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This paper presents a novel hormone-based impedimetric biosensor to determine parathy-
roid hormone (PTH) level in serum for diagnosis and monitoring treatment of hyperparathy-
roidism, hypoparathyroidism and thyroid cancer. The interaction between PTH and the
biosensor was investigated by an electrochemical method. The biosensor was based on the
gold electrode modified by 12-mercapto dodecanoic (12MDDA). Antiparathyroid hormone
(anti-PTH) was covalently immobilized on to poly amidoamine dendrimer (PAMAM) which
was bound to a I-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide
(EDCINHS) couple, self-assembled monolayer structure from one of the other NH, sites. The
immobilization of anti-PTH was monitored by electrochemical impedance spectroscopy,
cyclic voltammetry and scanning electron microscope techniques. After the optimization
studies of immobilization materials such as 12MDDA, EDC-NHS, PAMAM, and glutaralde-
hyde, the performance of the biosensor was investigated in terms of linearity, sensitivity,
repeatability, and reproducibility. PTH was detected within a linear range of 10-60 fg/mL.
Finally the described biosensor was used to monitor PTH levels in artificial serum samples.
© 2015 American Institute of Chemical Engineers Biotechnol. Prog., 31:815-822, 2015
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Introduction

Parathyroid hormone (PTH), first investigated in early
20th century,' is a classic hormone that is used worldwide
to treat millions of patients with parathyroid disorders. PTH
is a polypeptide with 84 amino acids and it tightly regulates
calcium and phosphate metabolism in bone, kidneys, intes-
tines and extracellular fluids.*> Even small changes in the
PTH level in serum can be an indicator of critical disease of
the parathyroid glands such as hyperparathyroidism, which
increases PTH level on account of a parathyroid tumor, and
hypoparathyroidism which decreases calcium and increases
phosphorus level in serum because of lower secretion of
PTH.®'” Because of this vital importance of sensitive deter-
mination of PTH levels, it is crucial to develop methods
which are simple, sensitive, and economical. Electrochemical
biosensors are seen as being the most promising candidates

for the development of novel PTH analysis methods.

Dendrimers are repetitively branched molecules'"'* and

they have lots of advantages in comparison with classical
polymers, such as molecular uniformity, stable molecular
weight, definite shape, specific size, and lots of surface
branches.'? Poly amido amine (PAMAM) dendrimers are

Additional Supporting Information may be found in the online ver-
sion of this article.
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designated “dense star” polymers. They have 11 different
generations with 10 functional surface groups. Each new
PAMAM generation is fabricated around the preceding gen-
eration with a series of repetitive groups. Finally, the new
generation of PAMAM has new features such as larger
diameter, larger molecular weight and more reactive surface
branches. PAMAM has a unique property with the reactive
surface branches which allow many alternations to be made
to the surface. PAMAM dendrimers have very strong poten-
tial to be used as affinity ligands, radioligands, detecting
agents, targeting components or pharmaceutically active
compounds, due to their convertible surface.'+1©

Electrochemical impedance spectroscopy (EIS) is a highly
sensitive indicator of a wide variety of biochemical and
physical properties and provides an effective method to
probe the electric features of surface-modified electrodes
with ultrahigh sensitivity. Therefore, EIS has been used to
fabricate a great number of biosensors and to monitor
enzyme reactions and relationships between specific mole-
cules, such as proteins, receptors, nucleic acids, antibodies,
and whole cells'”'® Some research groups have reported
impedimetric biosensors based on self-assembled monolayers
(SAM)."”?* Some research regarding the use of 12 mercapto
dodecanoicacid (12MDDA) for the purpose of forming SAM
has been reported.”*2° Application of SAMs to biosensor
surfaces have many advantages such as forming a highly
ordered unimolecular film, flexibility to design different head

