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Abstract

A novel benzenediamine-benzodithiophene polymer is synthesized for use in

biosensor fabrication for the detection of testosterone. The sensory platform

is constructed via drop coating on a screen-printed carbon electrode, using

poly(benzenediamine-Bis[(2-ethylhexyl)oxy]benzodithiophene) (pBDBT) as

the polymer layer. Testosterone antibodies are immobilized on the polymer-

coated electrode surface via glutaraldehyde, which binds to the surface

through the amino functional groups on the polymer backbone. The changes

in the surface features due to testosterone binding are investigated via

electrochemical techniques such as differential pulse voltammetry, cyclic

voltammetry, and electrochemical impedance spectrometry as well as contact

angle measurements. Surface morphology of the modified electrodes is char-

acterized by atomic force microscopy. The linear range and limit of detection

of the sensor are calculated. Impact of possible interfering compounds is

investigated. Furthermore, the sensory platform is utilized for testosterone

analysis in synthetic biological fluids.
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1 | INTRODUCTION

Conducting polymers (CPs) have received great attention
in a myriad of applications ranging from solar cells to
organic light emitting diodes, tissue engineering to textile
sector due to their paramount features that combine elec-
trical properties of metals and mechanical properties of
polymers.[1–8] Electrical conductivity of conjugated poly-
mers can be tuned from insulator to metallic while wide
range of mechanical properties can be adjusted.[9–12] CPs
possess both good electrical properties and the chemical
tunability of polymers.[13] Combining electrical properties
and support/host abilities of conjugated polymers with

highly specified sensing properties of antibodies pave the
way of sensor technology of organic electronics. CP-based
biosensors have very low limit of detection (LOD) values
and enhanced sensitivity due to their unique optoelec-
tronic properties.[14] Suzuki[15] or Stille[16] reactions are
commonly employed for the synthesis of conjugated
alternating copolymers. Alkyl and alkoxy side chains are
introduced into CPs to improve solubility, redox activity,
charge transporting capabilities, and optical
absorption.[17–18]

Testosterone, the main androgen within skeletal mus-
cle, has been abused for enhanced sport performance[19]

as it induces an increase in muscle mass.[20–21] The World
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Anti-Doping Agency prohibited its use to ensure fair play
and protect athletes from possible adverse side effects.[22]

Testosterone can also be found as contaminants in phar-
maceuticals, waste materials, etc. Accordingly, there is a
need for on-site detection and quantification of these mol-
ecules in different matrices. Several methods using bio-
sensor applications are employed for the identification of
testosterone, which have their own benefits and limita-
tions. Conventional methods for testosterone analysis
include radio-immunoassay,[23] enzyme immunoassay,[24]

chromatographic methods such as HPLC,[25] GC–MS,[26]

and LC–MS.[27] However, these techniques are expensive
and cannot be performed in situ. They have the disad-
vantage of complicated analytical procedures with
tedious sample preparation. Electrochemical methods,
on the other hand, provide fast, low cost, on-site analyses
with high specificity and high sensitivity. Studies involv-
ing the use of electrochemical biosensors for determina-
tion of testosterone[28] in biological fluids have also been
reported as well as those for detection of other illicit
drugs such as methamphetamine,[29] dehydroepiandroster-
one 3-sulfate,[30] synthetic cannabinoids,[31] and cocaine.[32]

Antibodies have been widely utilized in biosensors for
detection of analytes. Generation of a signal due to the
complex formed between antibody and antigen is moni-
tored. Proper immobilization of antibody on the electrode
surface is crucial in biosensor fabrication in terms of its
performance and stability. Presence of robust covalent
bonding chemical functionalities such as hydroxyl, amine,
or carboxyl groups on conjugated polymers is a common
tool to achieve successful antibody immobilization.[33–36]

Among them, amines have great impact on biosensor
applications. Free amine functional groups enable the
immobilization of antibodies onto polymeric surface via
glutaraldehyde. Through covalent immobilization via
crosslinking, strong and efficient bonding between the
transducer surface (polymer coating in our case) and the
biorecognition elements, such as enzymes and antibodies,
results generally in increased lifetime and stability.[37] Sup-
port matrices bearing amino groups through covalent
bonding for immobilization of enzymes in biosensor
fabrication[38–39] and bioconjugation with antibodies for
targeted imaging studies[40] have been reported. Hence,
production of custom design polymers to be utilized for
fabrication of any sort of biosensor is of particular interest.

