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Ö Z

Estradiol, hem kadın hem de erkeklerde üreme sağlığı için kritik bir hormondur. Estradiol seviyelerinin izlenmesi, menopoz, 
kısırlık ve bazı kanser türleri gibi çeşitli durumların teşhisinde yardımcı olabilir. Ayrıca estradiol, ekosistemler ve insan 

sağlığı üzerinde çeşitli etkileri olan bir endokrin bozucu kimyasal türüdür. Tarımsal akış, kanalizasyon ve endüstriyel atıklar 
yoluyla çevreye girebilir. Bu iki perspektif göz önüne alındığında, estradiol tespiti için biyosensörlerin geliştirilmesi büyük 
önem taşır. Bu çalışmada, 17-α-etinilestradiol baskılanmış polimerik nanopartiküller (17EE-MBP) mini-emülsiyon polimeri-
zasyonu kullanılarak sentezlenmiş ve karakterize edilmiştir. Kuartz Kristal Mikrobalans (KKM) analizinden önce, 17EE-MBP 
Yüzey Plazmon Rezonansı (YPR) ile test edilmiştir. Elde edilen verilerden denge ve bağlanma kinetiği analizleri ile denge izo-
term modelleri çıkarılmıştır. Freundlich modeli, 17EE-MBP tabanlı YPR platformunu en iyi şekilde temsil etmiştir. Daha sonra, 
17EE-MBP KKM kristaline kovalent olarak bağlanmış ve farklı 17EE derişimleri ardışık olarak test edilmiştir. Her iki sistem de 
yüksek doğrusal sonuçlar vermiştir. YPR ve KKM sensörlerinin tespit limitleri sırasıyla 11.57 ve 1.335 µM olarak hesaplan-
mıştır. Burada, iki algılama platformu 17EE-MBP'in performansını doğrulamak için kullanılmış ve düşük konsantrasyonlara 
yüksek tutarlılıkla tepki verdikleri doğrulanmıştır.

Anahtar Kelimeler
17-α-Etinilestradiol, moleküler baskılanmış polimer, yüzey plazmon rezonans, kuartz kristal mikrobalans.

A B S T R A C T

Estradiol is a critical hormone for reproductive health in both females and males, playing a key role in diagnosing conditi-
ons such as menopause, infertility, and certain cancers. However, estradiol, especially in its synthetic form, 17α-ethinyl 

estradiol (17EE), also represents a significant environmental threat as an endocrine-disrupting chemical (EDC), with serious 
implications for ecosystems and human health. Despite growing awareness of 17EE's role in water contamination and its 
potential to disrupt aquatic ecosystems and human endocrine systems, existing detection methods for 17EE are limited. 
Establishing reliable, rapid, and sensitive biosensors for estradiol detection is thus essential for both environmental mo-
nitoring and healthcare. In this study, 17EE-imprinted polymeric nanoparticles (17EE-MIPs) were synthesized using mini-
emulsion polymerization and characterized. The synthesized 17EE-MIPs were evaluated using Surface Plasmon Resonance 
(SPR) and Quartz Crystal Microbalance (QCM) platforms. SPR analysis yielded equilibrium and binding kinetic parameters, 
with the Freundlich model providing the best fit for the 17EE-MIP based system. Following this, 17EE-MIPs were covalently 
attached to a QCM crystal, where consecutive 17EE concentrations were tested. Both platforms demonstrated high linea-
rity in detecting low concentrations of 17EE, with detection limits of 11.57 µM and 1.335 µM for SPR and QCM, respectively. 
These results underscore the potential of using MIPs to develop highly sensitive biosensors for hormone detection, with 
applications in both environmental and healthcare fields.
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INTRODUCTION

Estradiol is a crucial steroid hormone within the est-
rogen group, widely recognized for its essential role 

in female reproductive functions. However, its impor-
tance extends beyond human physiology. While estra-
diol regulates critical processes like secondary sexual 
characteristics, reproductive organ maintenance, and 
pregnancy in humans, abnormal estradiol levels—either 
elevated or diminished—can lead to serious health con-
ditions. These include breast cancer, weight fluctuati-
ons, irregular menstrual cycles, osteoporosis, and ferti-
lity issues in both men and women [1], [2], [3], [4]. Its im-
portance in medical diagnostics cannot be understated.