815



816

groups of monolayers by a large number of electroactive or
electroinactive functional groups, and hydrophobic and
hydrophilic groups at the end of the monolayers provide an
excellent way to immobilize different types of molecules.
Although these are important advantages, SAMs also have
some disadvantages, such as the lack of chemical stability of
some SAMs, negative effects of electrical field and thermal
desorption on biosensor applications, and unwanted adsorp-
tion of contaminants.*’

Recently various EIS-based biosensors have been
described, such as phenomena of polymer degradation, mag-
netic nanobeads, nanometer-sized hydroxyapatite, and molec-
ular imprinted polymers.zL3 0

The objective of this study is to develop an EIS-based
electrochemical biosensor system to determine PTH sensi-
tively, practically and promptly. The biological significance
of PTH levels in serum makes our biosensor more important
for use in the determination of PTH because the biosensor
presented enables detection of PTH levels in serum accu-
rately and sensitively. An SAM strategy for introducing an
immobilization platform on the gold electrodes is reported in
this study. 12MDDA was used to form SAM. Anti-
parathyroid hormone (anti-PTH) was covalently attached to
the SAM of PAMAM by means of glutaraldehyde and the
couple of I-ethyl-3-(3-dimehylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS). EIS was used to
determine the diffusion rate of the redox probe associated
with changes in the electron transfer resistance (AR, related
to PTH concentration. The proposed biosensor can detect
concentrations of PTH at very low levels. We also identified
scanning electron microscopy (SEM) features of the surfaces
of each layer based on a combination of EIS in the presence
of [Fe(CN)6]3_/ 4~ as a redox couple. Finally, artificial serum
samples spiked with PTH were analyzed with the biosensor.

Experimental
Materials and instrumentation

All reagents were of analytical grade and were purchased
from Sigma-Aldrich (St. Louis, MO). PTH and anti-PTH were
portioned at certain concentrations and were stored at —20°C
until use. Artificial serum solution was prepared using 5 mM
CaCl,,4.5 mM KCI, 1.6 mM MgCl, 4.7 mM bp(+) glucose,
0.1% human serum albumin, 2.5 mM urea, and 145 mM
NaCl. A three-electrode system, consisting of an Ag/AgCl
(saturated KCl) reference electrode, a Pt counter-electrode,
and a gold working electrode (with a surface area of
2.01 mmz), was housed in a 5-mL electrochemical cell (all
electrodes were obtained from m BASi, Warwickshire, UK).
Electrochemical experiments were performed using a Gamry
Interface 1000 Potentiostat/Galvanostat, (Gamry Instruments,
Warminster, USA) interfaced with a PC via EChem Analyst
containing cyclic voltammetry (CV) and EIS softwares
(Gamry Instruments, Warminster, USA).

Modification of the gold electrodes by 12MDDA SAM

Before use, the gold electrodes were first polished with
0.05 pm alumina powder and then washed with ultrapure
water. Following that the electrodes were ultrasonically
washed in absolute ethanol for 3 min to remove alumina res-
idues. Then the surfaces of the electrodes were dried by a
pure argon stream. This polishing and cleaning procedure
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was repeated before every electrode preparation step. The
clean gold electrodes were immediately immersed into
12MDDA solution (5 mM, in pure ethanol) for 16 h. After
this period, they were rinsed with ethanol and gently dried
with an argon stream.