This study presents the design and synthesis of a
novel polymer, poly(benzenediaminebis[(2-ethylhexyl)
oxy]-benzodithiophene) (pBDBT) via Stille coupling, and
its use as a matrix in biosensor fabrication. Amino func-
tional groups on the pBDBT polymer backbone served to
immobilize anti-testosterone antibodies with glutaralde-
hyde. Polymer was drop-coated on disposable screen
printed carbon electrodes (SPCE) for electrochemical

measurements in order to afford a real-time, on-site
detection platform. Step-wise modification of the elec-
trode surface and the changes in electron transfer charac-
teristics due to selective analyte binding was monitored
by electrochemical techniques such as cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS). Surface mor-
phologies were studied by atomic force microscopy
(AFM). Furthermore, contact angles were measured. The
performance of the proposed biosensor was finally tested
on synthetic urine and serum samples spiked with
testosterone.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of poly(benzenediamine-
bis[(2-ethylhexyl)oxy]benzodithiophene)

Benzodithiophene (BDT), with its fused structure, possesses
high thermal stability with high conductivity when incorpo-
rated into CPs.[41] Chemical modification of alkoxy-
substituted BDT fused core improves the processability of
the conjugated polymer. In addition, the ease of synthesis of
the core amine functionalized benzene moiety was primar-
ily beneficial for facilitating the production of biosensor as
amino functional groups incorporated to the pBDBT poly-
mer backbone served to immobilize anti-testosterone anti-
bodies. Presence of branched alkoxy groups on BDT units
was essential for improving the solubility of the copolymer.

Polymerization of functionalized monomers was a
common strategy to have amino side groups on the con-
jugated backbone of the resulting polymer.[42] Accord-
ingly, conjugated polymer was synthesized by a common
methodology of Stille polycondensation technique with
3,6-dibromobenzene-1,2-diamine and a commercially
available BDT derivatives in the presence of a palladium
catalyst. The synthetic pathway for the synthesis of
pBDBT was depicted in Scheme 1.

2.2 | Biosensor fabrication and analytical
characteristics

The use of SPCEs is advantageous since miniaturization
of electrodes leads to reduction of sample amount, lower
cost, portability, ease of surface modification, and SPCEs
can be easily adapted to on-site analysis. For the construc-
tion of the sensor, p(BDBT) dissolved in dichloromethane
was drop-coated on an SPCE. Anti-testosterone antibodies
were immobilized on the polymer chains via glutaralde-
hyde. The schematic representation of surface modifica-
tion was illustrated in Scheme 2.
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Modification of the electrode surfaces was verified by
DPV and CV. Current responses of polymer-coated elec-
trode and antibody-immobilized electrode before and
after capturing testosterone in the presence of redox
probe were analyzed. DPV peak current values of bare
SPCE, SPCE/pBDBT, SPCE/pBDBT/antibody (AbTES),
and SPCE/pBDBT/AbTES/testosterone (TES) were
297, 115, 198, and 183 μA, respectively (Figure 1a). An
abrupt decrease in peak current value was observed as
polymer was coated on bare SPCE surface, possibly
arising from increased thickness of diffusion layers on

the electroactive surface. Peak current values increase
consequent to immobilization of antibodies. It was
not surprising because it would be due to the avail-
ability of positively charged groups on the biomole-
cule that attracts negatively charged redox probe. On
the other hand, binding of testosterone to the pro-
posed surface causes a drop that was related to the
analyte concentration.

