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A novel electrochemical sensor for testosterone detection has been prepared by the chemical modi-

fication of a gold electrode (AuE). For the electrode modification, specific polyurethane (PU) films were 

synthesized from hexamethylene diisocyanate, olivetol, polyethylene glycol-100 (PEG100) and β-

cyclodextrin. The synthesized PUs were investigated as selective films, and were used to coat a AuE sur-

face at different concentrations and thicknesses. The testosterone responses of the modified electrodes 

were investigated by square-wave voltammetry (SWV). One separated cathodic SWV peak was obtained 

for testosterone at –0.390 V, with the prepared PU-modified AuE in 0.1 M phosphate buffer (PB) (pH 

7.2). The linearity of testosterone responses of the prepared PU modified electrode was obtained over a 

concentration range of 0.1–1.0 µM (R2 = 0.995). It was observed that the response of the electrode in-

creased regularly and sensitively with increasing testosterone amount. The detection limit, relative stand-

ard deviation and sensitivity of modified electrode were found to be approximately 5.69 nM, 1.669 % and 

98.331 %, respectively. The PU-modified AuE exhibited good selectivity and a low response time for tes-

tosterone. Therefore, the prepared testosterone sensor offers a good alternative for fast and practical tes-

tosterone determination in clinical or biomedical studies. 
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ПОДГОТОВКА НА ПОЛИУРЕТАНСКА МЕМБРАНА ЗА ДИЗАЈНИРАЊЕ СЕНЗОР  

ЗА ДЕТЕКЦИЈА НА ТЕСТОСТЕРОН И НЕГОВА АПЛИКАЦИЈА СО ПРИМЕНА  

НА КВАДРАТНО-БРАНОВА ВОЛТАМЕТРИЈА 
 

Во рамките на овој труд, е развиен нов електрохемиски сензор за детекција на тестостерон, 

дизајниран со хемиска модификација на златна работна електрода.  За модификацијата на 

работната електрода беа користени специфични филмови од полиуретан, синтетизирани од 

хексаметилен диизоцијанат, оливетол, полиетилен гликол-100 и бета-циклодекстрин,  

Ситетизираните полиуретански филмови беа употребени како селективни филмови и беа 

аплицирани во различни концентрации и дебелини за модификација на златната работна 

електрода. Електрохемиските својства на тестостерон на модификуваните електроди беа 

испитувани со употреба на квадратно-бранова волтаметрија. Притоа, на модификуваната златна 

електрода, во фосфатен пуфер (0,1 mol/l) со рН = 7,2, беше добиен катоден пик од 

електрохемиската активност на тестостерон на потенцијал од –0,390 V. Линеарна зависност 

помеѓу измерените струи на пиковите во квадратно-бранова волтаметрија и концентрацијата на 

тестостерон беше потврдена во концентрациското подрачје на тестостерон од 0,1–1,0 µmol/l (R2 = 

0,995). Границата на детекција, релативната стандардна девијација и осетливоста на методата беа 

5,69 nmol/l, 1,669 % и 98,331 %, соодветно. Златната електрода, модификувана со филм од 

полиуретан покажа добра селективност и кратко време на одговор при детекцијата на 

тестостерон.  Соодветно на овие параметри, овој амперометриски сензор за определување 
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тестостерон може да се смета како добра алтернатива за брзо и евтино определување на 

тестостерон во клинички и биохемиски студии.    

  

Клучни зборови:  тестостерон; амперометриски сензор; полиуретански мембрани;  

квадратно-бранова волтаметрија  
 

 

1. INTRODUCTION 

 

