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ABSTRACT 

In this study, 17β-estradiol (E2) was performed by surface plasmon resonance (SPR) based on molecularly imprinted technique. In the 

first, SPR sensor was prepared by the formation of E2 imprinted poly(2-hydroxyetyl methacrylate) / (N-methacryloyl-(L)- leucine 

methyl esters) (PHEMALM) on the modified gold surface of SPR chip. Also, non-imprinted SPR chip was prepared by the same method 

at the E2 imprinted PHEMALM (E2-MIPHEMALM-SPR) chip without E2. E2-MIPHEMALM-SPR and non-imprinted 

(NIPHEMALM-SPR) chips were characterized with Fourier transform infrared spectrophotometry (FTIR), ellipsometry, atomic force 

microscopy (AFM) and contact angle measurements. After that, SPR chips were completed to SPR system to investigate kinetic 

properties for E2. The sensing ability of E2-MIPHEMALM-SPR chip was investigated with 20-10000 ng/mL concentrations of 17β-

estradiol solutions. The E2-MIPHEMALM-SPR chip was showed more selectivity for 17β-estradiol than NIPHEMALM-SPR chip. To 

show the selectivity of E2-MIPHEMALM-SPR chip competitive adsorption of 17β-estradiol, cholesterol and stigmasterol were 

investigated. E2-MIPHEMALM-SPR chip was investigated ten times with same concentrations of 17β-estradiol solution to show reuse 

of the chip. The results showed that the E2-MIPHEMALM-SPR chip has high selectivity for 17β-estradiol. 
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1. INTRODUCTION 

 Endocrine disrupting chemicals (EDCs) are a wide range of 

natural and synthetic substances that have a severe effect on 

endocrine systems of human beings and wildlife species with the 

ability of manipulating endocrine functions as mimicking and/or 

blocking hormones [1,2]. 17β-estradiol (E2) is one of the most 

active EDCs [3]. This biomolecule is used in livestock production 

because of its anabolic characteristics [4], and in veterinary use for 

the infections of animals [5]. It is secreted by all mammalians and 

released into the water bodies [6], which leads to many changes in 

immune, endocrine, reproductive and nerve systems [7]. Also, E2 

is used as growth assist agents to cattle to gain the weight [8]. 

High E2 causes high residue in animal foods that cause endocrine 

and reproductive effect to human body [9,10]. Therefore, it is vital 

to establish a sensitive and reliable method for the E2 detection 

[11]. Liquid chromatography and/or gas chromatography/mass 

spectrometry [12,13] and HPLC have been used for the detection 

of E2. However, these chromatographic methods cannot meet 

requirements in the perspectives of time [14], cost, lower 

sensitivity and the need for trained people [15]. Biosensors 

possess exceptional features in the detection of E2 [16]. 

Optic based SPR sensor has great attention [17] and an important 

analytical instrument to determine and characterize molecular 

interactions [18] such as protein-protein, protein-peptide, protein-

lipid, protein-nucleic acid [19], DNA hybridization, antibody-

antigen, peptide-metal ion [20] in real-time, high sensitivity and 

selectivity and without labeling [21]. SPR sensors are increasingly 

used for the applications of biotechnology and biomedicine [22], 

biopharmaceutics [23], food [24] and environmental sciences [25]. 

There has recently been an essential need to develop new kinds of 

sensors [26]. Molecular imprinting technology which is an 

emerging technique has been used in sensing area [27-33]. This 

technology is an approach to create a polymer matrix containing 

molecular recognition sites which are characteristic in 

shape/functional groups of target molecule [34]. Molecular 

imprinted polymers (MIPs) are unique candidates as a ligand 

compared with antibodies and enzymes because of their good 

chemical and physical stabilities in extreme conditions and at high 

temperatures. And MIPs also offer some properties in the cost-

effective polymer preparation, high affinity to target molecule and 

long-term stability [35]. 

In this paper, we have aimed to produce 17β-estradiol imprinted 

PHEMALM nanofilm on SPR chip (E2-MIPHEMALM-SPR 

sensor) for real-time detection of 17β-estradiol. For this goal, we 

prepared MALM as a functional monomer in the first step. And 

then, E2-MIPHEMALM-SPR sensor was produced and attached 

to the modified golden surface of the SPR chip. Detection studies 

for 17β-estradiol were applied with the use of aqueous 17β-

estradiol solutions in 20–10000 ng/mL concentrations. The 

specificity and selectivity studies of the SPR chip were determined 

with cholesterol and stigmasterol. 