Step-by-step surface modification and analyte binding
(interaction with testosterone) monitored by CV are
given in Figure 1b. Decrease in anodic and cathodic

SCHEME 1 Synthetic pathway of polymer

SCHEME 2 Illustration of the step-by-step surface modification of the sensor [Color figure can be viewed at wileyonlinelibrary.com]
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current peaks was observed. The anodic and cathodic
peak currents were obtained as 66.88 and −71.81 μA
(peak-to-peak separation of 0.218 V) for bare SPCE, 17.81
and −24.09 μA (peak-to-peak separation of 0.204 V) for
SPCE/pBDBT, 42.46 and −50.93 μA (peak-to-peak sepa-
ration of 0.24) for SPCE/pBDBT/AbTES and 26.43 and
−33.1 μA (peak-to-peak separation of 0.21 V) for SPCE/
pBDBT/AbTES/testosterone surfaces. Values reveal that
electron transfer between electrolytes and electrodes was
impeded as a result of surface coating.

A calibration curve based on analyte concentration
versus changes in current values upon surface modifi-
cation was plotted using the difference in response sig-
nals due to reduction of FeIII/FeII species obtained
from the differential pulse voltammograms. Linearity

was observed in the range of 10 to 500 ng/ml and
defined by the equation of y = 0.1055x + 5.9272 where
R2 equals 0.9936, showing a good linear range for the
sensing system.

Other analytical parameters such as LOD and repeat-
ability for SPCE/pBDBT/AbTES surface were investigated.
The repeatability was confirmed with 10 successive mea-
surements. Values of standard deviation and coefficient
of variation were calculated as 0.433 and 1.25%, respec-
tively. LOD was obtained as 16.72 ng/ml for testosterone
analysis by using 3 SD/m formulation (SD: standard devi-
ation of the minimum value). In Table 1, analytical per-
formance data of the proposed sensor was summarized.
Analytical performances of previously reported sensing
platforms for testosterone analysis are presented in

FIGURE 1 (a) DPV and (b) CV

diagrams of bare SPCE, SPCE/pBDBT,

SPCE/pBDBT/AbTES, and SPCE/

pBDBT/AbTES/TES. (50 mM sodium

phosphate buffer, pH 7.4, in the

presence of 5.0 mM [Fe(CN)6]
3−/4− and

0.1 M KCl) [Color figure can be viewed

at wileyonlinelibrary.com]
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Table 2. Among them, our proposed sensor has a wide
linear range and a convenient LOD for testosterone
detection in various media.

Further indication for the confirmation of surface
modification was provided by EIS. Data were fitted
according to the circuit design containing solution resis-
tance (Rs), Warburg impedance (Zw) due to the diffusion
of the [Fe(CN)6]

3−/4− redox probe, the double layer
capacitance (Cdl) and the charge transfer resistance (Rct),
shown in the inset of Figure 2. The Rct values of Nyquist
plots of the biosensor were 1,284 Ω for bare SPCE,
8,784 Ω for SPCE/pBDBT, 1,963 Ω for SPCE/pBDBT/
AbTES, and 3,591 Ω for SPCE/pBDBT/AbTES/TES. Surface
modifications resulting in changes in electron transfer
properties can be deduced from these variations in Rct

values.
Selectivity of the biosensor was investigated with vari-

ous interferences such as ascorbic acid, lactic acid, dehydro-
epiandrosterone (DHEA), and cholesterol. Concentration of
testosterone and all interferants was 100 ng/ml. Figure 3
demonstrates that the proposed biosensor was highly selec-
tive to testosterone when compared to the other com-
pounds that can be found in biological matrices and could
be present together with testosterone.

The biosensor was also tested for the analysis of syn-
thetic biological fluids, such as urine and serum, spiked
with known amounts of testosterone (100 and
250 ng/ml). Each measurement was repeated six times
and corresponding testosterone concentration values
were compared with the known concentrations. Values
of percentage recovery for synthetic urine and synthetic
serum were 103.4 ± 1.0% and 98.0 ± 5.3% (100 ng/ml tes-
tosterone); and 113.8 ± 1.1% and 105.6 ± 2.2%
(250 ng/ml testosterone), respectively, where percent rel-
ative standard deviation (%RSD) values for 250 ng/ml tes-
tosterone solutions were found as 1.1% in synthetic urine
and 2.2% in synthetic serum. These results indicate that
the biosensor was highly efficient for the detection of tes-
tosterone in biological fluids.