Anti-PTH attachment on 12MDDA modified electrodes

For anti-PTH immobilization, EDC was used as a heterobi-
functional crosslinker. NHS was used in conjunction with the
crosslinker, PAMAM was used as an increasing agent for the
active terminal, and glutaraldehyde (GLT) was used to activate
the amino ends of the PAMAM. EDC/NHS solution (0.1 M
EDC, 0.05 M NHS) was spread over the electrode surface, and
was then left for 30 min in a dark ambient environment. Later,
gold electrodes were washed with ultrapure water gently and
then dried by pure argon stream again. For the next step,
PAMAM (1.5%) was dropped on to the electrode surface, and
was then left for 60 min. Afterwards, GLT (1%) was spread
over the electrode surface, and was then left for 15 min. At the
end of the each step electrodes were washed with ultrapure
water gently and then dried by pure argon stream again. Then
5 pL of anti-PTH portion was applied to the active electrode
surface by a pipette. The electrode was allowed to incubate for
an hour in a moist medium. Finally, the electrode was
immersed into ultrapure water to remove physically adsorbed
anti-PTH molecules. Bare gold electrodes and the modified
electrodes were denoted as Au, Au/12MDDA, Au/12MDDA/
EDC-NHS, Au/12MDDA/EDC-NHS/PAMAM, Au/12MDDA/
EDC-NHS/PAMAM/GLT, Au/12MDDA/EDC-NHS/PAMAM/
GLT/AntiPTH, and Au/12MDDA/EDC-NHS/PAMAM/GLT/
AntiPTH/PTH.

Electrochemical studies

CV was used to characterize SAM formation on bare gold
electrodes. The potential was varied between —0.5 and 1 V
(step size: 20 mV, scan rate: 50 mV/s) in the presence of
5 mM Kj;[Fe(CN)e/K4[Fe(CN)g] (1:1) solution which served
as a redox probe containing 0.1 M KCI. For EIS studies, an
alternating wave with amplitude of 10 mV was applied to
the electrode. In the potentiostatic mode, EIS experiments
were done at a fixed DC potential of 0 V. The redox couple
used for EIS was the same as that used for CV. Impedance
spectra were obtained in the frequency range between
10,000 and 0.05 Hz.

Working principle of the biosensor

Firstly a PTH standard solution or sample was injected
onto the biosensor surface by a micropipette. The injection
volume was 5 pL. The biosensor then was incubated in a
moist medium for 60 min. At the end of this period, the bio-
sensor was washed in ultrapure water to remove physically
adsorbed PTH molecules. The biosensor was again put into
the electrochemical cell containing Fe(CN)¢* ™ redox
probe solution and the electrochemical measurements were
taken. The difference in charge transfer resistance between
before and after injection of PTH was used to create PTH
calibration curves.

Scanning electron microscopy (SEM) investigations

Structural observations of the surface modified by immo-
bilization and PTH binding were performed by a field
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Figure 1. Schemactically representation of the fabrication of PAMAM based biosensor.

emission scanning electron microscope (FEI-Quanta FEG
250 model at 10,000-fold magnification) at the Scientific and
Technological Research Center of Namik Kemal University
(NABiLTEM). An acceleration voltage of 5 kV was used to
acquire SEM images.

Results and Discussion

Anti-PTH immobilization

The first step of antiPTH immobilization was adsorbtion
of 12MDDA onto the gold electrode surface spontaneously.
The adsorbtion of thiols molecules bonds to gold extraordi-
narily strongly. The second step was activating the carboxyl
ends of 12MDDA which was performed with the help of the
frequently used EDC/NHS chemistry. In this way, the
amine-cored PAMAM dendrimers were covalently attached
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Figure 2. Electrochemical characterization of PAMAM based
anti-PTH biosensor [cyclic voltammograms related
with anti-PTH immobilization by covalently attach-
ment [-¢-®-(yellow): bare gold electrode, -H-H-
(gray):12MDDA, -e-e-(red):12MDDA-EDCNHS, -¢-

@-(blue): 12MDDA-EDCNHS-PAMAM, -¢-¢-
(green): 12MDDA-EDCNHS-PAMAM-GLT-Anti-
PTH].

onto the gold electrode surface. In the final step, GLT was
used as a crosslinker agent between PAMAM and anti-PTH.
All of these steps are summarized in Figure 1.