2. MATERIALS AND METHODS 

2.1. Materials. 

The template molecule, 17β-estradiol, cholesterol, stigmasterol, 2-

Hydroxyethyl methacrylate, L-leucine methyl ester, ethylene 

glycol dimethacrylate, ɑ-ɑ’-azobisisobutylonitrile were obtained 

from Sigma Chemical Co. (St. Louis, USA). All other chemicals 

purchased from Merck A.G. (Darmstadt, Germany). 

2.2. Preparation of L-leucine methyl ester functional monomer 

and E2-MIPHEMALM-SPR sensor. Firstly, N-methacryloyl- 

(L) -leucine methyl ester (MALM) monomer was briefly as 
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follows: L-Leucine methyl ester (5.0 g) and hydroquinone (0.2 g) 

were dissolved in dichloromethane (CH2Cl2) (100 mL) solution. 

The solution was cooled to 0°C. Then, triethylamine (12.7 g) was 

added to this solution. And then, methacroyl chloride (5.0 mL) 

was slowly poured onto this solution. The reaction mixture was 

stirred under a nitrogen atmosphere with a magnetic stirrer for 2 

hours at room temperature. Finally, methacroyl chloride, which 

did not react, was extracted with 10% NaOH solution. The 

aqueous phase was removed and the residue (MALM) was 

dissolved in ethyl alcohol. Before the preparation of E2-

MIPHEMALM-SPR chip, the gold surface on the SPR chip was 

immersed in ethanol/water solution (1:1, v/v) and then immersed 

in acidic piranha solution (3:1 H2SO4:H2O2, v/v) after that, SPR 

chip was washed with ethanol and deionized water (DI), 

respectively and then dried in vacuum oven (200 mmHg, 40ºC) for 

2 h. The SPR chip was rinsed with the usage of ethanol and dried 

with nitrogen gas. Afterwards, 3 mM allyl mercaptan 

(CH2CHCH2SH) solution was dropped on the SPR chip and then 

incubated in fume hood for 12 h [32]. After that, the SPR chip was 

washed with ethanol and DI for five time, respectively.   

E2-MIPHEMALM-SPR was obtained by polymerizing the 

MALM-17β-estradiol (MALM-E2) pre-complex in the room 

temperature. A homogeneous solution of the pre-complex was 

prepared by adding 700 μl toluene and 1000 μl ACN aprotic 

solvent mixture to the MALM-E2 pre-complex. And next step, 

150 μL HEMA monomer and 470 μL EGDMA cross-linker were 

added to the pre-complex and dissolved for 10 minutes. After 

adding 10 mg of AIBN as an initiator, 1 μl of the solution was 

dropped onto the surface of CH2CHCH2SH modified SPR chip to 

attach 17β-estradiol imprinted onto the SPR chip. Then, 

polymerization of the E2-MIPHEMALM-SPR chip was initiated 

by UV light (100W and 365 nm) at 25ºC under nitrogen 

atmosphere for 40 min. After polymerization, the unreacted 

monomer was removed with ethanol. Stoichiometric ratio is 

1:15:24 of the template molecule, monomer and cross linker. Fig. 

1 was shown the steps of preparation of the E2-MIPHEMALM-

SPR chip. At the end, the unreacted monomers on the E2-

MIPHEMALM-SPR chip were washed with methanol solution 

and DI, respectively for two times. 

The NIPHEMALM-SPR chip was prepared in the same way to 

E2-MIPHEMALM-SPR chip without the addition of 17β-estradiol 

into the polymer solution. 

2.3. Removal of E2-MIPHEMALM-SPR sensor. 

To remove of 17β-estradiol, desorption agent’s glycerol solution 

diluted to 20% (v/v) was used. The study of template removal was 

carried out via batch system. E2-MIPHEMALM-SPR sensor was 

placed into the 20mL glycerol solution and shacked slowly in bath 

for 2 h. After this step, the E2-MIPHEMALM-SPR sensor was 

washed with DI and dried. 

2.4. Surface characterization of E2-MIPHEMALM-SPR SPR 

sensor. 

The characterization of E2-MIPHEMALM-SPR and 

NIPHEMALM-SPR sensors were carried out by FTIR-ATR 

spectrophotometer (Thermo Fisher Scientific, Nicolet iS10, 

Waltham, MA, USA), AFM Nanomagnetic Instruments, (Oxford, 

UK) to gain the surface roughness, ellipsometry (Nanofilm EP3, 

Goetting, Germany) to obtain the thickness of SPR sensor, and 

contact angle (KRÜSS DSA 100, Hamburg, Germany) 

measurement to determine the hydrophilicity/hydrophobicity of 

SPR sensor surface.  