Testosterone is an important hormone from 

the group of androgens known as the male sex 

hormones. In men, testosterone is primarily secret-

ed in the testicles, along with a small amount in the 

adrenal glands. The organ responsible for the se-

cretion of such hormones is the hypothalamus, 

which is located in the brain. Testosterone is also 

secreted in the ovaries of women, but in much 

smaller amounts than in men. It is this hormone 

that is responsible for physical developments such 

as voice deepening, hair growth, and the growth 

and function of the genitals in men.1 

Since a significant proportion of testosterone 

is produced in the testicles, problems that may oc-

cur in the testicles may also affect hormone re-

lease. Problems in the hypothalamus and pituitary 

gland responsible for hormone production, congen-

ital or genetic insufficient secretion of the testos-

terone hormone, excessive secretion of cortisol 

hormone secreted due to advanced age, stress, al-

cohol and smoking, metabolic disorders can cause 

insufficient sleep and decreased sleep.2 

Excessive testosterone levels in the body can 

also cause problems. For example, this can cause 

unequal and excessive growth in the distribution of 

muscles in the body, as well as edema, increased 

hair growth, enlarged prostate, vascular stiffness, 

diabetes3,4 and osteoporosis.5 It may also cause 

increased levels of low-density lipoprotein choles-

terol (LDLc), otherwise known as “bad cholester-

ol”.3 A low testosterone level is associated with 

high-grade prostate cancer6 and there is also a risk 

factor of mortality and death by cardiovascular 

disease.7,8 These symptoms may indicate whether 

testosterone levels are low or high; nevertheless, it 

is necessary to analyze the hormone values in the 

blood to verify hormone levels. Thus, testosterone 

is an important biomarker that is used in diagnosis 

and treatment in the medical field.9,10 Therefore, 

the detection and analysis of testosterone is clini-

cally important. In clinical testosterone analysis, 

liquid chromatography-tandem mass spectrometry 

(LC-MS/MS),11,12 high performance liquid chro-

matography-mass spectrometry (HPLC-MS),13 gas 

chromatography-mass spectrometry (GC-MS),14 

ultra-performance liquid chromatography coupled 

with tandem mass spectrometry (UPLC-

MS/MS),15,16 near-infrared (NIR) spectroscopy17, 

thin-layer chromatography (TLC)18, ultra-per-

formance liquid chromatography-ion mobility-

mass spectrometry (UPLC-IM/MS)19 and liquid 

chromatography with UV detector20–22 are general-

ly used. These techniques are expensive, requiring 

expert personnel and intensive sample preparation 

processes. For this reason, new analysis techniques 

are required that can reduce appointment times, 

reduce the cost of analysis and perform the analy-

sis in a shorter time. Electrochemical measure-

ments and sensors stand out as alternative meth-

ods.23–28 Some electrochemical testosterone sensor 

studies have been reported in the literature.29–34 

Levent et al.29 investigated the redox behavior of 

testosterone on a glassy carbon electrode surface in 

the absence and presence of cationic surfactants, 

using the adsorptive stripping voltammetry 

(AdSV) technique. Liu et al.30 used molecularly 

imprinted polymer/graphene oxide (MIP/GO) for 

the determination of testosterone. A new electro-

chemical sensor was developed by Moura et al.31, 

using a cobalt oxide-modified edge-plane glassy 

carbon electrode for in vitro testosterone detection. 
Goyal et al.32 performed voltammetric analysis of 

two corticoid isomers (testosterone and epitestos-

terone). For detection, bare and single-walled car-

bon nanotube (SWNT)-modified edge plane pyro-

lytic graphite electrodes (EPGE) were used. Hei-

darimoghadam et al.33 studied the electro-reduction 

behavior of testosterone at reduced graphene ox-

ide/glassy carbon electrodes (rGO/GCE). The cati-

onic surfactant, cetyltrimethylammonium bromide 

(CTAB), enhanced the reduction peak of testos-

terone. In another study34, the simultaneous detec-

tion of estradiol and testosterone was performed 

using a glassy carbon electrode/NiFe2O4–

mesoporous carbon (GCE/NiFe2O4–MC) electrode. 

Within the scope of this study, polyurethane 

(PU)-based sensors carrying β-cyclodextrin and 

olivetol groups have been developed to increase 

measurement sensitivity and selectivity. β-

Cyclodextrin groups were used to increase testos-

terone selectivity by host-guest interaction, and 

olivetol groups were used to accumulate testos-

terone on the electrode surface. The aim of the 

study was to obtain a testosterone hormone sensor. 

For this purpose, PUs have been synthesized in 

order to allow testosterone to collect on a gold 
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electrode (AuE) surface. The synthesized PU struc-

tures were characterized by Fourier transform-

infrared spectroscopy (FT-IR) and elemental anal-

ysis techniques. While the surface properties of 

these PU structures were determined by scanning 

electron microscopy (SEM) technique, their ther-

mal properties were examined by thermogravimet-

ric analysis (TGA), differential thermal analysis 

(DTA) and differential scanning calorimeter (DSC) 

techniques. Bare AuE surfaces were covered with 

the PU structures by chemical modification. 
 

 

2. MATERIALS AND METHODS 

 

2.1. Chemicals 
 

All chemicals used in the synthesis of PU 

were supplied by the Sigma-Aldrich Chemical 

Company. VIRIGEN TESTOCAPS (30 capsule) 

drug was purchased at the pharmacy. Four differ-

ent supporting electrolytes citrate buffer (CB, 0.1 

M, pH 7.0), acetate buffer (AcB, 0.1 M, pH 7.0), 

Britton-Robinson buffer (BRB, 0.1 M, pH 7.0) and 

PB (0.1 M, pH 7.2) were used. Cationic hexa-

decyltrimethylammonium bromide (HDTMA-Br) 

was used as one of the surfactants. All stock solu-

tions were preserved at 4 °C when not in use and 

were protected from sunlight during laboratory 

use. Aqueous solutions were prepared with deion-

ized water, which was further purified with a Mil-

lipore brand Elix 20. 