The layer by layer formation of the biosensors was charac-
terized by EIS and CV. Because K;[Fe(CN)g/K4[Fe(CN)g]
was very sensitive to surface modifications, it was preferred
for use as an electrochemical probe in the experiments. Elec-
trochemical impedance spectra were significantly affected by
modifications on the electrode surface. EIS consists of resis-
tive and capacitive elements besides the Warburg element
and is a powerful method for analyzing the complex electri-
cal resistance of a system. EIS is also sensitive to surface
characteristics and changes in bulk properties; moreover, it
is especially well-suited to the detection of binding events
on the transducer surface in biosensor fields; therefore it is a
valuable and progressive technique.

The cyclic voltammograms and EIS spectra of each immo-
bilization step of the anti-PTH are shown in Figures 2 and 3.
Each immobilization step is well defined by redox couple.
When the electrode was covered by the 12MDDA (SAM), as
seen in Figure 3 charge—transfer resistance (R.) was highly
increased because the carboxyl groups of 12MDDA probably
prevented the negatively-charged ferricyanide from reaching
the electrode surface. As shown in Figure 2, the characteris-
tic CV peaks of the electrode could not been seen after
12MDDA modification of the electrode surface because it
became dielectric. The relatively long alkyl chain of
12MDDA showed a highly ordered monolayer on the surface
due to van der Waals interactions between the R—S units.
Moreover, it is known that the thermodynamic stability of
SAMs increases with the length of the alkyl chain.

After the EDC/NHS couple was reacted with 12MDDA,
R, was observed to be under 4.0 kQ (Figure 3). The reason
is that when the carboxyl groups of 12MDDA were activated
by positively charged EDC/NHS couples, the negatively
charged redox probes were adsorbed by the surface of
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Figure 3. Electrochemical impedance spectra of anti-PTH immobilization steps [inset figure: 12MDDA, -¢-+- (yellow): bare gold elec-
trode, -+-+- (red):12MDDA-EDCNHS, -¢-¢- (blue): 12MDDA-EDCNHS-PAMAM, -¢-¢- (green): 12MDDA-EDCNHS-PAMAM-

GLT-Anti-PTH].

electrode. Therefore, the characteristic CV peaks of the con-
ductor surface could be seen. Amino groups of PAMAM are
positively charged at pH = 7. After the PAMAM modifica-
tion of the surface, the further positively charged groups
absorbed the negatively charged ferricyanide to the electrode
surface. Just as expected, the electrostatic interactions take
place between negatively charged redox probe and the
positively-charged primary amino groups on the PAMAM.
Consequently the R, was decreased. Similarly when the R,
was decreased, the CV peak increased because of the high
current.

Covalent immobilization of anti-PTH on the surface
enhanced the insulating property of the electrode surface and
this resulted in an increase of R and decrease of CV peak,
which could be seen in cyclic voltammograms and EIS spec-
tra. This could be explained because the modification by
PAMAM of the surface may increase the effective area of

the electrodes, and surface coverage of anti-PTH molecules
improved, so the electrochemical detection signals for PTH
should increase considerably. Moreover, PAMAM den-
drimers also have some important advantages such as easily
spreading on different surfaces to form films,*" they tend to
form densely packed film which maintains lower surface ten-
sion.”® Most importantly, PAMAM dendrimers introduce an
excess of active ends which can be used for the immobiliza-
tion of any bioreceptor molecules.

SEM investigations

To monitor the construction of the biosensor and the
binding of PTH we used a scanning electron microscope.
The SEM images are given in Figure 4A-E. Figure 4A
shows Au (bare electrode), Figure 4B shows the image after
12MDDA modification (Au-12MDDA), Figure 4C shows

Figure 4. SEM investigations of the biosensor surfaces.