Simultaneously, estradiol and its synthetic analogs, such 
as 17α-ethinyl estradiol (17EE), are increasingly recogni-
zed as hazardous environmental pollutants. These com-
pounds belong to the category of endocrine-disrupting 
chemicals (EDCs), which interfere with the endocrine 
systems of aquatic organisms, causing reproductive and 
developmental harm. 17EE, widely used in contracepti-
ves and hormone replacement therapy, often finds its 
way into the environment through agricultural runoff, 
sewage, and industrial effluents [5], [6] [7], [8]. Given 
the dual importance of estradiol in both human health 
and environmental protection, developing robust, sen-
sitive, and field-deployable biosensors for estradiol de-
tection is a critical scientific goal.

Traditional methods for detecting estradiol, including 
gas chromatography-mass spectrometry (GC-MS), 
high-performance liquid chromatography (HPLC), and 
liquid chromatography-mass spectrometry (LC-MS), 
offer high sensitivity and specificity [9] [10], [11], [12]. 
However, these techniques come with significant draw-
backs—they are labor-intensive, costly, time-consuming, 
and require highly skilled operators. The need for faster, 
more cost-effective methods is particularly pressing in 
contexts like environmental monitoring, where timely 
detection of contaminants can prevent ecosystem da-
mage, and in healthcare, where real-time hormone mo-
nitoring could improve personalized treatments.

Biosensors based on molecularly imprinted polymers 
(MIPs) offer a promising solution to these challenges. 
MIPs are artificial polymers engineered with specific 
binding sites tailored to the size, shape, and chemical 
properties of a target molecule [13], [14]. These sites 
are formed by polymerizing functional monomers in 

the presence of a template compound—such as 17EE—
which is then removed to leave behind complementary 
binding sites. MIPs have been widely applied in fields 
such as drug delivery [15], bioassays [16], and as recog-
nition elements in biosensors [17] [18], [19]. Their ability 
to selectively bind target molecules, coupled with their 
robustness, makes MIPs ideal for use in field-deployab-
le sensors that require minimal maintenance and high 
durability.

In this study, we aimed to fill a gap in the literature by 
focusing on 17EE-imprinted MIPs, rather than the more 
commonly studied 17β-estradiol and estrone and inves-
tigating their performance in two biosensing platforms: 
Surface Plasmon Resonance (SPR) and Quartz Crystal 
Microbalance (QCM). SPR sensors, although not mass-
based, provide insight into molecular binding events 
by measuring changes in the refractive index of the 
sensor’s surface [20]. QCM sensors, on the other hand, 
function as nanogram-level mass-based detectors that 
monitor changes in frequency due to analyte binding 
[21] [22] . By utilizing both platforms, we aimed to cross-
validate the performance of the 17EE-MIPs, providing 
a comprehensive analysis of their binding affinity and 
sensitivity to low concentrations of 17EE.

While there have been studies on hormone detection 
using 17β-estradiol-imprinted MIPs [23]  and estrone-
imprinted MIPs [24],  this study is the first to employ 
17EE-imprinted MIPs in both SPR and QCM systems. 
The results from this work demonstrate that MIPs are 
a viable and highly sensitive option for detecting 17EE 
in both environmental and clinical samples, paving the 
way for future biosensor development and broader 
application of this technology.

