
A New Molecular Imprinting-Based Mass-Sensitive

Sensor for Real-Time Detection of 17b-Estradiol
from Aqueous Solution
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The 17b-estradiol (E2), natural steroid hormone, is one of
the most potent endocrine disrupting compounds even at ng
L21 levels. Its rapid, selective and sensitive detection is inten-
sively required. In this study, quartz crystal microbalance
(QCM) sensor was prepared for real-time monitoring of E2 in
water samples, through the attachment of E2 imprinted
nanoparticles, synthesized by mini-emulsion polymerization,
on the gold surface of QCM sensor. QCM sensor surface was
characterized by atomic force microscopy (AFM), ellipsome-
ter, and contact angle measurements. The specificity of
the QCM nanosensor was shown by competitive adsorption of
E2, stigmasterol and cholesterol. The results showed that
QCM nanosensor has high selectivity and sensitivity for E2
even in a wide range of 3.67 nM–3.67 pM. The detection
and quantification limits were calculated as 613 fM and
2.04 pM, respectively. According to the results, the proposed
molecular imprinted QCM nanosensor is promising cost-
friendly alternative for quantification of E2 from ground
water. � 2012 American Institute of Chemical Engineers Environ

Prog, 00: 000–000, 2012
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INTRODUCTION

Endocrine disrupting chemicals (EDCs) are defined as
exogenous substances that alter function(s) of the endocrine
system and consequently cause adverse effects on growth,
metabolism and reproduction, in an intact organism, or
(sub)populations, even at low concentrations [1, 2]. A wide
range of substances are known as EDCs like estrogens, pro-
gestrogens and phytoestrogens, synthetic estrogens, a wide
variety of organic pollutants, pesticides and surfactants [3].
Therefore, EDCs were included in the list of emerging con-
taminants by the European Union [4]. Among them, steroid
estrogens include estrone (E1), 17b-estradiol (E2), estriol
(E3), and 17b-ethynylestradiol (EE2) are the most potent en-
docrine disruptors [5]. E2 excreted by humans and animals, is
one of the most important steroid estrogenic hormones
that influence the development and maintenance of female
sexual characteristics of many species [6, 7]. E2 concentration

of 1–10 ng L21 causes feminization of male fish and E2 con-
centration of 1.0 ng L21 vitellogenin (a biomarker of estro-
genic contamination in the aquatic environment) production
in male fish [8, 9]. However, inappropriate uses can cause
negative effects primarily through endocrine disruption such
as increasing rates of breast cancer in women and in wildlife;
hermaphroditism and decreased fertility [3, 10]. This estro-
genic hormone is used also in human health and animal
farming practices [11, 12]. For the determination of E2, many
methods such as enzyme-linked immunosorbent assay
(ELISA) [13], chromatographic techniques [14], radioimmuno-
assay (RIA), microplate chemiluminescence immunoassay [7],
electrochemical sensor [15], and measuring the change in flu-
orescence emission intensity [16] have been reported. The
increasing use of pharmaceuticals, chemicals, accidental
spills, and releases of some estrogenic compounds causes
the load of estrogenic substances in the aquatic environment
[17]. Therefore, it is necessary to detect and quantify
these compounds to prevent adverse effects on human and
wildlife.

Quartz crystal microbalance (QCM), high-resolution
mass sensing technique, measures changes in mass on oscil-
lating quartz crystal surface by measuring changes in oscilla-
tion frequency of crystal in real time [18]. The mass sensing
technique provides label-free, selective, simple, and stable
detection methods [21]. QCM technique have already been
used in the detection of clinical targets [20], environmental
contaminants [21], marker of genetic diseases [22], determi-
nation of oxidative stress [23, 24], quantification of proteins
[25], and bimolecular interactions [26]. Molecular imprinted
particles (MIPs) were used to obtain selective polymer layer
on the surface of QCM sensor. Molecular imprinting tech-
nique, based on molecular recognition, provides the poly-
merization of synthetic materials which have specific bind-
ing sites and geometric shapes in their high crosslinked
structure for the interested molecules called as target mole-
cules [25–27].

