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ABSTRACT
Osteoporosis is a disease that is characterized by deterioration of bone tissue and increased risk of
fracture as it leads to a decrease in bone mineral density, which is an important public health
problem. Today, bone mineral density is measured by radiological techniques. Alternative techni-
ques are needed because of the disadvantages such as excessive radiation intake, the cost of
radiological techniques, and the necessity for specialist personnel for the devices. The quantitative
determination of biochemical markers that play a role in bone mineralization may be a good alter-
native for the osteoporosis diagnosis and especially in the follow-up of treatment.
In this study, a specific and sensitive immunological biosensor, which quantitatively determines
the osteocalcin molecule, has been developed to be used in the early osteoporosis diagnosis and
to evaluate the response to the drug treatment. Anti-osteocalcin antibody was immobilized onto
gold electrode surface via covalent immobilization method by using 6-mercaptohexanol, 1,4-buta-
nedioldiglycidyl ether, ethanolamine, and glutaraldehyde. Immobilization steps and biosensor char-
acterization were specified by cyclic voltammetry and electrochemical impedance spectroscopy.
The detection time and range of Ocn biosensor were determined as 45min and 10–60pg mL�1

Ocn concentration, respectively. The Ocn biosensor was successfully applied in artificial serum
samples spiked with Ocn.
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Introduction

Osteoporosis is a bone disease characterized by low bone
mass, deterioration in microstructure, and consequently an
increase in the likelihood of fracture.[1–3] Approximately,
200 million people worldwide are thought to be suffering
from osteoporosis.[4] In the world, one out of every three
women and one out of five men over 50 years of age have
osteoporotic fractures.[5] Especially women who are in the
post-menopausal period and old men are in risky groups.

Bone mineral density (BMD) measurement and Dual-
Energy-X-ray (DEXA) are commonly used in the diagnosis
of osteoporosis.[6] However, these techniques have some
limitations. The costs of technologies and the monitoring of
bone loss require at least 2–3 years. This reveals the import-
ance and the necessity for instantaneous measurement of
bone metabolism.[7] The state of the bone cycle is monitored
by measuring the biochemical markers. ELISA, RIA, and
HPLC are the most widely used methods to detect biochem-
ical markers of bone turnover.[8] Despite high accuracy,
these techniques are both costly and require large bulky
devices. Also, they are time-consuming and technically
trained personnel are needed. Recently, the advances in bio-
sensor technology may allow the evaluation of the metabolic
status of the bone. Since biosensors are the measurement
systems, which can easily analyze the compounds with a
lower cost when compared to other methods, low-cost, fast,

reliable, and high-precision biosensors may be developed to
use in the osteoporosis diagnosis.

The biochemical markers of bone turnover may reflect
the state of bone metabolism in real time and show bone
status in real time. They may provide information about the
risk of osteoporotic fracture and response to treatment.[9]

They cannot provide a diagnosis alone, but they are very
useful in the post-treatment and respond more quickly to
BMD in evaluating the response after treatment. During the
mineralization and resorption of the bone cycle, a number
of bone matrix elements pass into the blood and urine.
These elements are biochemical markers of bone and are
divided to two categories: Bone-building markers and bone
destruction markers. Bone building markers are Ocn, bone-
specific alkaline phosphatase (BALP), procollagen Type 1N-
Terminal (P1NP),[10] and procollagen Type 1C-Terminal
(P1CP). Bone destruction markers are bone sialoprotein
(BSP), C-terminal tip telopeptide of type 1 collagen
(CTx),[10] N-terminal telopeptide of type 1 collagen (NTx),
hydroxy pyrrole, hydroxylysine, deoxypyridinoline (DPD),
pyridinium crosslinks (crosslinks), and tartrate-resistant acid
phosphatase (TRAP). Since these biochemical markers are
the most commonly used biomolecules to evaluate bone
turnover, the biosensors designed for the bone biomarkers
can be used to monitor the osteoporosis treatment process
and to evaluate drug efficacy.[11,12]
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Ocn is the most abundant non-collagenous protein in the
bone structure.[13] It is a protein with 44-amino acid
(5.8 kDa) length which is synthesized by osteoblasts.[14]