 

2.2. Devices and equipment used in measurement 
 

FT-IR (Mattson 1000) in the interval range 

of 400-4000 cm–1 interval was used employing 

KBr discs to determine the polymer film structure 

used for the surface modification of the glassy car-

bon electrode. The thermal behaviors and stabili-

ties of the synthesized PUs were determined under 

an air atmosphere using TGA-50 (Shimadzu, Ja-

pan) and DTA-50 (Shimadzu, Japan), with a tem-

perature increase of 10 °C/min over a temperature 

range of 20–900 °C. DSC measurements were per-

formed on a DSC-60 (Shimadzu, Japan). All sam-

ples (5 mg) were placed in sealed aluminium con-

tainers before being heated under nitrogen flow (25 

ml/min) at a scanning rate of 10 °C/minute. 

The surface morphologies of the prepared 

PU membranes were investigated using the Leo-

Evo 40xVP SEM device at 20 kV. For SEM meas-

urements, the synthesized PU were coated on the 

glass surface and covered with a 100 Å gold-

palladium layer by a spray coater (Bal-Tec SCB 

050). The surface structures of the olivetol-based 

PU structures were also examined with an optical 

microscope. A Soif-Upright metallurgical micro-

scope was used for these analyses. 

A Thermo Scientific STAR A-111 pH-meter 
was used for pH measurements. Calibration of the 
pH meter before each experiment was carried out 
with pH 7.0 (Merck 4939) and pH 4.0 (Merck 
9475) buffer solutions. During the complete clean-
ing of the electrodes and the preparation of the so-
lutions, a Branson 3510 model ultrasonic bath was 
used. Both the cells and other glass materials were 
first cleaned with detergent and rinsed with Milli-
pore brand Elix 20 distilled water. Glass cells used 
in electrochemical analyses were kept in 6 M 
HNO3 solution for at least one hour, preferably 
overnight, then rinsed in distilled water and dried 
in an oven at 100 °C.  

Before the electrochemical analysis, the sur-
face of the working electrodes was cleaned by 
washing with distilled water. The pre-treatment 
depends on both the type of electrode and the 
composition of the test solution. To ensure the re-
peatability of the electrochemical coating on the 
AuE surface, the same surface form must be creat-
ed before each experiment. Before each experi-
ment, the AuE was cleaned mechanically. Mechan-
ical cleaning was carried out first by cleaning with 
an aqueous alumina paste with a particle size of 1 
μm, 0.3 μm and 0.05 μm, and then sonicating in an 
ultrasonic bath for 1 min. The AuE was then 
washed with ultrapure water and dried under opti-
mal conditions. The water used for the preparation 
and dilution of solutions was obtained from the 
Millipore brand Elix 20 model water system. 

Electrochemical experiments (SWV meas-

urements) were performed in room conditions using 

a potentiostat (Vertex one) controlled by a computer 

with appropriate software (Ivium soft) for data anal-

ysis. In addition, an electrochemical C2 cell cage of 

the BASi company was used, which was placed in-

side the cell stand to provide isolation from external 

electrical and magnetic effects. 

Square-wave stripping voltammetry 
(SWSV) was used to develop an electroanalytical 
methodology for detecting testosterone in real 
samples. The optimized operating parameters for 
SWSV were as follows: Start potential 300 mV, 
end potential –1100 mV, accumulation time 20 
sec, mixing speed 350 rpm, waiting time 20 sec, 
frequency 80 Hz. In a 10-ml single chamber volt-
ammetric cell, a three-electrode system was used, 
with a platinum wire electrode (MW-1032) as the 
auxiliary electrode, Ag/AgCl (BASI RE-5B) in 3 
M KCl as the reference electrode, and both bare 
(MF 2014) and polymer-modified AuE as the 
working electrode. 
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2.3. Preparation of testosterone stock solution 
 

A capsule of VIRIGEN TESTOCAPS (30 

capsule) labeled as containing 40 mg testosterone 

undecanoate (an ester of testosterone, correspond-

ing to 25.3 mg of pure testosterone), castor oil and 

propylene glycol monolaurate as excipients were 

used for the present analytical applications. Be-

cause of its moderate lipophilicity, the stock solu-

tion of testosterone (1.46 mM) was prepared in 

acetonitrile (AcN). On the day of the experiment, 

working solutions were prepared by diluting the 

stock solution with the selected supporting electro-

lyte. 
 