2.3 | Surface characterization

Surface morphologies were investigated by AFM. Non-
contact mode AFM images of polymer films were
obtained and values of average roughness were mea-
sured as 16.8 nm for bare SPCE, 19.8 nm for SPCE/
pBDBT surface; 21.7 nm for SPCE/pBDBT/AbTES sur-
face; 20.1 nm for SPCE/pBDBT/AbTES after testosterone
addition (Figure 4). AFM results confirm surface modifi-
cations since changes in surface roughness were
observed.

The contact angles were measured to observe surface
properties and determined as 70.09� for bare electrode,
89.77� for polymer coated electrode, 33.73� for polymer/
antibody coated electrode, and 90.44� for polymer/AbTES/
TES coated electrode. These values were in agreement
with the hydrophobic nature of the polymer and

TABLE 1 Some analytical features of the designed sensor

platform

Linear range in logarithmic scale (ng/ml) 10–500

Limit of detection (ng/ml) 16.72

Repeatability (±SD) 0.433

Coefficient of variation (%) 1.25

TABLE 2 Comparison of miscellaneous sensing platforms for testosterone analysis

Modified electrode Method LOD Linear range Sample application Ref

SPCE/MBs/AbTES Amperometric 1.7 pg/ml 5.0 × 10−3 to 50 ng/ml Human serum [28c]

nAu/MWCNTs/Teflon/AbTES Amperometric 85 pg/ml 0.1–10 ng/ml Human serum [43]

Surfactant/glassy carbon SWV 1.2 nM 10–70 nM Human urine [44]

rGO/GCE DPV 0.1 nM 2.0–210.0 nM Human plasma and urine [45]

GCE/SA/BSA/BiNb16 EIS 0.045 ng/ml 0.05–5 ng/ml Human serum [46]

GCE/MIP/GO EIS 0.4 fM 1 fM to 1 μm Human serum [47]

β-CD-CDs-Fc+ Fluorescence 0.51 μM 0–280 μM Groundwater [48]

NCD/silicon wafer/MIP EIS 0.5 nM 0.5–20 nM Human urine and saliva [49]

SPCE/pBDBT/AbTES Amperometric 17 ng/ml 10–500 ng/ml Synthetic urine and serum This work

Abbreviations: BiNb, biotinylated nanobody; BSA, bovine serum albumin; DPV, differential pulse voltammetry; EIS, electrochemical imped-

ance spectroscopy; MBs, protein A-functionalized magnetic beads; MIP, molecularly imprinted polymer; MWCNTs, multiwalled carbon nan-

otubes; nAu, gold nanoparticles; GCE, glassy carbon electrode; NCD, nano-crystalline diamond; rGO, reduced graphene oxide; GO,

graphene oxide; SA, streptavidin; SWNT, single-wall carbon nanotubes; SWV, square wave voltammetry.
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testosterone. An increase in the contact angle was
observed due to the increase in hydrophobicity of the sur-
face with the coating of the polymer and decrease with
the immobilization of the antibodies as expected. It
decreases with capturing of testosterone, which was a
hydrophobic molecule. Accordingly, it was concluded
that modification of the electrode surface with the poly-
mer, antibody, and testosterone altered the contact angle.

3 | CONCLUSIONS

In this study, our strategy was to design a polymer which
can be coated onto different substrates with various sizes as
well as geometries to afford a functional surface ready for
one-step biomolecule immobilization or oriented biomole-
cule binding in mild conditions depending on the desired
properties for a biosensor. The newly designed polymer was
found to be a good candidate as a biosensor for the detec-
tion of testosterone abuse. The analytical performance of
SPCE/pBDBT/AbTES was excellent with its linear range
between 10 and 500 ng/ml for detection of testosterone.
Biosensor does not display a significant response when
other possible interference compounds were applied, and
can be used for testosterone analysis in biological fluid
samples.

Testosterone was chosen as a model compound
among performance-enhancing substances. This assem-
bly with pBDBT is anticipated to be useful for the detec-
tion of other doping substances as well, and will be
studied. It can be an effective detection system as a sensor
for the illegal drugs via their corresponding biological
recognition compounds.