Most of the Ocn molecules bind the inorganic part of the
bone (hydroxyapatite) into the bone matrix. Vitamin K-
dependent asit-glutamyl carboxy transferase converts glu-
tamic acid residues (Glu) at positions 17, 21, and 24 of the
Ocn molecule into the gamma-glutamic acids.[15] This modi-
fication increases the negative charge density of Ocn mol-
ecule, thus provides to have high affinity to calcium and
hydroxyapatite and become more stabilized the a-helical
structures, and also Ocn plays a role in bone calcification by
binding calcium ions. Because it is released from the matrix
to circulation during bone resorption, it is considered to be
a sign of bone turnover.[16] Also, it increases vitamin D syn-
thesis.[17] The serum Ocn levels increase in some diseases
including paget disease, acromegaly, puberty, primary hyper-
parathyroidism, hyperthyroidism, renal osteodystrophy and
untreated osteomalacia, metastatic bone diseases, whereas
they decrease in some patients treated with glucocorticoid
such as hypoparathyroidism, hypothyroidism, Cushing’s syn-
drome, multiple myeloma, and malignant hypercalcemia in
estrogen use.[18] Recently, it has been suggested that there
may be a relationship between Ocn, obesity, and insulin
resistance.[19,20] Ocn is a specific and sensitive marker to
evaluate the risk of osteoporosis and to monitor treatment
responses.[21] Ocn level is generally considered to be
9–42 mg L�1 in individuals over 18 years of age. Clinically,
Ocn amount in serum is determined by using ELISA
(Enzyme-Linked Immunosorbent Assay) and RIA method.

In this study, we developed an Ocn biosensor based on
Electrochemical Impedance Spectroscopy (EIS) to use in
Ocn analysis of samples. EIS is widely used in electrochem-
ical measurements of molecular interactions and various
biosensor applications. Traditional applications of EIS
include immuno-sensor protocols that use immobilized anti-
bodies to determine protein-protein interactions[22] or detect
smaller molecules such as antibiotics[23] in complex bio-
logical environments. Impedance spectroscopy is a powerful
method for analyzing the complex electrical resistance of a
system and is sensitive to changes in the surface. It is par-
ticularly suitable for detecting binding events on the surface
of the physical component. Thus, in addition to the detec-
tion of biological recognition processes, it is used as a valu-
able tool for characterizing surface modifications that occur
during the immobilization of biomolecules on the physical
component. EIS is a selective and label-free method to deter-
mine a variety of analytes, especially biomarkers.[24]

Moreover, EIS is an electroanalytical measurement technique
that does not impair the very small integrity of the applied
surfaces. It provides much more information compared to
measurement techniques based on capacitance or
conductivity.

In electroanalysis, the gold electrode is highly preferred
as the physical component. The main reason for the popu-
larity of gold is that it is not only inert but also biocompat-
ible. For example, by utilizing different thiol-based
immobilization chemicals, molecules can be crosslinked on

gold electrode surface.[25] Self-assembled monolayers (SAM)
are often used to immobilization of the desired element to
the support material. Long chain thiols can effectively secure
the electrode surface from unwanted reactions and therefore
are often used in capacitive sensors. Disulfides, sulfides, and
thiols are strongly coordinated on various metals (gold, sil-
ver, platinum, or copper).

In this study, an electrochemical biosensor system was
developed for the precise, sensitive and practical determin-
ation of Ocn concentration by using a SAM strategy. The
presented biosensor is label-free immunosensor, and first
impidimetric biosensor in literature used for Ocn determin-
ation. Also, 1,4-BDE (1,4-butanediol diglycidyl ether) which
is a well-acknowledged as cross linker was used first time in
a biosensor design. In the fabrication of Ocn biosensor,
SAM on Au electrode surface was generated using 6-mer-
captohexanol (6-MCH). After 1,4-BDE (1,4-butanediol
diglycyl ether) was covalently attached to SAM, the con-
struction of the biosensor was completed with Anti-Ocn
immobilization by means of ethanolamine (EA) and gluta-
raldehyde (GLT) as cross-linker.