2.4. Synthetic urine preparation 
 

Synthetic urine was prepared by dissolving 

the following in deionized water: 6.25 g of urea, 

0.40 g of KCl, 0.56 g of Na2SO4, 0.25 g of NH4Cl, 

0.35 g of KH2PO4, 0.28 g of CaCl2·2H2O and 0.73 g 

of NaCl.34 

 

2.5. Olivetol-based polyurethane synthesis 
 

Within the scope of the study, hexameth-

ylene diisocyanate, olivetol, polyethylene glycol-

100 (PEG100) and β-cyclodextrin were used in the 

synthesis of the PUs that were to be used in the 

modification of the electrodes. The monomer ratios 

and the PU structures synthesized within the scope 

of the study are displayed in Scheme 1. 

The olivetol-based PU structures were syn-

thesized with olivetol:PEG100:β-cyclodextrin rati-

os of 0:80:20 (PU-1), 5:80:15 (PU-2), 10:80:10 

(PU-3) and 15:80:5 (PU-4) mixtures of polyol in 

the solution medium of aliphatic diisocyanate (in 

THF or THF:DMF (9:1)). These structures were 

synthesized by refluxing at 90 °C for 12 hours. 

Following the reactions, the solvent was removed 

under vacuum from the synthesized PUs. Structur-

al characterizations were carried out by FT-IR 

techniques. Thermal analyses of the polymers were 

provided by TGA and DSC analyses. 

 
 

 
 

Scheme 1. The monomer ratios and PU structures 
 

 

2.6. Modification of electrodes 

 

For the preparation of testosterone sensors, 

PU was synthesized containing olivetol brushes 

and β-cyclodextrin units. The synthesized PU (0.1 

g) was dissolved 1 ml of 1-methyl-2-pyrrolidone 

(NMP). A certain amount (2 µl, 3 µl, 4 µl, or 5 µl) 

of this solution was dried on the bare electrode sur-

face for 3 hours at room temperature. 

The platinum electrodes used as the auxilia-

ry electrodes were cleaned from time to time on a 

bare flame, or by submerging in an ultrasonic bath 

of 3 M HNO3 solution for 1–2 min and then wash-

ing with distilled water. After each analysis, the 

reference electrodes were washed with distilled 

water and then stored in 3 M KCl solution. 
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3. RESULTS AND DISCUSSION 
 

3.1. Characterization of olivetol-based  

polyurethane structures to be used  

in testosterone determination 
 

Within the scope of the study, PU structures 

were obtained using β-cyclodextrin, olivetol, 

PEG100 and hexamethylene diisocyanate as mon-

omers. The PU structures obtained have high sta-

bility, and are easy to apply and dry. Due to its 

high adhesion properties, its modification to the 

surface is stable and durable. After the modified 

electrode was structurally characterized, electro-

chemical experiments were performed. Structural 

characterization processes were carried out primar-

ily by FT-IR analysis. 

 

 

 
 

Fig. 1. FTIR spectra of olivetol-based PUs 
 

 

 
 

Fig. 2. Optical microscope images of olivetol-based PU membranes 
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Figure 1 shows the FT-IR analysis of the PU 
structures. In these analyses, the basic peaks of the 
classical PU structure can be clearly observed. 
First, a hydrogen bonding structure peak was ob-
served in the region of 3650–3100 cm–1 and an 
aliphatic C–H stretching vibration was observed in 
the region of 2850–2950 cm–1. A C–O stress vibra-
tion was observed around 1700 cm–1, while a C–C 
stress vibration was observed around 1500 cm–1. A 
C–O–C stress vibration at 1100 cm–1 was clearly 
visible, which is associated with the β-cyclodextrin 
units connected to the structure. The final im-
portant peak in the PU structure was at 825 cm–1, 
which corresponds to the PU aromatic C–H 
stretching vibration. Overall, the C=O, C-N, C-O-
C, C-N-H peaks and aliphatic C–H peaks seen in 
Figure 1 confirm the PU structure. 

Figure 2 shows the optical microscope im-
ages of these structures. From these images it was 
determined that the PUs exist as transparent, stable 

and homogeneous films. Furthermore, no cracks 
and fractures were observed in the polymeric film 
structures. More detailed morphologies were con-
firmed by SEM analysis. 

In the SEM analysis presented in Figure 3, 
homogeneous and non-fractal film structures can 
be observed, which are evenly distributed on the 
surface. The homogeneity of the film structures 
reveals that the synthesized PUs are suitable for 
electrode modification. Thus, PU structures were 
coated on electrode surfaces and used in electrode 
surface modifications. Following these modifica-
tions, the morphology of the film structure on the 
surface was probed by SEM analysis, where it 
could be observed that the smooth electrode sur-
face increased the surface area, which became 
more caved and rough, following the application of 
the polymers. This increase in the area of the elec-
trode surface can be clearly observed at 2500-fold 
magnification. 