MATERIALS and METHODS

Materials
17α-ethinyl estradiol (17EE), β-estradiol, estri-
ol, polyvinyl alcohol (PVA), sodium dodecyl sulfate 
(SDS), methacrylic acid (MAA), ethylene glycol dimet-
hacrylate (EGDMA), 2-hydroxyethyl methacrylate 
(HEMA), ethanol, (3-aminopropyl)triethoxysilane (AP-
TES), triethylamine (TEA), sodium hydroxide (NaOH), 
2-morpholinoethanesulphonic acid (MES), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and 
N-Hydroxysuccinimide (NHS) were purchased from Sig-
ma Aldrich, Germany. 
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Synthesis of 17EE imprinted polymeric nanoparticles
For the synthesis of 17EE-MIP nanoparticles mini-emul-
sion polymerization technique was employed. For this 
synthesis three aqueous phases were prepared. The 
first aqueous phase contains 93.75 mg PVA, 14.425 mg 
SDS and 11.725 mg sodium bicarbonate in 5 mL DI wa-
ter. The second aqueous phase contains 50 mg PVA and 
50 mg SDS in 100 mL DI water. The third phase is cal-
led the oil phase and includes 100 µM 17EE, 254.1 µL 
functional monomer MAA, 1.05 mL crosslinker EGDMA 
and 225 µL co-monomer HEMA. Firstly, the oil phase is 
mixed with the first aqueous phase and homogenized 
at 25000 rpm. The mixture is then added to the second 
aqueous phase under stirring at 600 rpm with magnetic 
stirrer and heated to 40°C. Finally, initiator pair of 125 
mg sodium bisulfate and 125 mg ammonium persulfate 
are added, and the polymerization is let to take place 
for the following 24 h. Once the polymerization was 
completed, un-polymerized monomers together with 
other leftover chemicals were washed by centrifuging 
at 26500 rpm for 1h. The washing was repeated with DI 
water-ethanol (1:1, v/v) mixture 5 times and with bare 
DI water twice. The synthesized 17EE-MIPs were stored 
at 4°C.

Surface modification of SPR and QCM chips
To immobilize synthesized 17EE-MIPs on gold surface, gas 
phase amination was performed in a desiccator under Ar-
gon using 30 µM APTES and 10 µM TEA. After 2 h, APTES 
and TEA were removed from the desiccator and surfaces 
were let to cure under argon for 2 days. Free carboxyl 
functional groups (COOH) within 17EE-MIPs were cova-
lently bound to amine groups (NH2) created on the gold 
surface using carbodiimide crosslinking. For this, 10 mM 
EDC and 10 mM NHS was prepared in 0.1 M MES buffer 
(at pH 4.7). The solution was initially incubated with 17EE-
MIPs (45 min) to activate the carboxyl groups, followed by 
surface treatment to complete the crosslinking process 
(2 h). The crystals were washed with DI water to remove 
non-crosslinked molecules and non-specifically attached 
species. 

SPR studies
After being activated with buffer solution (for 5 mins), the 
17EE solution was passed through until re-equilibrium was 
reached (for ~10 mins). Finally, 17EE sensorgrams were ob-
tained using desorption solution (for ~ 5 mins). Approxima-
tely 20 mins were waited for both binding and regenerati-
on stages in all measurements. During SPR measurements 
SPR Mini (Nanodev, Ankara, Turkey) was used.

Figure 1. Overall scheme of the study.
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Equilibrium & binding kinetics analysis and isotherm 
models
Equilibrium analysis
If the total ligand concentration ([B]0) is defined as the 
maximum analyte binding capacity of the surface; then 
all other concentration values can be expressed as SPR 
signals. Thus, there is no need to convert mass to con-
centration. Under pseudo-first-order conditions where 
the free analyte concentration remains constant in the 
flow cell, binding is expressed as follows:

dΔR/dt = kaCΔRmax−(kaC+kd)ΔR         Equation 1

Here, dΔR/dt is the rate of change of the SPR signal, m 
and ΔRmax represent the maximum signal measured from 
binding and resulting from mass increase (nM/cm2), C 
is the analyte concentration (nM), ka is the association 
rate constant (nM/s), and kd is the dissociation constant 
(1/s). The binding constant KA (nM) is calculated from 
the ratio of ka and kd constant (KA=ka/kd). At equilibrium, 
the equation is simplified by setting dΔR/dt=0.

Δmequilibrium /C = KAΔmmax–KAΔmequilibrium        Equation 2

Hence, the binding constant KA is calculated from the 
Δmequilibrium /C versus Δmequilibrium graph. The dissociation 
constant KD can be calculated using the equation 1/KA.