Experimental

Materials and methods

All reagents (Ocn, Anti-Ocn, 1,4-Butanediol diglycyl ether,
Ethanolamine, Glutaraldehyde, and artificial serum) were
purchased from Sigma-Aldrich. The biomolecules of Ocn
and Anti-Ocn were prepared at certain concentrations and
stored at �20 �C (Ocn) and �80 �C (Anti-Ocn) until used.
A three electrode system consisting of working gold elec-
trode (2.01mm2 surface area), Ag/AgCl reference electrode
(used saturated KCl solution as electrolyte), and a Platinum
counter electrode was housed in a 15mL electrochemical
cell. These three electrodes were provided from BASi,
Warwickshire, UK. All electrochemical experiments were
carried out using a Gamry Interface 1000 Potentiostat/
Galvanostat (Gamry Instruments, Warminster, USA) inter-
faced with a PC via an ECM Analyst software (Gamry
Instruments, Warminster, USA).

SAM modification of gold electrodes with 6-MCH

The working electrode (Au electrode) was cleaned with both
mechanical and chemical cleaning procedures to remove the
impurities attached to the surface. The cleaning procedure
was repeated before each biosensor fabrication. With the
help of a spatula, a small amount of aluminum oxide was
put on the surface cleaning pad and mixed with a few drops
of ultrapure water until viscous consistency is achieved. The
electrode surface was mechanically cleaned with this paste
during 1min. After washing the electrode with ultrapure
water, it was sonicated in absolute ethanol (99.9%) in order
to remove the particles attached to the surface. It was rinsed
again with ultra-pure water and treated with pure argon gas
for drying. The clean gold electrode was called as bare elec-
trode and it mentioned as Au in the study. The clean
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electrode was immersed to 20mM 6-MCH solution prepared
in pure ethanol for 16 h. At the end of this period, the elec-
trode surface was rinsed with pure ethanol to remove
6-MCH molecules that are covalently unattached, and slowly
dried with the pure argon.

Covalent binding of Anti-Ocn on 6-MCH
modified electrodes

For Anti-Ocn immobilization, 1,4-butanediol diglycidyl ether
(1,4-BDE),[26] which is bisoxiranes and contain two epoxy
functional groups, was used to activate the hydroxyl groups
of 6-MCH molecules on SAM surface under mild condi-
tions. 1,4-BDE solution (7%) was dispersed onto the 6-MCH
modified electrode surface and then kept in a dark environ-
ment for 1 h. Then, the gold electrodes are gently washed
with ultrapure water and then dried again with a stream of
pure argon (Au/6-MCH/1,4-BDE). The electrode surface
modified with hydroxyl groups of 6-MCH is capable of
forming strong covalent bonds with free reactive epoxy
groups of 1,4-BDE. The other end of the bisoxiranes can
give reaction with primary amine, hydroxyl, and sulfhydryl
groups of compounds.