 

 
Fig. 3. SEM images of olivetol-based PU structures (20 KV) 
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The TGA thermograms of olivetol-based pol-

ymeric films are shown in Figure 4. These thermo-

grams showed two major mass losses. The first 

weight loss (200–365 °C) resulted from the degra-

dation of soft segments in the PU structure. The 

second weight loss (370–590 °C) was caused by the 

degradation of hard segments and the thermo-

oxidative degradation of the polymeric structure. All 

of these findings were consistent with the DTA 

thermograms shown in Figure 5. In general, three 

main exothermic peaks were observed in the DTA 

thermograms of the obtained olivetol-based PUs. 

The first exotherm, in the range of 240–340 ºC, de-

rives from the degradation of the PEG units of the 

main polymer chain. The second exotherm, in the 

range of 340–460 ºC, originated from the degrada-

tion of the cyclodextrin units of the PU structure. 

The third exotherm peak, observed at 470–630 ºC, 

is due to the degradation of the olivetol units, 

which contain aromatic units and are more stable 

than the other units. According to the DTA ther-

mograms, the four different polymer structures 

showed similar degradation properties, and the on-

set of the thermal degradation of all of the PUs 

started at ~240 °C. Therefore, it can be concluded 

that the thermal stability of the PU structures is 

also around 240°C. 

 

 
 

Fig. 4. TGA thermograms of olivetol-based PUs 

 

 
 

Fig. 5. DTA thermograms of olivetol-based PUs 
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3.2. Electrochemical measurements 
 

The operating parameters for SWV were as 

follows: Start potential 0 mV, end potential –1100 

mV, pulse amplitude 10 mV, frequency 80 Hz, equi-

libration time 2 s, and current range 100 µA. As a 

result of voltammograms recorded under these pa-

rameters, PB (0.1 M, pH 7.2) was selected as the 

most suitable electrolyte. After selection of the elec-

trolyte, 4 µl of the four different olivetol-added pol-

ymers (PU-1, PU-2, PU-3 and PU-4) were deposited 

on the AuE, as shown in Figures 6(A), 6(B), 6(C) and 

6(D). Voltammograms were obtained using two con-

centrations of testosterone, in backgrounds and with 

modified electrodes, and in the presence and absence 

of the cationic surfactant, HDTMA-Br. Surfactants 

are substances with both hydrophilic and lipophilic 

groups, which can be arranged in the direction of the 

surface of the solution, causing the surface tension to 

be significantly reduced. They facilitate emulsifica-

tion by lowering the surface tension of their envi-

ronment, allowing the control of foam formation. 

Thus, they play a very important role not only in dis-

solving organic compounds, but also in the field of 

surface modified electrodes. By using surfactants in 

electroanalytical studies, an increase in the sensitivity 

and the selectivity of the measurements is obtained.35 

Electrolyte background voltammograms 

were first recorded with electrodes modified by 

PU-1, PU-2, PU-3 and PU-4. Subsequently, the 

appropriate testosterone solution (0.025 or 0.050 

µM) was added to the medium, followed by surfac-

tant, and their voltammograms were taken sepa-

rately. As shown in Figure 6, the peak current of 

the PU-3-doped polymer was higher than the oth-

ers, and therefore PU-3 was used to conduct the 

rest of the study. To obtain the optimal thickness of 

the PU-3 polymer, various amounts (2 µl, 3 µl, 4 

µl and 5 µl) of PU-3 were deposited on the AuE, 

which was then dried at room temperature. 

According to the voltammograms shown in 

Figure 7, the polymer was thickest when 4 µl of 

PU-3 was deposited, thus it was deemed appropri-

ate to use the electrode modified in this way for the 

remainder of the study. 

 

 

 
Fig. 6. A) PU-1, B) PU-2, C) PU-3, and D) PU-4-modified voltammograms obtained with AuE  

(a: Background; b: 0.025 µM testosterone; c: 0.025 µM testosterone + 3 mM HDTMA-Br;  

d: 0.050 µM testosterone + 3 mM HDTMA-Br.) 
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Fig. 7. Voltammograms of the modified electrode obtained by depositing four different volumes  

of PU-3 on the AuE surface with 0.050 µM testosterone and 3 mM HDTMA-Br additive 
 
 

Optimization of SWV parameters that might 

affect the current response of the analyte is an im-

portant step in developing the voltammetric proce-

dure. For this reason, parameters such as the depo-

sition potential, stripping potential, deposition time 

and pulse amplitude were optimized during this 

study. The SWV method was used in parts of the 

study up to this stage. From this stage onwards, the 

SWSV method, which is the same as the SWV 

method, was used to examine the effect of the ac-

cumulation potential, the stripping potential and 

the accumulation time (except the accumulation 

step, which is an extension of the SWV method). 