[SEM images: (A) bare gold electrode, (B) 12MDDA, (C) 12MDDA-EDCNHS-PAMAM, (D) Au-12MDDA-EDCNHS-PAMAM-NaBH,-GLT-Anti-
PTH, (E) Au-12MDDA-EDCNHS-PAMAM-NaBH,-GLT-Anti-PTH-PTH].
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Figure 5.
PAMAM based anti-PTH biosensor.

the image after PAMAM modification (Au-12MDDA-
EDCNHS-PAMAM), Figure 4D shows the image
after anti-PTH immobilization (Au-12MDDA-EDCNHS-
PAMAM-GLT-Anti-PTH), and Figure 4E shows the image
after PTH binding (Au-12MDDA-EDCNHS-PAMAM-GLT-
AntiPTH-PTH). Figure 4A shows the surface of a typical
gold electrode. The surface topography showed good defini-
tion of smooth gold surface. Figure 4B shows that the cov-
ering of the surface by 12MDDA SAM resulted in a
cloudlike appearance. PAMAM modification can be obvi-
ously seen in Figure 4C. PAMAM molecules look like clus-
ters of flower-like spheres with submicron sizes. Figure 4D
shows that the immobilization of anti-PTH caused in a
sponge-like, porous structure on the electrode surface. Fol-
lowing the injection of PTH solution, the morphology of
the biosensor surface underwent a change (Figure 4E). The
sponge-like structures are obviously bigger than that shown

Cyclic voltammograms (A), impedance spectrums (B) obtained for different concentrations of Parathyroid Hormone by

in Figure 4D. Moreover, this result could be attributed to
the interaction of anti-PTH and PTH.

Optimization of the biosensor

Layer-by-layer preparation of the biosensor was examined
in terms of the effect of 12MDDA concentration, EDC/NHS
couple concentration, PAMAM concentration, GLT concen-
tration, and anti-PTH concentration. Details are given below:

In order to explain the effect of 12MDDA concentration
on the response of the biosensor, 5-30 pg/uL PTH standard
solutions were separately analyzed by biosensors prepared
with different concentrations of 12MDDA (2.5, 5, 7.5,
10 mM). As seen in Supporting Information Figure S1, R?
values were calculated as 0.9610, 0.9981, 0.9882, and
0.9755, respectively. Also, 20 pg/uL PTH standard solution
was separately analyzed by different biosensors for the
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Figure 6. PTH calibration curve obtained by the present
PAMAM based biosensor.

investigation of 12MDDA concentration on R.. The spectra
of the experiments are given in Supporting Information Fig-
ure S2. R, values were 7.852, 17.11, 19.18, and 22.76 kQ,
respectively. This increase in R, values with increasing
12MDDA covering was expected. Higher concentrations of
12MDDA resulted in an increase of R, value, probably
because the density of surface covering increased and
blocked electron transfers. Although the highest R, value
was found at 10 mM 12MDDA concentration, according to
the linearities of the biosensors, optimum 12MDDA concen-
tration was determined as 5 mM and this was used for all of
the experiments after this step.

The next step in the optimization studies was concentra-
tion of the NHS/EDC couple. For this purpose 75-37.5,
100-50, 150-75, and 200-100 mM NHS/EDC couple con-
centrations were used for the construction of biosensors. 5—
30 pg/uL PTH standard solutions were separately analyzed
by biosensors for the investigation of the linearity of biosen-
sor responses, and also 20 pg/uL PTH standard solutions
were separately analyzed by different biosensors for the pur-
pose of comparing R values. As seen in Supporting Infor-
mation Figure S3, R? values were calculated as 0.9632,
0.9928, 0.9821, and 0.9872, respectively, while R values
were 39.86, 34.11, 32.11, and 15.00 kQ, respectively. The
200—100 mM NHS/EDC couple concentration resulted in
the lowest R value. The impedance spectra are given in
Supporting Information Figure S4. This situation was
expected because the EDC/NHS couple had increased the
conductivity of the surface. But the increase in the concen-
tration of the EDC/NHS couple led to further immobilization
of anti-PTH and also PTH; subsequently the SAM could not

Table 1. Comparison of the Developed Methods for PTH Determination
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carry this weight. Therefore the linearity of the biosensor
responses declined. The 100-50 mM EDC/NHS couple con-
centration was chosen as the optimal concentration because
of this response profile.