For this purpose, in the next step, ethanolamine was used
as hydroxyl containing ligand. Ethanolamine solution
(0.5M) was spread over the electrode surface and then left
for 1 h. Ethanolamine is a heterobifunctional cross-linker
and its hydroxyl groups reacts with the other epoxy ends of
epoxy-activated Au electrode (Au/6-MCH-1,4-BDE), result-
ing in a stable, uncharged ether linkage at pH 7.0. 1,4-BDE-
activated electrode formed stable covalent bonds to the etha-
nolamine solution (0.5M) for 1 h while introducing a hydro-
philic spacer arm between the modified electrode surface
and the ligand (Au/6-MCH-1,4-BDE/EA). After then, GLT
was used to activate the amino terminus of ethanolamine
(Au/6-MCH-1,4-BDE/EA/GLT). GLT solution (2.5%) was
dropped to the electrode surface and left for 15min. The
electrode was gently washed and then dried again with a
stream of pure argon. GLT is the most popular bis-aldehyde
homo-bifunctional crosslinking agent used in the immobili-
zations of biomolecules. When GLT was used as a cross-
linking reagent, the reaction between amine groups of EA
and Anti-Ocn was considered to proceed through the for-
mation of Schiff bases, a sub-class of imines. By thinking
the other crosslinking reactions may also occur, to prevent
this GLT was applied to modified Au electrode surface
(Au/6-MCH-1,4-BDE/EA) using the two-step procedure.
The electrode surface was first activated with GLT for
15min and after, all excess of GLT on modified electrode
surface was washed to prevent the other protein-protein
cross-linking reactions. As the last step, 5mL of Anti-Ocn
aliquot (5 ng mL�1) was applied to the electrode surface and
incubated for 1 h, (Au/6-MCH-1,4-BDE/EA/GLT/Anti-Ocn).
Finally, the electrode surface was washed with distilled water
to remove the unattached Anti-Ocn molecules and dried
again with pure argon. At the end of this step, Ocn biosen-
sor construction was completed (Figure 1).

Electrochemical measurements and principals

Following each immobilization step, electrochemical analyses
including cyclic voltammetry (CV) and EIS were performed
to observe the changes in electrode surface and determine
Ocn amount in sample. CV was especially used to character-
ize SAM formation on bare electrode and the surface modi-
fications during Anti-Ocn immobilization to Au electrode
surface. 5mM K3[Fe(CN)6/K4[Fe(CN)6] solution (1:1) con-
taining 0.1M KCl was used as redox probe in both electro-
chemical measurements. This redox probe solution enables
easy electron transport over the electroactive species on the
electrode surface.[27] Cyclic voltammograms were obtained
at potential ranged from �0.1 and 0.5V, step size: 1mV,
scanning speed: 50mV/s. EIS were collected in the frequency
range between 50.000 and 0.05Hz at 10mV of alternating
current within redox probe solution.

EIS was used to determine the amount of redox probes
associated with changes in the electron transfer resistance
(Rct) at Anti-Ocn biosensor surface. The response of fabri-
cated Ocn biosensor were measured for Ocn concentrations
varied at the ranged of 10–60 pg mL�1, and the obtained Rcts
values for each of measurement related with Ocn concentra-
tions were calculated via the Gamry potentiostate ECM
Analyst software. For this purpose, The EIS data obtained
under above conditions were analyzed by fitting to the
Nyquist plots via software. To prepare the standard calibra-
tion curve for Ocn, Rct changes for different Ocn concentra-
tions were calculated using the following equation:

DRct ¼ Rct AntiOcn=Ocnð Þ � Rct AntiOcnð Þ;

where Rct(AntiOcn/Ocn) and Rct(AntiOcn) were defined as the
Rct value after Ocn is attached to Anti-Ocn and the Rct value
after Anti-Ocn is immobilized on the electrode surface,
respectively.

Results and discussion

Anti-osteocalcin immobilization and optimization

After each step of Ocn-biosensor immobilization, the layer
formation was characterized using EIS and CV. EIS is sensi-
tive to changes in the surface and a powerful method used
for analyzing the complex electrical resistance of a system. It
is particularly suitable for detecting binding phenomena on
the surface of the physical component in the biosensor area;
therefore, it is a valuable and progressive technique.[28] Also,
CV technique is used to observe layer by layer immobiliza-
tion on electrode surface. In this study, the cyclic voltammo-
grams and EIS spectra of each immobilization step of the
Anti-Ocn are shown in Figure 2a,b. When the electrode was
coated with 6-MCH self-binding monolayer, a sharp
increase in the peak current was observed because the
hydroxyl groups of 6-MCH probably inhibit the negatively
charged ferricyanide against the electrode surface. As shown
in Figure 1, after the modification of the electrode surface
with 6-MCH, it was observed that the characteristic CV
peaks of the electrode were not dielectric.

PREPARATIVE BIOCHEMISTRY AND BIOTECHNOLOGY 3



The immobilization steps of the biosensor were investi-
gated for the effects of 6-MCH concentration, 1,4-BDE con-
centration, EA concentration, GLT concentration, and Anti-
Ocn concentration.