In order to investigate the effect of the accu-

mulation potential measurements were carried out 

by stripping at 10 mV potential, after accumulating 

for 10 seconds at 0.0, –0.2, –0.4, –0.6 and –0.8 V 

potentials. The voltammograms of the measure-

ments made are shown in Figure 8 (A) and the 

graphic expressing the measurement results is 

shown in Figure 8 (B). As can be seen in the said 

voltammograms and graph, the deposition process 

has a positive effect on the electrochemical behav-

iour of testosterone. Deposition at a potential of –0.8 

V provided the optimal testosterone response. 

Testosterone (0.050 μM) was accumulated 

for 10 seconds at –0.8 V potential on the modified 

AuE, before the effect of the stripping potential was 

investigated. The electrochemical behaviour of tes-

tosterone was investigated by stripping at 0.0, –0.1, 

–0.2, –0.3 and –0.4 V potentials. The optimal 

stripping potential was determined to be 0.0 V. 
 
 

 
 

Fig. 8. The effect of accumulation potential on testosterone (0.050 μM) SWSV peak current,  

voltammograms (A), expressed graphically (B) 
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In order to determine the effect of the accu-

mulation time, the accumulation process was per-

formed on the modified AuE at –0.8 V potential 

for 5, 10, 15, 20, 25 and 30 s, and then measure-

ments were made by stripping at 0.0 V potential 

using the SWSV method. As can be understood 

from the examination of the voltammograms in 

Figure 9 (A), and also from the graph in Figure 9 

(B) expressing the results, the optimal accumula-

tion time was determined to be 20 s. The decrease 

in the peak current during further accumulation 

indicates that the amount of testosterone accumula-

tion on the electrode surface reached its limit val-

ue, thus exceeding its capacity. 

SWSV measurements with pulse amplitudes 

in the range of 10–150 mV (10, 20, 30, 50, 75, 100, 

125 and 150 mV) were performed to determine the 

effect of pulse amplitude on the electrochemical 

behaviour of the prepared modified electrode for 

testosterone (0.050 μM). The SWSV peak current 

for testosterone increased up to 100 mV pulse am-

plitude and decreased after this value. For this rea-

son, it was decided that optimal pulse amplitude 

value for testosterone analysis was 100 mV. 
 
 

 

 
 

 
 

Fig. 9. The effect of accumulation time on testosterone (0.050 μM) SWSV peak current,  

voltammograms (A), expressed graphically (B) 
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3.3. Stability, repeatability and sensitivity 

of the prepared electrode 
 

The electrochemical behaviour of testos-

terone at 0.2 μM concentration was investigated by 

the SWSV method using the modified AuE, pre-

pared under the optimal conditions. The voltam-

metric responses obtained using ten different modi-

fied electrodes show very good reproducibility. 

Three consecutive measurements were made on 

each modified electrode. The voltammograms ob-

tained from the measurements are shown in Figure 

10 (A). Using voltammograms and the data in the 

bar graph in Figure 10 (B), the standard deviation 

was calculated as 0.268 and the relative standard 

deviation as 1.669 %. In Figure 10 (B), each bar 

shows the result of three measurements. Consider-

ing these values, it was observed that the method is 

reproducible, stable and sensitive (98.331 %). 

 
 

 
Fig. 10. Reproducibility of voltammograms (A) and testosterone results (B) of modified AuE 
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3.4. Calibration curve and statistical analysis 
 

Voltammograms were obtained as a result of 
the measurements made by the SWSV method, in 
the testosterone concentration range of 0.1–1.0 µM 
(0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0 µM), under 
the optimal conditions displayed in Figure 11.  

The correct equation for the calibration 
graph was calculated as y = 12.269x +13.974, with 

a linearity of R² = 0.995. Using the data obtained 
from the calibration graph, the LOD calculated 
according to the 3 s/m formula is 5.69 nM, and the 
LOQ calculated according to the 10 s/m formula is 
19 nM. In these equations, s is the standard 
deviation of the oxidation peak currents, and m is 
the slope of the calibration graph.  

 
 

 
 

Fig. 11. SWSV responses of 0.1–1.0 µM testosterone on PU/AuE (A), calibration curve (B) 
 

 