Binding kinetic analysis
When Equation 2 is re-arranged, Equation 1 can be ob-
tained. The graph of dΔR/dt versus ΔR for interaction-
controlled kinetics yields a straight line with a slope of 

–(kaC+kd). The initial binding rate is linearly related to the 
analyte concentration and is used quantitatively to de-
termine the concentration. If the ΔRmax value is known, 
ka and kd values can be calculated using a single sensog-
ram. It is difficult to experimentally determine ΔRmax as 
very high analyte concentrations are required to satu-
rate the surface completely. The preferred approach is 
to ontain binding sensograms at different analyte con-
centrations. Graphs of dΔR/dt versus ΔR for analysis of 
forward and reverse rates provide a slope (S) associated 
with forward and reverse rate constants:

S = kaC+kd           Equation 3

The graph against C for S yields a straight line with a slo-
pe of ka. Theoretically the intersection point gives the 

kd value. However, this method is not very reliable for 
calculating kd when kaC>>kd. A more reliable method is 
to examine the dissociation kinetics:

ln(ΔR0/ΔRt) = kd(t-t0)          Equation 4

where ΔR0 and ΔRt are the SPR signal values at different 
times t0 and t in the dissociation curve.

Equilibrium isotherm models
Four different isotherm models were applied to deter-
mine the interaction model between the suppressed 
SPR sensor and the template molecule: 

Scatchard, Langmuir, Freundlich, and Langmmuir-Fre-
undlich.

Scatchard ΔRequilibrium/[C] =KA(ΔRmax-ΔRequilibrium)
Langmuir ΔR={ΔRmax[C]/(KD+[C])}
Freundlich ΔR=ΔRmax[C]1/n
Langmuir-Freundlich ΔR={ΔRmax[C]1/n/KD+[C]1/n}

where ΔRmax is the maximum SPR signal shift, ΔRequilibrium 
is the SPR signal shift at equilibrium, [C] is the analyte 
concentration (µM), KA (µM) is the binding equilibrium 
constant, KD (1/µM) is the dissociation equilibrium cons-
tant, 1/n is the Freundlich surface heterogeneity index.

QCM studies
QCM studies were performed in a similar manner to SPR 
studies. The difference lies in the consecutive nature of 
the QCM trials where different concentrations of 17EE 
were introduced to the system consecutively without 
regeneration steps. During QCM measurements, in ho-
use developed liquid chamber by Johannes Kepler Uni-
versity, Linz, Austria was used.

RESULTS and DISCUSSION

Characterization of 17EE imprinted polymeric 
nanoparticles
Structural characterization of the 17EE-MIPs was car-
ried out with Scanning Electron Microscopy (SEM) (Ze-
iss EVO 50, Germany). According to SEM analysis, the 
average sizes of 17EE-MIPs fall within the range of 90-
100 nm (Figure 2a). As evident from SEM images, the 
synthesized particles are homogeneous, uniform in size, 
and successfully immobilized onto surfaces in a single-
layer format. The Fourier-Transform Infrared Spectros-
copy (FTIR) (Thermo Fisher Scientific, Nicolet iS10, Walt-
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ham, MA, USA) analysis was performed to confirm the 
chemical composition of the synthesized 17EE-MIP. The 
spectra (Figure 2b) yielded a CH stretching band at 2949 
cm-1 and C=O stretching band at 1719 cm-1 representing 
methyl and carbonyl group of MAA and EGDMA, res-
pectively, C-O stretching band at 1251 cm-1 represen-
ting carboxyl group of MAA and C-O stretching band 
at 1143 cm-1 representing ester group of EGDMA. The 
peaks in the spectrum confirmed the inclusion of MAA 
monomers in the 17EE-MIP structure.

The size distribution analysis was conducted for further 
structural characterization via Nano Zetasizer (NanoS, 
Malvern Instruments, London, UK), using samples con-
taining a sufficient density of particles in a volume of 3 
mL. The measurements were repeated three times, and 
the results were examined with the software of zeta 
sizer analyzer, and reported in Figure 2c. The sizes of 
17EE-MIPs were determined to be 94.54 nm. The poly-
dispersity value of the prepared particles was measured 
as 0.133.

