]. It is thus important to prepare bile
acid sorbents with high selectivity for analysis and potential medi-
cal applications [3]. Cholic acid as well as its derivatives is the main
component of bile acids. Several methods such as liquid chromatog-
raphy (LC) with UV detection [4-6], LC coupled to evaporative
light scattering detection (ELSD) [7,8], ultra high-performance lig-
uid chromatography-mass spectrometry (UHPLC) [9], have been
applied for bile acids detection in serum but they use large and
costly instruments and require sophisticated, frequently wide anal-
ysis procedures.
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Molecular imprinting is a technology to create recognition sites
in @ macromolecular matrix using a molecular template [10]. In
other words, both the shape image of the target and alignment
of the functional moieties to interact with those in the target, are
memorized in the macromolecular matrix for the recognition or
separation of the target during formation of the polymeric materials
themselves[11]. Molecularly imprinted polymers (MIPs) are easy to
prepare, stable, inexpensive and capable of molecular recognition
[12]. Therefore, MIPs can be considered as artificial affinity media.
Molecular recognition-based separation techniques have received
much attention in various fields because of their high selectivity
for target molecules. Three steps are involved in the ion-imprinting
process: (i) complexation of template (i.e., metal ions) to a polymer-
izable ligand, (ii) polymerization of this complex and (iii) removal
of template after polymerization [13].

A nanoparticle which historically has included nanopow-
der, nanocluster, and nanocrystal is a small particle with
at least one dimension less than 100nm. A nanocluster is
an amorphous/semicrystalline nanostructure. This distinction is
an extension of the term “cluster” which is used in inor-
ganic/organometallic chemistry to indicate small molecular cages
of fixed sizes [14]. In last decades, great research efforts have
focused on nanoparticles with a prospect to their potential appli-
cations in nanoelectronics, sensor technology, non-linear optics,
catalysts, hydrogen storage and solar technology [15]. Because of
their large surface-to-volume ratio, quantum mechanic size effects
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and curvature-induced surface effects nanoparticles exhibit novel
properties, for example lower melting point, higher self-diffusion
coefficient, lower effective Debye temperature, higher solid-solid
phase transition pressure, decreased ferroelectric phase transition
temperature, as well as changed thermophysical properties and
size-dependent catalytic activity [16,17]. The interest in study-
ing great with metallic and bimetallic nanoparticles because of
both the fundamental understanding and potential technological
applications. At a fundamental level, information on the evolu-
tion of electronic structures of small metallic particles and their
effects on the optical absorption spectra continue to be a major
goal of research on metal clusters and nanoparticles. On a practi-
cal level, the unusual optical properties of metallic nanoparticles
are exploited for a variety of applications including optical mark-
ers for biomolecules, biological sensors, optical filters, surface
enhancement in Raman spectroscopy and ultrafast non-linear opti-
cal devices [18-20].

In last years, the combination of nanoparticles and MIPs
have been applied in selective sensing detection. The molecular
imprinting nanotechnologies are expected to greatly enhance the
molecular affinity of MIP materials, and thus provide a wider range
of applications approaching to biological receptors. Nanostruc-
tured, imprinted materials have a small dimension with extremely
high surface-to-volume ratio, so that most of template molecules
are situated at the surface and in the proximity of materials sur-
face. In the case of nanosized particles, most of imprinted sites are
situated at the surface or in the proximity of surface. Therefore, the
forms of imprinted materials are expected to greatly improve the
binding capacity and kinetics and site accessibility of imprinted
materials. The MIP nanospheres with 100-nm size had a higher
binding capacity, which was 2.5 fold that of normal bulky particles
with 5-pum size. On the other hand, the low-dimensional nanos-
tructures with imprinted sites have very regular shapes and sizes,
and the tunable flexibility of shapes and sizes. The imprinted nano-
materials have also better dispersibility in analyte solutions and
thus greatly reduce the resistance of mass transfer, exhibiting a fast
binding kinetics. The imprinted nanomaterials with well-defined
morphologies can feasibly been installed onto the surface of devices
in arequired form for many applications in nanosensors and molec-
ular detection [21]. Only a few application of nanoclusters/MIPs
have been reported [22-24].In this study, we have proposed a novel
thiol ligand-exchange method using polymerizable methacry-
loylamidocysteine (MAC) of gold-silver-nanoclusters to cap by
organic layer, reminiscent of a self-assembled monolayer and
have reconstructed surface shell by synthetic host polymers
based on molecular imprinting method for cholic acid recogni-
tion. Methacryloylamidohistidine-Pt(Il) [MAH-Pt(II)], was used as
a new metal-chelating monomer via metal coordination-chelation
interactions and cholic acid. We have combined nanoscale materi-
als with MIP considering the ability of cholic acid to chelate of Pt(II)
ion of MAH monomer to create reminiscent ligand exchange (LE)
assembled binding sites, because the Pt(II) primarily interacts with
the cholic acid [25]. In this study, synthesis, characterization and
efficiency of the gold-silver-nanoclusters sensor based on cholic
acid imprinted polymer have investigated. Cholic acid level in blood
serum and urine has determined using this Au-Ag nanosensor.