The optimum concentration of 6-MCH to form stable
and self-assembled monolayers (SAM) on the electrode sur-
face was determined. For this purpose, Ocn biosensors were
fabricated using 6-MCH solutions at concentrations of
10mM, 20mM, 30mM, and 40mM. Rct values were calcu-
lated from Nyquist plots of EIS spectra obtained from Ocn
concentrations ranging from 10 to 60 ng mL�1. The

calibration graphs were plotted between Rct values versus
Ocn concentrations to determine the effect on biosensor
response of 6-MCH concentration (Figure 3).

As shown in Figure 3, the biosensor performance was
affected by the changes in 6-MCH concentration. An
increase in Rct values was seen with the increase of 6-MCH
concentration. At high 6-MCH concentrations, Rct values
increased because increasing surface density probably
blocked the electron transfer at the electrode surface. The
highest equation coefficient (R2) values were calculated as
0.9864 and 0.9857 from the calibration graph prepared for

Figure 1. Immobilization steps of the Osteocalcin biosensor.
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40mM and 20mM 6-MCH, respectively. Although the high-
est R2 value was found at the concentration of 40mM
6-MCH, the best biosensor response was determined as
20mM 6-MCH. It can be said from EIS results that SAM
prepared using 20mM 6-MCH showed minimum blocking
effect. Ocn biosensor fabrications were carried out using
20mM 6-MCH when forming SAM on Au electrode surface
in further studies.

The second step in the optimization studies was to deter-
mine the effect of 1,4-BDE concentration on biosensor
response. For this purpose, the solutions prepared at the dif-
ferent concentrations of 1,4-BDE such as 1%, 4%, 7%, and
10% were used for the construction of biosensors. As seen
in Figure 4, R2 values were determined as 0.9248, 0.9634,
0.9880, and 0.9616, respectively. Both highest R2 value and
the best linearity were found to be at the concentration of
7% 1,4-BDE. According to EIS results, it can be said that

the concentration of 7% 1,4-BDE further increased min-
imum blocking effect caused by 6-MCH.

To investigate the effect of ethanolamine concentration
on biosensor responce, Ocn biosensors were prepared using
different ethanolamine solutions (0.1M, 0.5M, 1M, and
2M) and EIS measurements carried out at different Ocn
concentrations ranging from 10 to 60 ng mL�1. R2 values
were calculated as 0.8473, 0.9844, 0.9779, and 0.7625,
respectively (Figure 5). At higher ethanolamine concentra-
tions (1M and 2M) the Rct values were higher, but the etha-
nolamine solutions prepared at these concentrations
solidified with white-opaque appearance on the surface of
the working electrode. The difficulty in cleaning excess EA
from electrode surface was encountered during the washing
process and some deterioration of the biosensor surface was
observed due to the detachment of the immobilized mole-
cules on the surface since washing process takes a long time.

Figure 2. (a) Electrochemical impedance spectra of Anti-Ocn immobilization steps. (b) Cyclic voltammograms of Anti-Ocn immobilization by covalent attachment.
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Therefore, the lower concentration of ethanolamine was
chosen for biosensor construction. Optimum ethanolamine
concentration was determined as 0.5M, which had highest
R2 value, though biosensor response was lower.

The next step in the optimization studies was the deter-
mination of Anti-Ocn concentration required for effective
binding of Ocn. Biosensors were prepared at the different
Anti-Ocn concentrations (5 ng mL�1, 10 ng mL�1, 20 ng
mL�1, and 30 ng mL�1). As shown in Figure 6, R2 values
were calculated as 0.9948, 0.9787, 0.9925, and 0.9862,
respectively. The obtained Rct values showed that the biosen-
sor performance was dependent on the concentration of
Anti-Ocn used for the immobilization. The highest R2 values
were calculated as 0.9948 and 0.9925 for 5 ng mL�1 and
20 ng mL�1 Anti-Ocn, respectively. The highest R2 value was

relatively found at the concentration of 20 ng mL�1 Anti-
Ocn. But, when the price of the Anti-Ocn molecule and
accordingly the cost of the biosensor fabrication is consid-
ered, the optimum Ocn concentration was chosen as 5 ng
mL�1 instead of 20 ng mL�1.