SPR studies
The sensorgrams obtained by applying 17EE solutions 
prepared at different concentrations to the sensor are 
given in Figure 3a. Initially, the system was allowed to 
equilibrate with the buffer solution for approximately 
5 mins, then the 17EE solution was passed through the 
system until equilibrium was re-established (approx. 
10 mins). Finally, sensorgrams were obtained using de-
sorption solution (approx. 5 mins). The 17EE solutions 
were prepared in pure water in the presence of 20% 2 
M NaOH. 2 M NaOH solution was used as the desorp-
tion agent, and the equilibrium solution was prepared 
with pure water containing 20% 2 M NaOH. ΔR values 
increased proportionally with increasing concentrati-
on. When the data obtained for the range of 5-50 µg/
mL (16.8-158.9 µM) were evaluated, the equation of 
the obtained line (y=0.0154x+0.1481) and linearity (R2) 
were calculated as 0.9798, indicating that the prepared 
SPR sensor measures with 97% linearity within the gi-
ven concentration range. The limit of detection (LOD) of 
the system was calculated from 3.3σ/S, where σ repre-
sents the blank measurement and S is the slope of the 
calibration curve and found as 11.57 µM (~3.43 ppm).

Figure 2. a) SEM images, b) FTIR spectrum and c) zetasizer analysis of the synthesized 17EE-MIPs.
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Equilibrium & binding kinetic analysis and isotherm 
models
The Langmuir adsorption model is based on homogene-
ous, and the Freundlich adsorption model is based on 
heterogeneous binding assumptions. The Langmuir mo-
del has been widely used for binding isotherms using 
MIPs. However, it has been reported that MIPs inclu-
de heterogeneous binding regions. The Freundlich ad-
sorption model is particularly suitable for MIP systems 
at low concentrations. Nonetheless, this model shows 
some deviations at high concentrations. The Langmuir-
Freundlich binary model can be used to prevent these 
deviations. It has been reported that the Freundlich 
isotherm can be widely used to measure the hetero-
geneity of MIPs. MIPs contain a distribution of binding 

regions for affinity and selectivity. The primary source 
of heterogeneity in non-covalent MIPs is the formation 
of incomplete monomer-template molecule structures 
in the polymerization mixture. The high heterogeneity 
distribution processed by MIPs increases the number 
of high-affinity binding regions. Studies have reported 
that heterogeneity is a key feature of MIPs, and moreo-
ver, heterogeneity is an excellent measure of the effec-
tiveness of suppression [27]. The Langmuir Freundlich 
and Langmuir-Freundlich parameters were calculated 
from the expression given in Section 2.5 and presented 
in Table 1. The data obtained experimentally is compa-
tible with the Freundlich model (R2=0.9934).

Figure 3. a) SPR sensorgram for different concentrations of 17EE, b) calibration curve derived from sensorgram, c) selectivity of the 
sensor by comparing same concentrations (50 ppm) of 17EE with estriol and β-estradiol and d) repeatability of the system (with 30 
ppm 17EE).

Langmuir Freundlich Langmuir-Freundlich

ΔRmax 0.7833 ΔRmax 2.0081 ΔRmax 2.5107

KA 19.170 1/n 0.6972 KA 0.7030

KD 0.0522 KD 1.4225

R2 0.9765 R2 0.9934 R2 0.9825

Table 1. Calculated parameters of the different isotherm models.
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Consecutive QCM studies
Initially, QCM crystal’s frequency response during 17EE-
MIP immobilization was recorded and given in Figure 4a. 
The nominal frequency of the crystal was determined 
as 9.965295 MHz. Once the signal was stable, EDC/NHS 
activated 17EE-MIPs were introduced to the system 
with a constant pumping rate of 5 µL/min. Due to large 
amount of loaded mass on the crystal surface, a signifi-
cant frequency drop of approximately 75 Hz was obser-
ved. Consecutive measurement with QCM was carried 
out by introducing 3 different concentrations, namely 1 
ppm (3.4 µM), 5 ppm (16.9 µM) and 10 ppm (33.7 µM) to 
the system, starting from lowest to highest. No regene-
ration was performed between steps. 1, 5 and 10 ppm 
of 17EE exposure resulted in averaged frequency decre-
ases of 3, 11 and 18 Hz (n=3), with standard deviations 
of 0.5, 0.5 and 1.3 Hz, respectively. The linear line of the 
calibration curve has the equation y=1.6557x+1.8361 
and R2 value of 0.9895, yielding very high linearity. The 
σ of the system was 0.67 Hz and the LOD was calculated 
using the same equation explained under section 3.2 
and found as 1.335 µM (0.396 ppm).