The biosensors were prepared by using 0.5, 1.0, 1.5, and
2.0% PAMAM solutions in optimization studies of the
PAMAM concentration. For this aim, the experiments were
done under the same conditions described above. As can
seen in Supporting Information Figure S5, R? values were
calculated as 0.9660, 0.9542, 0.9778, and 0.9024, respec-
tively, while R values were 7.21, 9.23, 11.02, and 11.85
kQ, respectively, given in Supporting Information Figure S6.
At the higher PAMAM concentrarions (1.5 and 2.0%) R,
values were almost the same. Because of the linear response
of the biosensor, the 1.5% PAMAM solution was chosen as
the optimum PAMAM concentration. For the next step, the
biosensors were prepared with different GLT concentrations
(0.5, 1.0, and 1.5%) to determine the optimum GLT concen-
tration. For this purpose, the experiments were carried out
with the same conditions described above. R* and R, values
are given in Supporting Information Figures 7 and 8, respec-
tively. R? were calculated as 0.9901, 0.9869, and 0.9685,
respectively, while R values were 17.63, 21.35, and 22.29
kQ, respectively. According to the response linearity and R,
values, the 1.0% GLT solution was chosen as optimum GLT
concentration.

In the last step of the optimization studies, the effect of
the anti-PTH concentration on the biosensor response was
investigated. For this aim, biosensors were prepared with dif-
ferent concentrations of anti-PTH (10, 25, 50, 75, 100, 150,
and 200 ng/SpL) and used for analysis of 5-30 pg/uL. PTH
standards. As seen in Supporting Information Figure S9, R*
values were calculated as 0.8842, 0.9732, 0.9717, 0.9881,
0.9919, 0.9525, and 0.9770, respectively. Higher concentra-
tions of anti-PTH (150 and 200 ng/5 pL) resulted in denser
bond between PTH and anti-PTH. Therefore, the higher anti-
PTH concentration leads to higher R value. This stituation
was expected, but the denser bond between PTH and anti-
PTH could probably lead to deformation of surface. Hence,
the linearity of response was damaged. According to the
response linearity and R, values, the 100 ng/5 pL anti-PTH
concentration was chosen as the optimum concentration.

Analytical characteristics of the biosensor

The described biosensor was characterized with regard to
its linear range, reproducibility, and repeatability. In this
study, EIS was successfully used to determine the amount of
PTH on the electrode surface associated with changes in the

Type Immobilization Technique Measurement Principle Linear Detection Ranges References
CTK (Q-IntraOperative Bead Chemiluminescence 6-1250 (pg/mL) 34
Intact PTH)
CTK (Turbolntact PTH) Bead Chemiluminescence 4-2500 (pg/mL) 34
CTK (STAT-IO-I-PTH) Microtite strips With Chemiluminescence 62500 (pg/mL) 34
Accusphere
CTK (Elecsys PTH) Microparticals Electro Chemiluminescence 1.2-5000 (pg/mL) 34
CTK (ARCHITECT) Microparticals Chemiluminescence 0.5-1886 (pg/mL) 35
CTK (LIAISON) Two-site sandwich Chemiluminescence 7.1-1958 (pg/mL) 35
Research Article M.Partical (300nm) Giant magneto-resistive 95-NL (pg/mL) 33
Research Article M.Partical (500nm) Giant magneto-resistive 7.6-NL (pg/mL) 33
Research Article Cell Time-resolved fluorescence 3.75-9.38 (pg/mL) 36
DescribedArticle PAMAM Impedance spectroscopy 10-60 (fg/mL) -

CTK, commerical test kit; NL, not limited
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Table 2. Reproducibility and Serum Samples Analyses Studies for the Biosensor
The reproducibility experiment results of the biosensor

Biosensor Numbers R? y Linear Ranges (fg/mL)