 
Figure 1. Schematic of preparation of E2-MIPHEMALM-SPR chip. 

 

FTIR-ATR spectrophotometer was used to characterize the E2-

MIPHEMALM-SPR sensor. For this purpose, the SPR sensor was 

measured in the range of 400-4000 cm-1 at 2 cm-1 resolutions. This 

observation was done by using AFM in tapping mode in air 

atmosphere. E2-MIPHEMALM-SPR sensor was placed on the 

sample holder by using double-side carbon strip. AFM takes 

measurements in high resolution (i.e., 4096 x 4096) and the 

experimental parameters applied were oscillation frequency 

(341.30 kHz), vibration amplitude (1 VRMS) and free vibration 

amplitude (2 VRMS). Sample was scanned at the scanning rate of 2 

µm s-1 and 256 x 256 pixels’ resolution to obtain view of 1 µm x 1 

µm area.  

Ellipsometry measurements were performed by using an auto-

nulling imaging ellipsometry. The thickness measurements have 

been done at a wavelength of 658 nm with an angle of incidence 

65º. A four-zone auto-nulling procedure, 

air/polymer/gold/chrome-glass, integrating over a sample area of 

approximately 350 µm x 350 µm followed by a fitting algorithm 

has been performed in the thickness analysis of layer. Contact 

angle of the E2-MIPHEMALM-SPR sensor was measured with 

sessile drop method with the using water as liquid phase.  

2.5. Kinetic analyses with E2-MIPHEMALM-SPR sensor.  

E2-MIPHEMALM-SPR sensor was used for the real-time 

detection of 17β-estradiol from aqueous solution. Therefore, a 

SPR system (GenOptics, SPRiLab, Orsay, France) integrating 

sensor immobilized onto the gold surface. In brief, all 

experimental procedures of the monitoring of 17β-estradiol from 

aqueous solution may be summarized as: the sensor was washed 

with 50 mL DI and 50 mL pH: 11.0 carbonate buffer. Then 17β-

estradiol solutions in 20 ng/mL-10,000 ng/mL concentrations were 

applied to the SPR system. And the response of E2-

MIPHEMALM-SPR sensor was monitored until it reached stable 
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frequency for 35 min. Then, 20 mL desorption agent’s glycerol 

solution was applied with 2.0 mL/min flow-rate. After this step, 

E2-MIPHEMALM-SPR sensor was washed with DI and pH: 11.0 

carbonate buffer, respectively. Adsorption, desorption and 

cleaning steps were repeated for the monitoring of each 17β-

estradiol solutions in different concentrations. The real-time 

detection of cholesterol, stigmasterol and 17β-estradiol solutions 

in singular manner and mixed manner solutions such as 17β-

estradiol/cholesterol, 17β-estradiol/stigmasterol, cholesterol/ 

stigmasterol and 17β-estradiol/cholesterol/stigmasterol in 

competitive manner was monitored in order to determine the 

specificity of E2-MIPHEMALM-SPR sensor. 

 

 

3. RESULTS  

3.1. Surface characterization of the SPR sensors. 

In order to prove polymeric formation on the SPR chip surface, (i) 

the specific bands of the polymeric nanofilm were determined as 

carbonyl band at 1721 cm-1 and aliphatic -CH band at 2947 cm-1 

(Fig. 2A). (ii) AFM image of the chip surface was given in Fig. 

2B. As clearly seen from the image that a polymeric surface 

attached on the chip was formed because of polymerization 

process. As seen in the Figure, the surface deepness of the clean 

SPR, E2-MIPHEMALM-SPR and NIPHEMALM-SPR sensors 

surfaces were determined as 4.55 nm, 16.45 nm and 30.02 nm, 

respectively. There were shown a polymeric nanofilm on the 

sensor surface. (iii) Ellipsometry measurements were performed to 

obtain the data about sensor surface. Surface depth on the sensor 

surface from ellipsometry was obtained as 24.2 nm of the E2-

MIPHEMALM-SPR and 29.00 nm of the NIPHEMALM-SPR 

sensor attached (Fig. 2C). (iv) Contact angle measurements with 

water were carried out to characterize the sensor surface (Fig. 2D). 

The contact angle values of SPR chip surface were decreased from 

81.4º to 65.6º and 81.4º to 63.3º of the E2-MIPHEMALM-SPR 

and NPHEMALM-SPR sensors, respectively. This data in contact 

angle value of the chip surface stemmed from the increased 

hydrophilic structure of the chip surface. 