3.5. Testosterone sensing mechanism 
 

Within the scope of the study, a modified 
electrode was developed for the detection of testos-
terone, which is an important hormone for the hu-
man body and its correct functioning. This elec-
trode is designed for the dose control of testos-
terone-based drugs and for the detection of testos-
terone in bodily fluids, such as blood and urine. In 
particular, the electrode surface is covered with a 
polymeric film that is molecularly designed to ac-

cumulate testosterone molecules on the electrode 
surface and be sensitive to this molecule. For the 
electrode modification, the structure of the poly-
meric film is PU, which has high adhesion, selec-
tive permeability and chemical stability.24,36–38 In 
the synthesis of the PU structure, a mixture of 
olivetol, PEG100 and cyclodextrin in different 
proportions was used as polyol monomer, in addi-
tion to aliphatic diisocyanate. In this design, the 
cyclodextrin structure provides sensitivity to tes-
tosterone molecules,39–41 the olivetol structure pro-
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vides the accumulation of testosterone molecules 
on the electrode surface with its hydrophobic struc-
ture,42 and the PEG100 structure provides good 
film properties, high adhesion to the electrode sur-
face, and high reproducibility.43,44 The PU film 
structure synthesized with all these structural fea-
tures provided the accurate and sensitive measure-
ment of testosterone molecules in drug dose con-
trol. The testosterone molecules in the drug struc-
ture is usually the sole component and therefore 
there is no interferant effect, and only an accurate 
and sensitive measurement is needed. In bodily 
fluids, there are some steroids with similar molecu-
lar structures to testosterone.45 Using the prepared 
PU-modified AuE in 0.1 M PB (pH 7.2) provided 
one separated cathodic SWV peak for testosterone 
at –0.390 V. Among the steroids of similar struc-
tures, only testosterone responds at this potential 
value (–0.390 V) and therefore there is no interfer-
ant effect in the readings. Overall, the developed 
modified AuE exhibited good selectivity and low 
response times for testosterone. Thus, this prepared 
modified electrode offers a good alternative for 

fast and practical testosterone determination within 
pharmaceutical and medical applications. 

 

3.6. Analysis of a real sample 
 

The developed PU-modified AuE was used 
to determine the testosterone concentration in syn-
thetic urine, using the standard addition method. 
First, a solution of synthetic urine was prepared. 
One ml of this prepared urine solution was taken 
and diluted to 5 ml with PB (pH 7.2) (1:4), before 
the pH of this prepared solution was adjusted to 
7.2. After taking SWS voltammograms of each of 
the three serial solutions that were prepared in this 
way, 0.07 and 0.1 µM testosterone was added, re-
spectively, and measurements were performed us-
ing the SWSV method after each addition. The 
percentage yields of recovery were calculated (us-
ing the concentrations calculated from the meas-
urements), and it can be seen in Table 1 that the 
recovery efficiency is 95.25 % following the addi-
tion of 0.07 µM testosterone, and 98.72 % follow-
ing the addition of 0.1 µM testosterone. 

 

 

                      T a b l e  1 
 

Determination of testosterone concentration in synthetic urine samples (n = 3) 
 

Sample  
Standard added 

(μM) 

Total found 

(μM) 

RSD  

(%) 

R 

(%) 

Synthetic urine  0.07 0.0677 ± 0.003 4,47 95.25 

Synthetic urine  0.1 0.0987 ± 0.001 0.64 98.72 
 

 

This sensor was compared with other sensors 
in the literature (Table 2). In this study, the prepared 
modified electrode provides accurate, sensitive, se-
lective, repetitive and rapid testosterone quantifica-
tion in drug dose control in the pharmaceutical field, 
and in the detection of the amount of testosterone 
present in bodily fluids. Therefore, it can be said 
that this study is compatible with the studies in the 
literature. A review of the literature indicated that 
this is the first use of a AuE in such a process. 

Recently, some electrochemical sensor stud-
ies have been performed for the fast, sensitive and 
reproducible measurement of testosterone in the 
clinical and biomedical fields. In a study by Levent 
et al.29, the determination of testosterone in a sur-
factant environment with a voltammetric technique 
was performed on a glassy carbon electrode with-
out any modifications, except for the addition of a 
cationic surfactant to the solution. Quantitative and 
sensitive detection of testosterone at a glassy car-
bon electrode (GCE) in the presence of CTAB was 
investigated using square–wave adsorptive strip-
ping voltammetry (SW–AdSV). Liu et al.30 have 

determined testosterone levels at femtomolar to 
micromolar levels via electrochemical impedance 
spectroscopy (EIS) measurements. They developed 
a highly effective electrochemical biosensor based 
on a nanosized molecularly imprinted polymer 
(MIP) film on the surface of graphene–oxide 
sheets. For detecting testosterone, Moura et al.31 
studied an edge plane glassy carbon electrode, 
modified with cobalt oxide, by cyclic voltammetry 
(CV). An electron transfer mechanism of 
testosterone using a modified electrode with a 
cobalt oxide film was proposed, which suggested 
the formation of an anion–radical in the carbonyl 
group (C=O) of the steroid structure. In another 
study, Goyal et al.32 have described an extremely 
sensitive electroanalytical procedure for the 
simultaneous determination of testosterone and 
epitestosterone levels based on osteryoung square–
wave voltammetry utilizing SWNT–modified 
EPPGE. The detection of the testosterone at a 
reduced graphene oxide/glassy carbon electrode 
(rGO/GCE) in the presence of CTAB was 
investigated by the use of stripping voltammetry 
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by Heidarimoghadam et al.33 The sensitivity of the 
rGO/GCE was demonstrated by the use of 
testosterone in both biological fluids and in 
testosterone drugs. These recent studies show the 
importance of testosterone as a biomarker and the 
need for sensors to be developed in this field. Thus, 
in this study, we have prepared a PU–modified 
AuE for the detection of testosterone with SWSV. 