2. Experimental
2.1. General methods

Methacryloyl chloride, was supplied by Aldrich and used as
received. Cholic acid and chenodeoxycholic acid were supplied
by Sigma Aldrich and ethylene glycol dimethacrylate (EDMA) was
obtained from Fluka A.G., distilled under reduced pressure in the
presence of hydroquinone inhibitor and stored at 4°C until use.
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Fig. 1. (a) MALDI-TOF/MS spectrum of MAH-Pt(II) (2 L of MAH-Pt(II) solution was
mixed with 18 pL of a 10mgmL-! solution of CHCA in acetonitril/0.1% TFA. The
acceleration voltage was set to 20kV and the delay time was 100 ns and (b) FTIR
spectrum of MAH-Pt(II).

Azobisisobutyronitrile (AIBN) was also supplied from Fluka. All
other chemicals were of reagent grade and were purchased from
Merck AG. All water used in the experiments was purified using a
Barnstead NANOpure ultrapure water system.

Photoluminescence spectra were acquired by spectrofluorom-
eter (Varian Cary Eclipse, Australia). 'H and 13C NMR spectra
were recorded in DMSO-dg with TMS as the internal standard
using Bruker 500 MHz NMR equipment. The Transmission Emission
Microscopy (TEM) images of nanocrystals were acquired on a FEI-
Tecnai™ G2 Sprit transmission electron microscope (20-120kV).
Sample preparation was consisted of drop coating the nanoclus-
ters onto carbon-coated copper grids and air dried. Raman spectra
images were obtained using a Raman Spectrophotometer (Bruker
Senterra Dispersive Raman Microscope, Germany). Fourier Trans-
form Infrared (FTIR) spectra images were obtained using a FTIR
(Spectrum 100, Perkin Elmer, USA). For this purpose the dry beads
(about 0.1g) were thoroughly mixed with KBr (0.1g, IR Grade,
Merck, Germany), pressed into a pellet and then the FTIR spectrum
was recorded.

2.2. Preparation of functional and metal-chelate monomers

MAC, monomer, was used for forming of reminiscent of self-
assembled monolayer on the surface of nanoparticles and was
synthesized and characterized according to the previously pub-
lished procedure [26]. Histidine-functional monomer, MAH, was
synthesized according to the previously published procedure [27]
and characterized with TH NMR.

Data for MAH: 'H NMR (CDCls): 1.99 (t; 3H, J=7.08 Hz, CHs),
1.42 (m; 2H, CH,), 3.56 (t; 3H, —OCH3), 4.82-4.87 (m; 1H, metil),
5.26 (s; 1H, vinil H), 5.58 (s; 1H, vinil), 6.86 (d; 1H, J=7.4Hz, NH),
7.82(d; 1H, J=8.4Hz, NH), 6.86-7.52 (m; 5H, aromatic).

On the other hand, metal-chelate monomer, MAH-Pt(II),
was synthesized according to the our previously published
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Fig. 2. Schematic illustration of cholic acid molecular imprinting on MAC modified Au-Ag nanoclusters (1). Au-Ag nanoclusters polymerized with AIBN, EDMA
MAH-Pt(II)-cholic acid (2). Cholic acid removed with 12mL (3/1, v/v) of 2M NaOH/THF (3).

procedure [28]. MAH-Pt(Il) was preorganized using MAH and
PtCl,. MAH (0.1 mmol) and PtCl,. (0.1 mmol) were dissolved
in 5.0mL of aceton-water and the solution was stirred for
6 h. MAH-Pt(Il) metal-chelate monomer was characterized with
MALDI-TOF/MS (Fig. 1a). The ion peaks at 415 and 443 m/z con-
firms that MAH-Pt-(H,0), metal-chelate monomer structure was
produced exactly. This situtation can be explained in the follow-
ing way: if Pt is in 198 isotope form in MAH-Pt-(H,0), structure,
the molecular weight of MAH-Pt-(H,0), is 457 gmol~!. When
—CH, bond is removed, the peak is observed at 415 m/z. If the

192 isotope is located, the molecular weight is 451 and 2 mol of
H,0 is removed from the structure of MAH-Pt-(H,0), and the
peak is observed at 443 m/z. This indicates that MAH-Pt has been
synthesized.