4 | EXPERIMENTAL SECTION

4.1 | Materials and reagents

4,8-Bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b0]dithiophene-
2,6-diyl)-bis(trimethylstannane) was purchased from
Lumtec. 2,1,3-Benzothiadiazole was purchased from
Sigma-Aldrich. Tetrahydrofuran (THF) was used as freshly
distilled over Na/Benzophenone under nitrogen

FIGURE 2 Nyquist diagrams of the

modified electrode surfaces (Nyquist plots

were fitted according to Randle's

equivalent circuit which was shown in

inset). Measurements were carried out in

50 mM sodium phosphate buffer (pH 7.0)

containing 5.0 mM [Fe (CN)6]
3−/4− and

0.1 M KCl [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 Influence of interferants such as ascorbic acid,

lactic acid, dehydroepiandrosterone (DHEA), and cholesterol. Error

bars show ±SD [Color figure can be viewed at

wileyonlinelibrary.com]
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atmosphere. Cysteamine hydrochloride, glutaraldehyde
solution (Grade II, 25%), testosterone, Dehydroepiandros-
terone 3-sulfate sodium salt solution, Dehydroepiandros-
terone solution, cholesterol, BSA (lyophilized powder, 96%
[agarose gel electrophoresis]), potassium chloride, lactic
acid, ascorbic acid, uric acid, glutaraldehyde (GA, 25%),
potassium hexacyanoferrate (III) [K3Fe(CN)6] (as redox
probe), and other chemical reagents were purchased from
Sigma Chemical Company (St. Louis, MO). Synthetic

urine[50] and serum[51] samples were prepared according to
the previous works.

4.1.1 | Synthesis procedure of
3,6-dibromobenzene-1,2-diamine

3,6-Dibromobenzene-1,2-diamine is synthesized according
to literature[52]: Bromination of benzothiadiazole is

FIGURE 4 3D AFM topographic images and section analysis with height images of (a) bare SPCE, (b) SPCE/pBDBT, (c) SPCE/pBDBT/

AbTES, and (d) SPCE/pBDBT/AbTES/TES [Color figure can be viewed at wileyonlinelibrary.com]
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achieved under reflux with HBr and molecular bromine.
After cooling the reaction mixture to room temperature,
NaHSO3 is added slowly. Filtering the solids yields a
light yellow product which is washed with diethyl ether
several times and final solid 4,7-dibromobenzo[c][1,2,5]
thiadiazole is used without further purification. 4,7-
Dibromobenzo[c][1,2,5]thiadiazole is reacted with NaBH4

in ethanol overnight and then ethanol is removed under
reflux and extraction is done with diethyl ether/water
mixture. Organic layer is collected and dried over Na2SO4

and solvent is removed under reduced pressure and prod-
uct 3,6-dibromobenzene-1,2-diamine is obtained as white
solid. 1H and 13C NMR spectra are run in CDCl3 and
trimethylsilane (TMS) used as the internal reference. 1H
NMR (400 MHz, CDCl3) δ: 6.77 (s, 2H), 3.75 (broad s,
4H). 13C NMR (101 MHz, CDCl3) δ: 133.74, 123.27,
109.70. Synthetic pathway of monomer and polymer can
be seen in Scheme 1.

4.1.2 | Synthesis procedure of
poly(benzenediamine-bis[(2-ethylhexyl)
oxy]benzodithiophene)