The QCM sensor demonstrated a lower LOD of 1.335 
µM, in contrast to the SPR sensor, which exhibited an 
LOD of 11.57 µM. Despite both sensors utilizing 17EE-
MIPs, the QCM sensor’s superior sensitivity can be att-
ributed to its unique detection mechanism and inherent 
properties. QCM sensors operate by measuring frequ-
ency changes resulting from mass variations on the sen-
sor surface. This detection method is highly sensitive 
to small mass changes, as the QCM technique directly 

translates mass accumulation into a measurable frequ-
ency shift. The 17EE-MIPs enhance the specific binding 
of 17EE, leading to precise and significant mass changes 
on the sensor surface, thus yielding a lower LOD. The 
high sensitivity of QCM to mass changes, even at very 
low analyte concentrations, enables more effective de-
tection. On the other hand, SPR sensors detect changes 
in the refractive index near the sensor surface. While 
SPR provides powerful real-time, label-free detection 
capabilities, its sensitivity can be influenced by several 
factors. The primary limitation arises from the relatively 
smaller changes in the refractive index induced by the 
binding of analytes, particularly at low concentrations. 
This refractive index change may not be as pronounced 
as the mass change detected by QCM, resulting in a 
higher LOD. Additionally, the sensitivity of SPR can be 
affected by the optical properties of the medium and 
the efficiency of the plasmonic resonance, which may 
further limit its performance in detecting lower analyte 
concentrations. Therefore, the superior sensitivity and 
lower LOD of the QCM sensor, despite using the same 
MIPs as the SPR sensor, can be attributed to the QCM’s 
direct and highly sensitive detection of mass changes, 
compared to the more limited refractive index changes 
measured by SPR.

In a study conducted by Aylaz and Andaç [28], Equilin 
(Equ), which is an estrogenic hormone, was detected via 
QCM based on affinity-recognition-based interactions 
using amino acids. Low LOD values were obtained, var-
ying from the amino acid used. They have successfully 
studied within the concentration range of 25-500 nM. It 

Figure 4. a) Real time frequency drop during 17EE-MIP immobilization on QCM crystal, b) consecutive binding analysis using 3 17EE-
MIP concentrations and corresponding frequency changes.
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was found that selected amino acid’s hydrophobic resi-
dues aligned with the Equ ring system, suggesting that 
these hydrophobic interactions play a role in the bin-
ding process. Although basic amino acids are not pro-
hibitively expensive, specialized or purified amino acids 
can be more costly. One other point is that the shelf-life 
of amino acids varies depending on storage conditions, 
purity and chemical stability. In this sense, MIPs intro-
duce a low-cost and highly stable solution, making them 
an optimum tailored recognition element. In a study by 
Minopoli et al. [29], a sensitive immunosensor was de-
veloped based on Localized SPR (LSPR) for β-estradiol. 
The system contains gold nanoparticles (AuNPs) conju-
gated with antibodies. Although their system was found 
to have a very low detection limit of 11 pM (3 pg/mL), 
similarly, employment of antibodies introduces high-
cost and low-stability issues. Another crucial point is 
that the primary performance of an immunosensor is 
predominantly determined by the antibody choice, the 
technique employed for antibody fixation and the bio-
logical marker utilized to mark the antibody for system 
detection. The stability and sensitivity of such systems 
are greatly influenced by factors such as the quantity of 
immune molecules affixed to the surface, their structu-
ral stability and their arrangement on the sensor’s sur-
face [30]. All these parameters need detailed and long 
investigations and optimization studies. Estradiol bio-
sensors employing enzymes as bioreceptors are frequ-
ently integrated with electrochemical techniques [31]. 
Their effectiveness relies on the characteristics and ar-
rangement of the enzymes used, as well as the surface 
properties and structure of the electrodes. The enzyme 
that is immobilized must not only securely attach to 
the electrode surface but also preserve its biological 
functionality [32]. In the study conducted by Jijana [33], 
Horseradish Peroxide (HRP) was used as a bioreceptor 
to detect estradiol. She utilized a nanocomposite em-
bedded within polyaniline to immobilize HRP on the 
surface of the gold electrode through entrapment. The 

developed sensor demonstrated precise and effective 
measurement of estradiol concentrations ranging from 
0.2 to 4 µM, with an LOD of 0.2 µM. Compared with 
this particular study, the system proposed in this paper 
contains a rather straightforward and easy-to-perform 
surface modification approach, in the meanwhile elimi-
nating the need for complex nanostructures and biolo-
gical components. 