In this study, we aimed to prepare QCM nanosensor using
E2 imprinted nanoparticles. The main steps of this study are
the synthesis of E2 imprinted poly(2-hydroxyethyl methacry-
late-N-methacryloyl-l-tyrosine methylester) (PHEMAT) nano-
particles and attaching them onto QCM sensor surface. E2
solutions with different concentrations were applied to QCM
system to investigate the detection dynamics and the effective
parameters were calculated.� 2012 American Institute of Chemical Engineers
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EXPERIMENTAL

Materials
The 17b-estradiol (E2) (E 8875-56), l-tyrosine methylester,

poly(vinyl alcohol) (PVA), sodium dodecyl sulfate (SDS), am-
monium persulfate, sodium bicarbonate, sodium bisulfite,
and potassium bromide (FTIR grade) were obtained from
Sigma Chemical (St. Louis, USA). Ethylene glycol dimethacry-
late (EDMA), 2-hydroxyethyl methacrylate (HEMA), and
absolute methanol were purchased from Fluka A.G. (Buchs,
Switzerland). HEMA and EDMA were distilled under reduced
pressure in the presence of hydroquinone inhibitor and
stored at 48C until use. All other chemicals were reagent
grade and purchased from Merck A.G. (Darmstadt, Ger-
many). Specific functional comonomer, N-methacryloyl-l-tyro-
sine methylester (MAT), was supplied from Nanoreg (Ankara,
Turkey).

Preparation of E2 Imprinted PHEMAT Nanoparticles
E2 imprinted PHEMAT nanoparticles were prepared by

two phase miniemulsion polymerization method [25]. The
first aqueous phase was prepared by dissolving of PVA (200
mg), SDS (30 mg), and sodium bicarbonate (25 mg) in 10 mL
deionized water. The second phase was prepared by dissolv-
ing of PVA (100 mg) and SDS (100 mg) in 200 mL of deion-
ized water. The monomer phase was prepared by using MAT
(100 lL), HEMA (0.7 mL), and EDMA (1.4 mL). The monomer
phase was slowly added to the first aqueous phase. To
obtain miniemulsion, the mixture was homogenized at
25.000 rpm by a homogenizer (T10, Ika Labortechnik, Ger-
many). After homogenization, the template molecule (E2, 200
lmol) was added to miniemulsion and the mixture was
stirred to obtain effectively interacted monomer-template pre-
polymerization complex for 2 h. Then, the mixture was
slowly added to the second aqueous phase while the phase
has been stirring in a sealed-cylindrical polymerization reac-
tor (250 mL). The reactor was magnetically stirred at 300 rpm
(Radleys Carousel 6, UK). The polymerization mixture was
slowly heated to 408C, polymerization temperature. After
that, nitrogen gas was bubbled through the solution for
removing dissolved oxygen for 5 min. Then, initiators, so-
dium bisulfite (125 mg) and ammonium persulfate (125 mg),
were added into the solution. Polymerization was continued
at 408C for 24 h. The E2 imprinted nanoparticles were
washed with water and water/ethyl alcohol mixtures, to
remove unreacted monomers, surfactant and initiators. For
each washing step, the solution was centrifuged at 30,000
rpm for 30 min (Allegra-64R Beckman Coulter, USA); then,
the nanoparticles were dispersed in fresh washing solution.
After last washing step, the E2 imprinted nanoparticles were
dispersed in deionized water containing 0.3% sodium azide
and stored at 48C. The nonimprinted nanoparticles (NIP)
were synthesized by the same experimental procedure with-
out using E2 as template.

Characterization of E2 Imprinted PHEMAT
Nanoparticles

Characterization studies of the nanoparticles were carried
out by Zetasizer (NanoS, Malvern Instruments, London, UK)
and FTIR-ATR spectrophotometer. In zeta-size measurement;
for data analysis, density and refraction index of deionized
water were used as 0.88 and 1.33 mPa s21, respectively. Light
scattering was done at incidence angle 908 and 258. Light
scattering signal was calculated as nanoparticle number per
second. For FTIR-ATR measurement; E2 imprinted nanopar-
ticles were put in a sample holder of FTIR-ATR spectropho-
tometer (Thermo Fisher Scientific, Nicolet iS10, Waltham,
MA), airborne moisture and CO2 were removed from the
sample by passing N2 for 10 min and total light reflection

from surface was measured in the wavenumber range of
400–4000 cm21 at 2 cm21 resolution. Baseline correction was
done due to Ge window.

Preparation of E2 Imprinted QCM Nanosensor
Gold surface of QCM sensor was cleaned in hot piranha

solution (7:3 H2SO4: H2O2, v/v) for 1–2 min, before attach-
ment of E2 imprinted particles onto gold surface. Then, it
was rinsed with pure ethyl alcohol, deionized (DI) water,
and dried in vacuum oven (200 mmHg, 378C) for 3 h. To
prepare the gold surface of QCM sensor, E2 imprinted par-
ticles included solution (5 lL) were dropped on the gold sur-
face and dried at 378C for 6 h. Then, E2 imprinted QCM
nanosensor was washed with both water and ethyl alcohol
and dried with nitrogen gas under vacuum (200 mmHg,
378C).