The most important advantages of this modified 
electrode are its easy manufacturability, short 
detection time, and accurate and reproducible 
measurement results. HDTMA–Br has been used 
as a cationic surfactant to increase the cathodic 
current signal of testosterone and increase the 
measurement sensitivity. 

 

 

        T a b l e  2 
 

The comparison of the properties of the newly developed sensor with other sensors in the literature 
 

Classical  

methods 

Electrode/Modifier 

sensors 

Linear concentration 

range, M 

LOD,  

M 
Ref 

SW–AdSV GCE 10 × 10–9 – 70 × 10–9 1.18 × 10−9 (26) 

Cyclic voltammetry MIP/GO 1.0 × 10−15  – 1.0 × 10−6 4.0 × 10−16 (27) 

Cyclic voltammetry GCE/Cobalt oxide 3.3 × 10−7  – 2.0 × 10−6 1.6 × 10−7 (28) 

OSWV SWNT/EPPGE 5.0 × 10−9  – 1000 × 10−9 2.8 – 4.1 × 10–9 (29) 

Stripping voltammetry rGO/GCE 2.0 × 10−9  – 210 × 10−9 1.0 × 10–10 (30) 

Square wave stripping  

voltammetry 
PU/AuE 1.0 × 10−7  – 1.0 × 10−6 5.69 × 10−9 This study 

SW–AdSV: square-wave adsorptive stripping voltammetry, 

MIP/GO: molecularly imprinted polymer/graphene-oxide,  

OSWV: osteryoung square-wave voltammetry, 

SWNT/EPPGE: single-wall carbon nanotubes/edge plane pyrolytic graphite electrode, 

rGO/GCE: reduced graphene oxide/glassy carbon electrode. 
 

 

Today, testosterone hormone disorder is a very 
important problem. As a result, it is necessary to de-
termine the correct testosterone level in patients suf-
fering with this problem and then to apply the appro-
priate dose of treatment. Thus, it is necessary to 
measure testosterone levels with an easy and accurate 
method. For this reason, we have developed a sensor 
that can be used in the measurement of testosterone 
based on the adsorptive accumulation in different 
percentages of olivetol-added PU-modified AuE. For 
this purpose, four different PU membranes, com-
prised of different olivetol ratios, were investigated. 
Prepared PUs were characterized by FT-IR, SEM and 
thermal analysis techniques. Furthermore, PU films 
were formed by dropping a solution of the PU on a 
bare glassy carbon electrode, in order to prepare the 
testosterone selective electrode. The effects of the 
scan rate on the reduction peak of testosterone at the 
AuE were checked by SWSV in PB. The reduction 
peak shifted slightly toward more negative potentials 
as the scan rate increased a typical behavior of irre-
versible electrochemical reactions. Testosterone se-
lectivity properties of PU membrane-based electrodes 
were examined by the SWSV technique. 

 
4. CONCLUSIONS 

 

In this work, olivetol-based PU films were 

synthesized from β-cyclodextrin, olivetol, PEG100 

and hexamethylene diisocyanate, using a solution 

polymerization technique. These PU structures 

were characterized by FT-IR spectroscopy and 

thermal analysis techniques. The synthesized PUs 

exhibit high chemical resistance, good adhesion 

and flexibility. The PU films were formed by cast-

ing the film on the electrode surface. The surface 

structures and morphologies of the coated PU films 

were determined by SEM and optical microscope 

analysis. Furthermore, it was also examined 

whether these PU films could be used as a mem-

brane for the voltammetric determination of testos-

terone. One important cathodic SWV peak was 

obtained for testosterone at –0.390 V, when a pre-

pared olivetol–based PU–modified AuE in 0.1 M 

PB (pH 7.2) was used. The linearity of the testos-

terone responses of the modified electrode was 

obtained over a concentration range of 0.1–1.0 µM 

(R2 = 0.995). The detection limit, the relative 

standard deviation and the sensitivity of olivetol–

based PU– modified electrode were found to be 

approximately 5.69 nM, 1.669 % and 98.331 %, 

respectively. The voltammetric results indicate that 

the PU-based electrodes can be used as a sensor for 

the rapid determination of testosterone with the 

good repeatability, sensitivity and selectivity. 
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