3.2. Kinetic studies with E2-MIPHEMALM-SPR sensor 

Several studies have already been established on E2 determination 

in various environments. Auberšek and colleagues found 4.2 ng/L 

in hospital wastewater and 2.4 ng/L-12.7 ng/L E2 in samples taken 

from the wastewater treatment plant [36]. McAvoy has determined 

7.22 ng/L and 0.557 ng/L E2 for samples taken from the 

wastewater treatment plant and the garbage collection site, 

respectively by gas chromatograph-mass spectrometry [37]. 

Numerous studies have been carried out on the determination of 

E2 with biosensors. Hui-Bin and colleagues have determined E2 

from human urine at concentrations of 0.75-135 μg/mL [38]. In 

another study, the fluorescent sensory system determined E2 at 

30-5000 ng/mL that used MIP technique in liquid chromatography 

[39]. Jia and co-workers were used magnetic nanoparticles as 

amplifying element for detection of E2 in the SPR system. The 

magnetic nanoparticles via signal amplification protein A were 

conjugated with anti-estradiol monoclonal antibody. This method 

was resulted high sensitively for E2 detection in the range of 1.95-

2000 ng/mL [40]. The E2-MIPHEMALM-SPR sensor was 

prepared for real-time monitoring of the interactions between the 

recognition sites that nanofilm produced by molecularly imprinted 

approach for the target analyte and E2 from aqueous solution. The 

SPR sensor has interacted with aqueous E2 solutions in different 

concentrations in the range of 20-10000 ng/mL (Fig. 3A). As seen 

from Figure, each step including equilibration–adsorption–

desorption–regeneration for a new analysis was run in 40 min for 

E2 molecules. The increase in E2 concentration also triggered an 

increased reflectivity (∆R) in sensor.  

 
Figure 2. A. FTIR-ATR spectrophotometer of L-leucine methyl ester 

monomer and E2-MIP polymer. B1. AFM images of the cleaned, B2. E2-

MIPHEMALM-SPR and B3. NPHEMALM-SPR chips surface, C1. 

Ellipsometry images of E2-MIPHEMALM-SPR and C2. Ellipsometry 

images of NPHEMALM-SPR chips. D1. Contact angle images of the 

clean, D2. E2-NIPHEMALM-SPR and D3. E2-MIPHEMALM-SPR chips 

surface. 

 

 
Figure 3. A. Response of E2-MIPHEMALM-SPR sensor for E2, 

experimental conditions: pH: 11.0 carbonate buffer, 50mL, temperature: 

25˚C, concentrations range: 20-10000 ng/mL and 2.0 mL/min flow-rate, 

B. Calibration curve of different concentration. 

D1 D2 
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Fig. 3B illustrates the concentration dependency of E2-

MIPHEMALM-SPR sensor for aqueous E2 solutions. As 

expected, an increase in concentration also caused an increase in 

sensor response. The binding tendencies of E2-MIPHEMALM-

SPR sensor to E2 molecules have high linearity and affinities with 

regression constants as 96% in the range of 20-100 µg/mL and 

88.3% in the range of 200-10000 ng/mL. 

3.3. Selectivity of E2-MIPHEMALM-SPR sensor. 

Selectivity of E2-MIPHEMALM-SPR sensor was determined by 

their responses to cholesterol, stigmasterol and 17β-estradiol 

solutions in singular manner and mixed manner solutions such as 

17β-estradiol/cholesterol, 17β-estradiol/stigmasterol, 

cholesterol/stigmasterol and 7β-estradiol/cholesterol/stigmasterol 

in competitive manner cholesterol and stigmasterol, which are 

similar in size/shape and molecular weight with 17β-estradiol. The 

concentration of cholesterol, stigmasterol and 17β-estradiol were 

kept constant as 1000 ng/mL. The NIPHEMALM-SPR SPR 

sensor was applied in the same manner for determining the non-

selective binding. Fig. 4A shows the responses of SPR sensor 

systems for cholesterol and stigmasterol were lower than 17β-

estradiol. Also, NIPHEMALM-SPR sensor caused low values 

when cholesterol, stigmasterol and 17β-estradiol introduced to the 

SPR sensor in both E2-MIPHEMALM-SPR and NIPHEMALM-

SPR sensors (Fig. 4B).  

 
Figure 4. Selectivity of E2-MIPHEMALM-SPR and NIPHEMALM-SPR 

sensors for A. 17β-estradiol, Cholesterol, Stigmansterol, and B. 17β-

estradiol/Cholesterol, 17β-estradiol/Stigmansterol and 

Cholesterol/Stigmansterol. 