Furthermore, Pt-N vibration bands at 552 and 441cm™! in
FTIR spectrum show that Pt(II) was incorporated into MAH struc-
ture (Fig. 1b). Ligand exchange monomer, MAH-Pt(II)- cholic acid,
was preorganized using MAH-Pt(Il) and template, cholic acid.
MAH-Pt(II) (0.1 mmol) and cholic acid (0.1 mmol) were dissolved
in 5.0 mL of ethanol and the solution was stirred for 24 h.
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2.3. Synthesis of gold-silver-nanoclusters and cholic acid
imprinted gold-silver-nanoclusters sensor

The gold-silver-nanoclusters were prepared in a two-phase
water/toluene system using a modified Brust method [29,30].
Briefly, nanoclusters were prepared by the dropwise addition of
0.01 M aqueous NaBHy4 solution in an equal volume of ammon-
ical aqueous 0.5mM HAuCly (pH ca. 7.8) and 1mM MAC in
ethanol under vigorous stirring. 0.5 mM AgNO3 was added to 40 mL
of Au-MAC nanoclusters dispersion under continuous stirring.
Au-Ag-MAC nanoclusters were separated and washed thoroughly
several times with water and toluene and dried under nitro-
gen, followed by redispersion in dimethyl sulfoxide (DMSO). For
the synthesis of Au-Ag nanoclusters having cholic acid imprinted
nanoshell, methacryloyl-activated nanoclusters (having 7 bond for
polymerization) were added into the reaction mixture containing
the metal-chelate (MAH-Pt(II)-cholic acid) monomer (0.05 mmol)
in DMSO, EDMA crosslinking monomer (0.4 mmol) and the ini-
tiator, AIBN (1 mol%) for the radical polymerization in ethanol.
This solution was transferred into the dispersion medium and
stirred magnetically at a constant stirring rate of 600 rpm in a glass
polymerization tube. The polymerization tube was irradiated with
UV light at 365 nm for 4 h. After the polymerization, cholic acid
nanoshells having Au-Ag nanoclusters were separated from the
polymerization medium. The residuals (e.g., unconverted monomer
and initiator) were removed by a cleaning procedure. The resulting
nanocrystals were treated with 12mL (3/1, v/v) of 2 M NaOH/THF
solution for 24 h to remove the templates (Fig. 2) [3]. Nonimprinted
(NIP) Au-Ag nanoclusters sensor, without using cholic acid as tem-
plate, was prepared in a similar way as described above and used
as a reference.

2.4. Evaluation of nanocluster’s luminesence

The sensing capability and specificity of the cholic acid mem-
ory having Au-Ag nanoclusters sensor was further explored by
introducing cholic acid as a template molecule. Cholic acid adsorp-
tion studies were performed in a batch system. For this purpose,
cholic acid was dissolved in ethanol and 20 mg of MIP clusters
was placed in cholic acid solution at different concentrations
(10-7 to 103 molL-1) for a period of 5min at room tempera-
ture. The interactions between cholic acid and MIP particles were
studied observing fluorescence measurements. The cholic acid
imprinted Au-Ag nanoclusters showed a high separation between
the excitation and emission wavelengths, simplifying fluores-
cence measurements, recorded photoluminescence spectra using
spectrofluorometer. Cholic acid imprinted Au-Ag nanoclusters
nanosensors were excited at 290 nm, and emission was recorded
at 580nm. Au-Ag nanoclusters having cholic acid imprinted
nanoshell were tested against blood serum and urine.

3. Results and discussion
3.1. TEM characterization of nanoshell sensors

Fig. 3 shows TEM image of Au-Ag-MIP nanoclusters without
cholic acid template after 2 M NaOH/THF acid (3/1, v/v) treatment.
The shape of these nanoclusters is close to spherical and aggregated
and with average size about 30 nm.

3.2. Raman characterization of nanoshell sensors

Au-MIP nanoparticles with cholic acid, and Au-MIP nanoparti-
cles without cholic acid template were characterized with Raman
spectroscopy (Fig. 4). In Raman spectrum of Au-MIP nanoparticles
with cholic acid has band shifts at 1728 cm~! because of cholic acid

|

Fig. 3. TEM image of Au-Ag-MIP nanoclusters without cholic acid template
(120kV x 87,000).

itself. These bands have been previously assigned [31]. The disap-
pearance of that peak indicates the removal of template from the
cholic acid imprinted nanoparticles.