100 mg, 0.376 mmol of 3,6-dibromobenzene-1,2-diamine
and 290 mg 0.376 mmol of 4,8-Bis((2-ethylhexyl)oxy)
benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl)Bis
(trimethylstannane) were dissolved in freshly distilled
THF and bubbled for 25 min under nitrogen atmosphere.
Then, 5.0% mole Pd(PPh3)2Cl2 was introduced to reaction
medium and temperature was set to reflux for 72 hr. At
the end of this period, 2-bromothiophene was added and
reacted for 3 hr and then 2-stanyllatedthiophene was
added and reacted overnight. After the reaction mixture
was cooled to room temperature, solvent was evaporated
under reduced pressure and polymer was dissolved in min-
imum amount of chloroform and precipitated in methanol.
Polymer solids were collected by filtration, and purification
was done by using Soxhlet extraction using methanol
hexane dichloromethane and chloroform, respectively.
Polymers were collected in two different portions in dic-
hloromethane and chloroform. Solvents of these portions
were evaporated under reduced pressure and precipitated
in methanol. Gel permeation chromatography was carried
out with respect to polystyrene standards in CHCl3 solvent.
Polymers collected in dichloromethane portion (70 mg,
Mn = 3.9 kDa, Mw = 6.4 kDa, PDI = 1.6), and in chloro-
form portion (100 mg, Mn = 6.2 kDa, Mw = 9.8 kDa,
PDI = 1.6) were collected as brown solid. 1H NMR spec-
trum was run in CDCl3 and TMS used as the internal ref-
erence. 1H NMR (400 MHz, CDCl3) δ: 7.6–7.45 ppm
aromatic (benzodithiophene), 7.1–6.95 ppm aromatic
(benzene), 4.3–3.9 ppm aliphatic OCH2 and NH2,

1.85–1.70 ppm aliphatic CH, 1.7–1.2 ppm aliphatic
CH2, 1.00–0.80 ppm aliphatic CH3.

4.2 | Instrumentation

For polymer characterization, 1H and 13C NMR spectra
were run on a Bruker Spectrospin Avance DPX-400 Spec-
trometer. Gel permeation chromatography was per-
formed by using Shimadzu instrument RID20A detector.

DPV and CV measurements were carried out with
PalmSensPotentiostat (Palm Instruments, Houten, the
Netherlands). EIS was performed with A CHI 6005C elec-
trochemical analyzer (CH Instruments Incorporation,
Austin, TX). SPCE's (Metrohm DropSens, Asturias,
Spain) were utilized in electrochemical measurements.
All experiments were performed at ambient conditions.

Morphologies of the unmodified and modified sur-
faces were investigated by AFM by Nanosurf model
Easyscan 2 Flex AFM (Switzerland). Area roughness and
sizes were obtained with Nanosurf Easyscan 2 software
version 3.4.0.8., Gwyddion software version 2.39, from 2D
and 3D AFM images (2 × 2 μm2 scan size). Contact
angles were determined after each modification using
Attension Theta Contact Tensiometer and One Attension
Version 2.6 (r5305) software.

4.3 | Biosensor construction

A 4.0 μl of pBDBT solution (1.0 mg/ml) dissolved in dic-
hloromethane was drop coated on the working electrode
of SPCE and allowed to dry at room temperature. A
2.0 μl %0.01 glutaraldehyde was put on the polymer
coated surface followed by the addition of 2.0 μl anti-
testosterone antibody (0.5 mg/ml in 10 mM, pH 7.4,
sodium phosphate buffer), and allowed to dry at ambient
conditions. Five microliters of testosterone solutions with
different concentrations were applied on the biosensor
surface.

4.4 | Electrochemical measurements

Electrochemical measurements were performed on
SPCEs. Response signals of bare, polymer coated, anti-
body immobilized, and testosterone treated electrodes
were collected using a water soluble redox probe (5.0 mM
[Fe(CN)6]

3−/4− in 0.1 M KCl) via DPV with a potential
range of −0.4 to +0.8 V. A calibration graph was plotted
for varying analyte concentrations. CV measurements
were carried out in the potential range of −0.8 to 0.7 V,
in the presence of 5.0 mM [Fe(CN)6]

3−/4− in 1.0 mM KCl.
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EIS measurements were performed in sodium phos-
phate buffer (50 mM, pH 7.4) in the presence of 5.0 mM
[Fe(CN)6]

3−/4− in 0.1 M KCl. The frequency range of EIS
measurements were 0.017 to 1,000 Hz at 0.18 V.

4.5 | Sample application

SPCE/pBDBT/AbTES biosensor was utilized for the detec-
tion of testosterone in synthetic urine and synthetic
serum. A calibration curve by using testosterone (10, 25,
50, 75, 100, and 200 ng/ml) was plotted. Each measure-
ment was performed in six replicates. Data were recorded
as the mean ± SD. Measurements were carried out at
ambient conditions (25�C).
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