Template Removal from Nanosensor
Its expected that functional monomer MAT interacts with

E2 through H-bonds and hydrophobic interactions through
aromatic ring. To break these interactions, ethylene glycol
solution (20%, v/v) was used as a desorption agent. Removal
of E2 was carried out via continuous and batch systems,
respectively. E2 imprinted QCM nanosensor was immersed
into desorption solution (20 mL). The nanosensor was
shaken in bath (200 rpm) at room temperature. After E2
removal, the nanosensor was washed with deionized water
and dried with nitrogen gas under vacuum (200 mmHg,
258C).

Characterization of E2 Imprinted QCM Nanosensor
Prepared QCM sensor surface was characterized with

atomic force microscopy (AFM), ellipsometer and contact
angle measurements. AFM observations were carried out by
using AFM (Nanomagnetics Instruments, Oxford, UK) in tap-
ping mode. E2 imprinted QCM nanosensor was attached on
sample holder by using double-side carbon strip. Observa-
tion study was carried out via tapping mode in air atmos-
phere. Applied experimental parameters were oscillation
frequency (341.30 kHz), vibration amplitude (1 VRMS) and
free vibration amplitude (2 VRMS). Samples were scanned
with 2 lm s21 scanning rate and 256 3 256 pixels resolution
to obtain view of 2 3 2 lm2 area. Ellipsometer measurement
was carried out by an auto-nulling imaging ellipsometer
(Nanofilm EP3, Germany). All thickness measurements have
been performed at a wavelength of 532 nm with an angle of
incidence of 728. In the layer thickness analysis, a four-zone
auto-nulling procedure integrating over a sample area of
�50 3 50 lm2 followed by a fitting algorithm has been per-
formed. Measurement was carried out as triplicate on six dif-
ferent points of sensor surface and the results were reported
as mean value of the measurements with standard deviations.
Contact angle measurements were determined with Krüss
DSA100 (Hamburg, Germany) instrument. Contact angle of
gold sensor surface was measured with Sessile Drop method
by dropping 1 water drop. Ten separate photos were taken
from the different parts of sensor surfaces and contact angle
values were measured for each drop. Measured contact angle
values were obtained as the left contact angle, the angles
from the left contact point of the droplet with solid and right
contact angle from the right contact point. In addition, aver-
age contact angle values were obtained from the average of
two values. Contact angle values for the gold surfaces of the
QCM sensor were the average of the 10 measurements.

Evaluation of E2 Imprinted QCM Nanosensor Response
The real time detection of E2 from aqueous solution was

performed by using a QCM system (RQCM, INFICON
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Acquires Maxtek, NY). The kinetic and affinity studies were
determined by using E2 solutions with different concentra-
tions in the range of 3.67 nM–3.67 pM. First, the QCM nano-
sensor was washed with deionized water (50 mL, 1.0 mL
min21 flow-rate) and equilibration buffer (pH: 11.0, carbon-
ate, 50 mL, 2.0 mL min21 flow-rate) to obtain the steady res-
onance frequency (f0). After that, the E2 solutions in different
concentration range 3.67 nM-3.67 pM in carbonate buffer
were applied to QCM system (5 mL and 1.0 mL min21 flow-
rate). Monitoring of the QCM nanosensor frequency main-
tained until it became stable (150 min, approximately). Then,
desorption studies were performed by using 10 mL of ethyl-
ene glycol solution (20%, v/v) with 1.0 mL min21 flow-rate.
After desorption, the E2 imprinted QCM nanosensor was
washed with deionized water and equilibration buffer. These
steps were cycled for each E2 solution.

RESULTS AND DISCUSSION

Preparation and Characterization of E2 Imprinted
QCM Nanosensor

Preparation of E2 imprinted nanoparticles was carried out
using a miniemulsion polymerization procedure [25]. Average
size and size distribution of the nanoparticles were deter-
mined by zeta-sizer. E2 imprinted nanoparticles have average
diameter as 65.5 nm with a polydispersity around 0.37
(Figure 1a). The imprinted nanoparticles were also character-
ized by FTIR-ATR (Figure 1b). In the spectrum, aliphatic
��CH band at 2917 cm21, ��OH band about at 3391 cm21

and carbonyl band at 1739 cm21 originated from methacry-
late structure, were determined. Amide bands of functional
monomer, MAT, were determined at 1622 and 1496 cm21,
respectively. C¼¼C��H asymmetric stretching at 3025 cm21,
C��C¼¼C symmetric stretching at 1584 cm21 and C��C¼¼C

asymmetric stretching at 1469 cm21 bands of benzene ring
were also determined.