Table 2 summarizes the published studies in the field 
on sensors for the detection of 17β-estradiol, a natural 
estrogen hormone. Since 17EE is a synthetic derivative 
of estradiol and a modified version of this natural hor-
mone, the published studies on 17β-estradiol detection 
provide the closest comparisons available. All studies 
presented in Table 2 involve electrochemical detection 
methods with MIPs. To the best of our knowledge, ho-
wever, our study is the first to focus on the detection 
of 17α-ethinyl estradiol using SPR and QCM techniques. 
This novel approach expands the field by introducing 
SPR and QCM platforms for detecting synthetic estro-
gens, demonstrating the unique advantage of MIPs in 
selectivity and sensitivity for synthetic hormone detec-
tion, which can be crucial in environmental and clinical 
applications.

CONCLUSION

This study demonstrates the superior sensitivity of the 
QCM sensor over the SPR sensor for detecting 17EE 
using imprinted polymeric nanoparticles. The QCM sen-
sor achieved a significantly lower LOD of 1.335 µM com-
pared to the SPR sensor’s LOD of 11.57 µM. This enhan-
ced sensitivity is attributed to the QCM’s mass-based 
detection mechanism. The synthesized 17EE-MIPs faci-
litate specific and efficient binding of 17EE, resulting in 
precise mass changes that are easily detected by the 
QCM sensor. In contrast, the SPR sensor, which relies on 
refractive index changes, is inherently less sensitive to 

Analyte Technique Additional Materials LOD Reference

17β-estradiol Electrochemistry
Multi-walled carbon nanotubes 

and gold nanoparticles
2.5x10−16 M [34]

17β-estradiol Electrochemistry Magnetic particles 0.13 µM [35]

17β-estradiol Electrochemistry Carbon black 0.03 µM [36]

Table 2. Table of published sensor studies that employed MIPs for similar hormone detection.
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small analyte concentrations, particularly at low levels. 
Factors such as the limited refractive index change and 
the influence of optical properties and plasmonic reso-
nance efficiency contribute to the higher LOD observed 
in the SPR sensor. The findings highlight the advanta-
ges of using QCM sensors with MIPs for highly sensitive 
detection of estrogenic compounds, offering a cost-
effective and stable alternative to other sensing met-
hods that rely on more complex biological components.

The findings of this study hold significant promise for 
both environmental and clinical applications. In the 
context of environmental diagnostics, the detection of 
EDCs such as 17EE in wastewater is of critical importan-
ce due to the detrimental effects these compounds can 
have on aquatic ecosystems and wildlife. Traditional 
methods for detecting EDCs in environmental samp-
les, such as chromatography-based techniques, tho-
ugh effective, are often time-consuming and require 
expensive equipment and highly skilled personnel. The 
17EE- MIPs developed in this study, coupled with SPR 
and QCM biosensor platforms, provide a rapid, cost-
effective, and highly sensitive alternative for in-field en-
vironmental monitoring. These sensors have the poten-
tial to be integrated into automated, portable devices 
that could be deployed to continuously monitor water 
sources for contamination, ensuring timely detection of 
EDCs and allowing for faster remediation efforts.

In the realm of clinical diagnostics, the ability to accu-
rately monitor estradiol levels is crucial for managing 
conditions such as hormone imbalances, infertility, 
menopause, and certain cancers. The highly sensitive 
detection limits achieved in this study suggest that the 
17EE-MIP-based sensors could be adapted for point-
of-care testing (POCT) devices in healthcare settings. 
These sensors could offer a non-invasive, real-time 
monitoring solution for patients undergoing hormone 
therapy or for those requiring regular estradiol level as-
sessments. Such devices would improve patient outco-
mes by enabling faster diagnosis and more personalized 
treatment strategies, as opposed to relying solely on 
laboratory-based assays which involve lengthy proces-
sing times.
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