 

The ∆R values of E2-MIPHEMALM-SPR sensor were obtained as 

3, 0.3, 0.6 for 17β-estradiol, cholesterol and stigmasterol, 

respectively. The ∆R values of NIPHEMALM-SPR sensor were 

obtained as 0.8, 0.25, 0.13 for E2, cholesterol and stigmasterol. 

E2-MIPHEMALM-SPR sensor was more selective with respect to 

the aqueous solutions of 17β-estradiol, cholesterol and 

stigmasterol. The excellent characteristics of special cavities of 

17β-estradiol were showed higher responses against 17β-estradiol. 

As seen in Table 1, 17β-estradiol imprinted chip was obtained 

higher responses against other molecules. SPR sensor response 

was investigated of E2-MIPHEMALM-SPR and NIPHEMALM-

SPR sensors that k showed the selectivity coefficient versus 

competing molecules for E2 and k’ for relative selectivity 

coefficient for E2-MIPHEMALM-SPR sensor versus 

NIPHEMALM-SPR sensor. 
 

Table 1. Selectivity Coefficients of E2-MIPHEMALM-SPR and 

NIPHEMALM-SPR sensors. 

E2-MIPHEMALM-SPR                                             NIPHEMALM-SPR 
                                                                    ∆R k ∆R k k’ 

17β-estradiol  3.00 - 1.05       - - 

Stigmasterol 0.60 5.00 0.25 4.20 1.20 

Cholesterol 0.30 10.00 0.13 8.07 1.23 

3.4. Mathematical analysis of kinetic data 

In order to describe the detection system between E2-

MIPHEMALM-SPR sensor and 17β-estradiol and to analyze the 

interaction kinetic, five models such as association kinetic analysis 

and Scatchard, Langmuir, Freundlich and Langmuir-Freundlich 

models were carried out biosensing data (Table 2).  

Association kinetic analysis  dΔR / dt = kaC (ΔRmax - ΔR)-kdΔR (1) 

Scatchard              ΔRex / [C] = KA(ΔRmax – ΔReq)   (2) 

Langmuir            ΔR = {ΔRmax [C] / KD + [C]}   (3) 

Freundlich  ΔR = ΔRmax [C]1/n    (4) 

Langmuir-Freundlich       ΔR = {ΔRmax [C]1/n / KD + [C]1/n}       (5) 

The Langmuir isotherm model was the best adapted to surfaces, 

that shows the 17β-estradiol binding properties in the SPR sensor 

surface are homogeneously distributed, monolayer, co-energetic 

and with minimal lateral interaction. (R2 = 0.9985). 

Table 2. Kinetic and Isotherm Parameters. 

Langmuir Freundlich Langmuir-Freundlich 

ΔRmax, µg/ml      7.28 

KD, ml/µg        0.1354 

KA, µg/ml           7.39 

R
2
                    0.9985 

ΔRmax, µg/ml 2.356 

1/n               0.6436 

R2                 0.9629 

ΔRmax, µg/ml         2.78 

1/n                      0.1150 

KD, ml/µg               1.69 

KA, µg/ml             0.592 

R2                       0.9749 

3.5. Reproducibility of E2-MIPHEMALM-SPR sensor. 

Molecularly imprinted polymers possess several advantages 

compared with other bio-ligands used as recognition elements. 

Ten equilibration-adsorption-regeneration cycles were applied 

with the use of aqueous 17β-estradiol solution under the same 

conditions (1.0 µg/mL, 2.0 mL/min. flow rate, 25ºC). E2-

MIPHEMALM-SPR sensor has exhibited a good reproducibility 

without decrease during the ten cycles. 

 

4. CONCLUSIONS 

 The specific detection of 17β-estradiol molecules is 

challenging and it is crucial for clinical chemistry. In this study, 

we were prepared E2-MIPHEMALM-SPR chip for detection of 

17β-estradiol. E2-MIPHEMALM-SPR sensor has been 

successfully used for the real-time detection of 17β-estradiol from 

aqueous solution by SPR method. The selectivity studies show 

3.0, 0.3, 0.6 ∆R values for E2, cholesterol and stigmasterol, 

respectively. E2-MIPHEMALM-SPR sensor was more selective 

of 17β-estradiol. According to these values, the imprinting 

technique enables the biorecognition of 17β-estradiol in SPR 

sensor. The excellent characteristics of special cavities of 17β-

estradiol were showed higher responses against 17β-estradiol. E2-

MIPHEMALM-SPR sensor was showed high sensitivity, real-time 

monitoring, low detection concentration and low volume sample 

against other methods. Also, 17β-estradiol detection was easy to 

perform and can be a cost-effective solution and reusability.
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