The interaction of the antibody and antigen influences
the binding efficiency and the resistance of the bond in
immobilization. Therefore, after determining the most suit-
able concentrations of all molecules in the immobilization
steps, Ocn incubation was performed for 30min, 45min,
60min, and 90min. As seen in Figure 7, the best biosensor
response was determined when Ocn incubated for 45min.

In addition, the Laviron equation can be used to estimate
the concentration of the electroactive protein at the working
electrode surface.[29,30] The Laviron equation: Q ¼ n � F �
A � C; where Q is the charge, n is the slope of the graphs
plotted versus the currents determined from CVs obtained
at 10 different scan rate, F is the constant of Faraday, and
u is the amount of electroactive molecule on the electrode
surface.[31] For this purpose, CVs were obtained at 10 differ-
ent scan rate from 10 mVs�1 to 100 mVs�1 in the potential
range of �0.1, 0.5 V for Au-Bare electrode and Au/6-MCH/
1,4-BDE/EA/GLT/Anti-Ocn electrode, and the u values were
calculated as 1.9 10�7mol/cm2 and 2.9 10�7mol/cm2,
respectively. The u values of Au/6-MCH/1,4-BDE/EA/GLT/
Anti-Ocn electrode is distinctly higher than obtained for
bare electrode, indicating that the immobilization of Anti-
Ocn was success.
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Analytical characteristics of the biosensor

In order to determine the linear determination range with
Ocn biosensor prepared in the optimized immobilization
conditions [6-MCH (20mM), 1,4-BDE (7%), GLT (2.5%),
Anti-Ocn (10 ng mL�1), and Ocn (5 pg mL�1) 45min], the

studies on the quantitative determination of Ocn were per-
formed in the range of 10–60 pg mL�1 Ocn concentration.
Nyquist curves and CV plots obtained for different Ocn
concentrations are given in Figure 8a,b.

The semi-circle diameter of Nyquist curves increased lin-
early with increasing Ocn concentrations. The increase in
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Figure 8. (a) Nyquist curves obtained in the Ocn concentration range of 10–60 pg lL�1. (b) Cyclic voltamograms obtained using Ocn biosensor in the ranged of
10–60 pg lL�1 Ocn concentration. (c) The calibration graph of Ocn biosensor in the range of 10–60 pg lL�1.
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the Ocn concentration increased the charge transfer resist-
ance when analyzed in the linear range of 10–60 pg mL�1 as
the detection range for Ocn measurements. Ocn levels in
serum changes between 9 and 42 pg mL�1. The obtained
results showed that Anti-Ocn biosensor precisely determined
Ocn concentration.

According to the obtained results, the fabricated Anti-
Ocn biosensor permits the specific determination of the Ocn
molecule. The standard calibration graph for Ocn is shown
in Figure 8c, which was plotted with respect to the changes
in Rct after Ocn addition to electrode surface.

Clinically, Ocn is determined by ELISA and RIA meth-
ods. In the literature, there are a few biosensor studies for
Ocn determination. Khashayar et al. developed a biosensor
based on Differential Pulse Voltametry (DPV) for Ocn
determination. All immobilization steps of the biosensor
were controlled by EIS. The designed biosensor measured
Ocn concentrations by immobilizing L-Glutathione Reduced
(GSH), EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide) N-hydroxysulfoxuccinimide (sulfo-NHS), Anti-Ocn
onto the gold electrode surface, respectively.[32] The same
group reported the another article and characterized the
immobilization steps used in fabrication of this Ocn
biosensor.[33]

Min-Ho Lee et al. designed an amperometric biosensor.
The biosensor construction was started by immersing in
dimethyl sulfoxide (DMSO) solution containing dithiobis-N-
succinimidyl propionate (DTSP). After rinsing with acetone,
and conditioning in phosphate buffer solution (PBS) of the

electrode, the biosensor fabrication was completed applying
horseradish peroxidase (HRP) conjugated antibody (Anti-
Ocn) to the electrode surface. The amperometric measure-
ments were done for each step of biosensor fabrication.[34]

The presented biosensor was compared with these Ocn bio-
sensors in Table 1.