3.3. Measurement of binding interactions of molecularly
imprinted nanoshell sensor via photoluminescence

The functional metal-chelate monomer, [MAH-Pt(II)], was cho-
sen to interact cholic acid, to form metal chelate and to make
metal-complexing polymeric receptors for selective binding of
cholic acid and analogues [25]. Metal chelate monomer and cholic
acid molecule were mixed through preorganisation and this preor-
ganisation complex defines the size and direction of the chemical
interactions of the cholic acid imprinted cavity to prepare synthetic
cholic acid receptor of Au-Ag nanoclusters (Fig. 2).

The selective binding ability and detection of cholic acid
imprinted Au-Ag nanoclusters sensor were studied with fluores-
cence spectroscopy, and the results were given in Fig. 5. Cholic
acid addition caused significant decreases in fluorescence intensity
because they induced photoluminescence emission from Au-Ag
nanoclusters through the specific binding to the recognition sites
of the crosslinked nanoshell polymer matrix.

The analysis of the quenching results has been performed in
terms of the Stern-Volmer equation. The mechanism of quench-
ing of fluorescence has been explained by this way. A modified
Stern-Volmer equation is derived to generate a linear calibra-
tion. Under optimum conditions, the fluorescence intensity versus
cholic acid concentration gave a linear response according to
Stern-Volmer equation with a 0.916 correlation coefficient (Fig. 6).

The fluorescence intensity of the cholic acid imprinted Au-Ag
nanoclusters can be quenched by the addition of cholic acid. The
quenching fluorescence intensity is proportional to cholic acid
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Fig. 4. Raman Images of (a) Au-Ag-MIP nanoclusters with cholic acid (unleached); (b) Au-Ag-MIP nanoclusters without cholic acid (leached).
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Fig. 5. The effect of concentration of cholic acid on the quenching of the fluores-
cence of the cholic acid imprinted Au-Ag nanoclusters (sensor specificity-adsorption
isotherm).

concentration. The detection limit, defined as the concentration
of analyte giving quenching of the fluorescence equivalent to
three standard deviation of the blank plus the net blank quench-
ing fluorescence, was 0.05nmolmL-!. The experiments were

314 y=117E+03x + 1,19E+00
R?=9,16E-01

0 0,0002 00004 0.0006 0,0008 0,001 0.0012
Cholic acid (M)

Fig. 6. Stern-Volmer-type description of the data.

performed in replicates of three and the samples were analyzed
in replicates of three as well. In the literature, the lowest detec-
tion limits have reported as 38.3 nmolmL~! for deoxycholic acid
(DCA) [32], 76.4nmol mL-"! for ursodeoxycholic acid (UDCA) [33],
0.16 nmol mL-! for bile acid [34], 5nmolmL-! for bile acid [35],
4.27 nmol mL~! for cholic acid [36]. Although many methods have
low detection limits, they are expensive [37-39]. So, this new cholic
acid nanosensor is rapid and it has both low detection limit and very
low cost.

Au-Ag nanoclusters having cholic acid imprinted nanoshell
were tested against blood serum and urine. Three different blood
serum and urine samples which belong to healthy persons were
also examined with Au-Ag nanoclusters and average cholic acid
level was found to be 6 and 2.5 respectively. The amount of colic
acid in the blood of a healty person is about 6 wM [40]. Therefore,
the results obtained showed that these nanoclusters can be used
for the determination.

The affinity constants of cholic acid can be estimated from the
thermodynamic analysis of the fluorescence intensity as a function
of the cholic acid concentration based on Scatchard analysis [41,42]
and Langmuir isotherm [43].

If we consider a binding equilibrium such as:

. . k . .
Cholicacid + (Au-Ag)nanocluster=Cholic acid — (Au-Ag)nanoctuster (1)

where, cholic acid and (Au-Ag)nanociuster Fepresent cholic acid in
the solution and cholic acid imprinted polymeric nanoshell having
nanocluster, respectively, and cholic acid (Au-Ag)nanociuster 1S the
cholic acid-nanocrystal bound complex. A Scatchard relationship
can be obtained using the following equation.

I _ Imax

I
i Y (e 2
G Kp (KD) 2)
where, Kp is the equlibrium dissociation and I is the fluorescence

intensity. A plot of I versus I/C gave a straight line and the equlib-
rium binding constants (K, = 1/Kp) were given in Table 1.
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Table 1

Comparison of Langmuir and Scatchard analysis for cholic acid imprinted nanoparticle.