For more detailed information about nanoparticle coating,
QCM nanosensor surface was characterized by atomic force
microscopy (AFM) and ellipsometry. Surface depth deter-
mined by AFM measurements of the E2 imprinted QCM
nanosensor is about 50 nm (Figure 1c). AFM observation
matched the size of nanoparticle as obtained by zeta-sizer
measurement. AFM scan over a 2 lm 3 2 lm area showed
that the nanoparticles were well distributed (almost homoge-
neously) on the QCM sensor surface. Ellipsometry analysis
was also carried out and coherency is seen between AFM
and ellipsometer measurements. Surface depth obtained from
ellipsometer of E2 imprinted QCM nanosensor is 73 nm
(Figure 1d). The thickness measurements and AFM observa-
tions indicated that the nanoparticle distribution on nanosen-
sor surface was almost homogeneous.

As seen in contact angle measurements (Figure 1e), con-
tact angle values of nonmodified QCM nanosensor surface,
E2 imprinted PHEMAT nanoparticles attached QCM sensor
surface and nonimprinted PHEMAT nanoparticles attached
QCM sensor surface were 60.738, 72.958, and 67.208, respec-
tively. Increase in surface contact angle showed that hydro-
phobicity of the surface increased. Hydrophobic character of
surface is expected because of the hydrophobic structure of
MAT monomer.

Response of E2 Imprinted QCM Nanosensor
E2 imprinted PHEMAT nanoparticles attached QCM nano-

sensor was tested for the real-time detection of E2 from
aqueous solution. Figure 2 shows frequency shifts (Df) of
QCM responding to different concentrations of aqueous E2
solutions in the range of 3.67 nM–3.67 pM. The increasing
concentration of E2 in solution caused the increasing

Figure 1. Characterization of E2 imprinted PHEMAT particles and sensor. (a) Zeta- sizer measurements; (b) FTIR-ATR spectrum;
(c) AFM images of E2 imprinted QCM sensor, (d) Ellipsometer images of E2 imprinted QCM sensor, and (e) Contact angles
measurements of imprinted (i), nonimprinted (ii) QCM nanosensor and nonmodified (iii) QCM nanosensor. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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response of the nanosensor, because Df depends on the con-
centration of E2.

Figure 3 shows the relationship between mass shift and
E2 concentration. E2 imprinted QCM nanosensor has two dif-
ferent linear regions for aqueous E2 solutions. The results
show E2 molecules bound to E2 imprinted nanosensor
through two different orientations with high affinity. QCM
nanosensor shows a linearity of 92% in the concentration
range of 3.67–0.367 nM and a linearity of 87% in the concen-
tration range of 0.183 nM–3.67 pM. The results mainly
depend on the spherical structure of imprinted nanoparticles.
When imprinted nanoparticles were attached on the nano-
sensor surface, some of the imprinted cavities were sterically
hindered. Therefore, E2 molecules can not reach these cav-
ities as easily as upper cavities; but still have high affinity to
them [25].

Equilibrium Analysis
Under pseudo-first order conditions where the free

analyte concentration is held constant in the flow cell, the
binding can be described by following equation;

dDm=dt ¼ kaCDmmax � ðkaC þ kdÞDm (1)

where dDm/dt is the rate of change of the QCM signal, Dm
and Dmmax are the measured and maximum response signal
measured with binding, C is the injected concentration of E2
(nM), ka is the association rate constant (nM s21) and kd is
the dissociation rate constant (1/s). The binding constant, KA,
may be calculated as KA 5 ka/kd. At equilibrium, dDm/dt 5
0 and the equation can be rewritten:

Dmeq=C ¼ KADmmax � KADmeq (2)

Therefore, the steady state association constant KA can be
obtained from a plot of Dmeq/C versus Dmeq and the dissoci-
ation constant KD can be calculated as 1/KA.