In order to determine the reproducibility of the Ocn bio-
sensor, eight different biosensors were prepared under opti-
mum immobilization conditions [6-MCH (20mM), 1,4-BDE
(7%), GLT (2.5%), Anti-Ocn (10 ng mL�1), and Ocn (5 pg
mL�1) 45min] and measurements in the concentration range
of 10–60 pg mL�1 were carried out. The results showed that
the biosensor developed here can be used reproducibly for
Ocn detection and measurement. The results can be seen in
Table 2.

Also, limit of detection (LOD) and limit of quantification
(LOQ) values were calculated according to the IUPAC rec-
ommendations, as 1.1 pg mL�1 and 3.7 pg mL�1, respect-
ively.[35] These results showed that the developed biosensor
has high sensitivity for the detection and quantification
of Ocn.

In addition, the developed Ocn biosensor was applied to
artificial serum samples. With artificial serum samples, it
was investigated whether antigen-antibody interactions is
affected by salts in serum. All dilutions for the Ocn were
carried out with artificial serum solution. The effect of the
artificial serum on the biosensor response was examined in
the linear determination range. Measurements were carried
out in artificial serum with biosensors prepared under opti-
mum immobilization conditions. The results were given in
Table 3.

The experiments in the artificial serum samples demon-
strates that the salts and other biomolecules in the artificial
serum have no effect on the biosensor response. The biosen-
sor developed for this reason has the potential for a precise
and specific determination of Ocn in real serum samples.

Conclusions

As a result, a new, inexpensive, fast, high-precision, and
highly repeatable biosensor was developed using 1,4-BDE as
the immobilization material onto SAM for the first time in
the literature for the determination of Ocn. This fabricated
biosensor may be an alternative for determination of Ocn to
high-cost techniques such as ELISA and RIA. In addition, it
was determined that the biomolecules and salts in the artifi-
cial serum did not affect the Ocn measurement results. In
this regard, it is possible to use the proposed Ocn-biosensor
safely for Ocn determination.

Table 1. Comparison of osteocalcin biosensor studies.

Features This study Min-Ho Lee et al. Patricia Khashayar et al.

Method Electrochemical ımpedance spectroscopy (EIS) Amperometry Differential pulse voltammetry (DPV)
Electrode type Gold (Au) electrode Gold (Au) electrode Gold (Au) electrode
Detection limit 10–60 pg mL�1 1–100 ng mL�1 2.5–90 ng mL�1

LOD 1.1 pg mL�1 N.R 0.65 ng mL�1

LOQ 3.7 pg mL�1 N.R 1.97 ng mL�1

Table 2. Reproducibility of the Ocn biosensor in the range of 10–60 pg mL�1

Ocn concentration.

Biosensor
number

Linearity
coefficient (R2) Equation of a line

Linear range
(pg mL�1)

1 0.992 y¼ 0.206xþ 2.324 10–60
2 0.992 y¼ 0.091xþ 0.775 10–60
3 0.987 y¼ 0.108xþ 1.343 10–60
4 0.987 y¼ 0.201x – 0.234 10–60
5 0.986 y¼ 0.299x – 0.037 10–60
6 0.9869 y¼ 0.3311x – 1.662 10–60
7 0.980 y¼ 0.247xþ 2.143 10–60
8 0.978 y¼ 0.485x – 1.092 10–60

Table 3. The results of the Ocn measurement using proposed biosensor in
artificial serum samples.

Ocn level in artificial
serum (pg mL�1)

Measured Ocn
(pg mL�1) level Recovery (%)

10 9.85 98.5
20 20.93 104.6
30 28.82 96.06
50 50.54 101.08
60 59.85 99.75
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