Rebound molecules Langmuir K, (M~1) Imax (a.u.) Scatchard, K, (M~1) Imax (a.u.)
Cholic acid 2.73 x 10* 221 2.13 x 108 283
Table 2
Selectivity of cholic acid imprinted Au-Ag nanosensor.
C(molL-1) Emission (MIP) MIP (molL-1) NIP (molL-1) k MIP k NIP K
Cholic acid 1x10* 370 1x10°* 1.26x10°6
Chenodeoxycholic acid 1x104 414 1.23x10°¢ 23x1077 81 5.5 14.7

The validity of the Langmuir isotherm can be tested by deter-
mining the affinity constant measuring the fluorescence intensities
at equlibrium with different bulk concentrations (5x 103 to
103 mol L) (Fig. 5). Langmuir relationship can be obtained using
the following equation;
Co 1 CO

I N Imax : b Imax

The results obtained from the linearized form of the Langmuir
isotherm, by plotting Co/I as a function of C,, and the Scatchard
analysis findings are also given in Table 1. Association constant,
K, and the apperant maximum number of recognition sites, Imax,
values for the specific interaction between the template imprinted
polymer of the nanoparticles and the template itself were com-
pared in Table 1. As seen from Table 1, in general, the magnitude of
Ka (2.73 x 104 mol L1, 2.13 x 108 mol L, based on Langmuir and
Scatchard analysis, respectively) is due to the accessibility of cholic
acid template molecules. Some template cavities formed during
imprinting process were stayed inside the polymer matrix of the
nanoclusters.

The K; and Imax values estimated from Scatchard analysis are
very close to the Langmuir analysis data and cholic acid templated
sites of nanocrystals are highly selective to the cholic acid recog-
nition sites. So, the based on Scatchard analysis for the binding
of cholic acid to MIP nanosensor, K; and Inhax were found to be
2.13 x 108 M~ and 283, respectively. The value of K, suggests that
affinity of the binding sites is very strong.

(3)

3.4. Recognition selectivity of cholic acid imprinted nanoshell
sensor

Molecular imprinting process with cholic acid gives a cavity that
is selective for cholic acid and its analogues. Cholic acid imprinted
nanocrystals were treated with chenodeoxycholic acid which has
very similar molecular structure with cholic acid in order to check
whether the nanoshell has any effect on recognition process. The
obtained results indicated that MIP nanosensor has 92 times greater
selectivity for cholic acid than that of chenodeoxycholic acid. The
investigation of fluorescence intensity of NIP did not show a signif-
icant change in fluorescence intensity. The selectivity coefficient,
k, of cholic acid and chenodeoxycholic acid was found to be 81
for MIP particles and 5.5 for NIP particles and relative selectivity
coefficient, k', was determined as 14.7. As seen that, MIP sensor is
14.7 times selective with respect to NIP sensor (Table 2). Obtained
results clearly indicated that the change of fluorescence intensity is
due to specific binding between cholic acid and cholic acid memory
sites having nanoparticles.

The cholic acid can simultaneously chelate to Pt(II) metal ion
and fit into the shape-selective cavity. So, this interaction between
Pt(Il) ion and free coordination spheres has an effect on the
binding ability of the Au-Ag nanoclusters. Experimental results
showed that shape-selective cavity formation was occured for
cholic acid.

4. Conclusion

We have developed a novel chemical preparation method for
methacryloyl based self-assembled monolayer and to make up
imprinting polymer via ligand exchange of cholic acid on Au-Ag
nanoclusters. The cholic acid imprinted MAH-Pt(II)-cholic acid
copolymer of Au-Ag nanoshell is expected to bind cholic acid. The
results showed that the change in fluorescence could be attributed
to the high complexation geometric shape affinity (or cholic acid
memory) between cholic acid molecules and cholic acid cavities
occured on the Au-Ag nanoshells. In conclusion, the cholic acid
imprinted nanoshell sensor has been gaining widespread recog-
nition as a sensor for cholic acid because the imprinting methods
create a nanoenvironment based on shape of cavity memorial, size
and positions of functional groups that recognizes the imprinted
molecule, cholic acid, based on ligand-exchange imprinting meth-
ods. Nanoshell sensor having cholic acid templates responses
to cholic acid and its analogues through fluorescence intensity
decrease. The fluorescence intensity correlates to the amount of
cholic acid analogues bounded to the nanoshell having Au-Ag
nanoclusters in the cases of incubating the cholic acid imprinted
nanoclusters sensor with the cholic acid aqueous solution. The flu-
orescence intensity decreased with increase concentration of cholic
acid.
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