Equation 1 may be rearranged to give:

dDm=dt ¼ kaCDmmax � ðkaC þ kdÞDm (3)

Thus a plot of dDm/dt against Dm will theoretically be a
straight line with slope – (kaC 1 kd) for interaction-controlled
kinetics. The initial binding rate is directly proportional to
the analyte concentration and can be used for concentration

measurements. If Dmmax is known, both ka and kd can be
determined from a single association sensorgram. Dmmax is,
however, often difficult to determine experimentally, since a
high analyte concentration is required to fully saturate the
surface. A preferable approach is to measure the association
sensorgram at several different analyte concentrations. For
analysis of the forward and back rates, a plot of the change
in total sensor response (dDm/dt) versus Dm gives a value
S as the slope that relates the forward and back rates as
follows:

S ¼ kaC þ kd (4)

A plot of S against C will be a straight line with slope ka.
In theory, the intercept on the ordinate (C 5 0) give kd: in
practice, however, this cannot be used as a reliable measure
of the dissociation rate constant if kaC >> kd. A more accu-
rate way to obtain this value is by direct measurement of the
dissociation from saturated binding sites into a buffer solu-
tion flow that contains no analyte and the dissociation is
quantified by:

lnðDmo=DmtÞ ¼ kdðt � toÞ (5)

where mo is the initial response level at to and m and t repre-
sent values obtained along the dissociation curve [28].

Equilibrium Isotherm Models
Adsorption isotherms, as Scatchard, Langmuir, Freundlich,

and Langmuir–Freundlich, were used to evaluate adsorption
properties.

Scatchard Dmeq=C ¼ KAðDmmax � DmeqÞ (6)

Langmuir Dm ¼ fDmmaxC=KD þ Cg (7)

Freundlich Dm ¼ DmmaxC
1=n (8)

Langmuir � Freundlich Dm ¼ fDmmaxC
1=n=KD þ C

1=ng (9)

where KD is equilibrium dissociation constant and 1/n is
Freundlich heterogeneity index.

Scatchard, Langmuir, Freundlich, and Langmuir–Freund-
lich isotherms were applied to experimental data to describe
the interaction model between E2 imprinted QCM nanosen-
sor and E2 molecule (Table 1). After applying these isotherm
models to the system, it was found that Langmuir isotherm
model was the best fitted to the system (R2 5 0.998). The
Langmuir model assumes a monomolecular layer on a homo-
geneous surface. The binding sites have the same adsorption

Figure 2. Response of E2 imprinted QCM sensor to different
concentrations of aqueous E2 solutions (1) adsorption, (2)
desorption, (3) regeneration. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 3. Relationship between concentration and mass
change (Dm). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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affinity which are energetically equal without any interaction
between the adsorbed molecules and each site can hold only
one molecule [29] Dmmax value, calculated by using by Lang-
muir isotherm model, was very close to the experimental
one (1.239 nM). KA and KD values were determined as 21.29
nM and 0.0469 nM21, respectively.

Selectivity of E2 Imprinted QCM Nanosensor
To show the selectivity of the E2 imprinted PHEMAT

nanoparticles attached QCM nanosensor, competitive adsorp-
tion of E2, stigmasterol and cholesterol was investigated
(Figure 4). Stigmasterol and cholesterol are very close to E2
in molecular structures and weights. As seen in the Figure 4,
E2 imprinted QCM nanosensor was more selective with
respect to the solution of stigmasterol and cholesterol which
have the same concentration of 0.090 nM with E2 solution,
respectively. Selectivity coefficients (k) and relative selectivity
coefficients (k0) values are displayed in Table 2. E2 imprinted
QCM nanosensor was 2.20 and 2.15 times more selective for
E2 than stigmasterol and cholesterol, respectively. The results
indicate that E2 imprinted QCM nanosensor have higher
adsorption capabilities for E2 than for either stigmasterol or
cholesterol, due to selective cavities in the polymer structure.
To show the specificity of E2 imprinted QCM nanosensor,

nonimprinted QCM nanosensor was used and the responses
of nonimprinted QCM nanosensor to E2, stigmasterol and
cholesterol were determined as 0.022, 0.025, and 0.023,
respectively. And the result show that E2 imprinted QCM
nanosensor was 2.50 and 2.26 times selective with respect to
the stigmasterol and cholesterol, respectively.

CONCLUSIONS

As a conclusion, QCM-based sensors are so effective that
they allow real time monitoring of adsorbed analyte mass
and it is not necessary to label the sample [30]. The integra-
tion of MIPs with sensors offers a number of advantages
such as long-term storage stability, reusability, resistance to
microbial spoilage, and robustness to a range of harsh oper-
ating conditions [30, 31]. In the present study, E2 imprinted
QCM nanosensor was prepared for the detection of a trace
amount of E2 in environmental waters. QCM sensor was pre-
pared by attachment of E2 imprinted PHEMAT nanoparticles
on the gold surface of QCM sensor. The obtained values (Ta-
ble 3) for detection limit, 613 fM, and quantification limit,
2.04 pM, concluded that the proposed molecular imprinted
QCM nanosensor is promising cost-friendly alternative for
quantification of E2 from ground water with its properties
such as low cost, easy preparability and applicability.
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