1 0.9955 0.8087x + 11.685 10-60

2 0.9929 0.6078x + 0.7913 10-60

3 0.9914 0.6263x — 1.5133 10-60

4 0.9958 0.9563x + 3.6967 10-60

5 0.9870 0.7121x + 3.1220 10-60

[§ 0.9991 0.9255x + 0.6850 10-60

7 0.9994 1.5176x + 3.6129 10-60

8 0.9941 1.6048x — 2.4240 10-60

9 0.9982 1.5235x +2.1160 10-60

10 0.9924 1.4171x — 1.5241 10-60

PTH detection in artificial serum samples by the presented biosensor

Added PTH (fg/mL) Found by Biosensor (fg/mL)

Recovery (%) Relative Differences (%)

10 9.832
20 20.520
30 28.680
40 39.344
50 48.71

R, of the biosensor. To obtain a linear relation between PTH
concentrations and electrochemical signals, the absolute imped-
ance values were used. The impedance values were extracted
by using an equivalent circuit model as shown in Figure 5C. In
this model Ci,. is the double layer capacitance of the system,
R, refers the charge transfer resistance in low frequency, Z,, is
the Warburg element, and R shows the resistance of the elec-
trolyte and all the connections. A simple equation:
AR = Ruerry — Retani-pry Was used to calculate the imped-
ance changes, where R pry) is the value of the charge transfer
resistance after anti-PTH is coupled with PTH, while Rani-
pruy 1S the value of the charge transfer resistance when anti-
PTH is immobilized on the electrode surface. As can be seen
from Figure 5A, peak currents decreased with an increase in
the concentration of PTH standard solutions.

Nyquist plots of the developed biosensor for different
PTH concentrations are shown in Figure 5B. It was seen that
increasing PTH concentration led to an increase the semi-
circle diameter in the Nyquist plots. Moreover,
concentration-dependent analysis can be performed at low
frequencies. The increment of PTH concentration increased
the charge transfer resistance, achieving a linear range
between 10 and 60 fg/mL. The results revealed that the pre-
sented biosensor allowed determination of PTH in an
extremely sensitive manner. A standard calibration graph for
PTH was drawn with the help of the changes in R after
PTH applications. Figure 6 shows the calibration curve.

A magnetic particle-based immunoassay for the detection
of PTH was reported.*> To monitor the PTH concentration, a
detection limit in the 95 pg/mL range was obtained with
300 nm particles. When 500 nm particles were used, 7.6 pg/
mL of PTH was detectable. Also Sokoll et al. described a
cell-based immunoassay for detection of PTH and they
achieved a linear range between 3.75 and 9.38 60 pg/mL.**
Some commercially available immunoassay (EIA) test Kkits
can be frequently used by laboratories. These products are in
vitro quantitative assays for detecting PTH based on the prin-
ciple of competitive enzyme immunoassay. The minimum
detectable concentration of PTH is 0.5 pg/mL. Certain com-
mercial detection tools and the methods mentioned above are
summarized in Table 1. The lowest PTH concentration, a
limit of detection (LOD), has also been calculated as 1.43 fg/

98.32 1.68
102.60 2.60
95.60 4.40
98.36 1.64
97.42 2.58

mL by the general equation [k, Spja/m], where k—3, Sprank
and m represent impedance signals obtained for blank sample
and the slope, respectively. The limit of quantification (LOQ)
was also obtained by taking k—10 in the above equation.
LOQ for the biosensor was calculated as 4.78 fg/mL. LOD
and LOQ values indicated that the proposed biosensor could
be used for sensitive determination of PTH.

The repeatability of the immunosensors was examined by
analysis of the same concentration of PTH (30 fg/mL) using
five similarly prepared electrodes. The five immunosensors,
made independently, showed the changes in impedance
responses of 33.85, 30.96, 32.41, 29.25, and 30.77 kohm. It
was observed that the immunosensor had good repeatability
with a relative standard deviation of 1.74% (less than 5.0%).

The reproducibility of the presented anti-PTH biosensor
was approved by using different biosensors fabricated via
the same set of procedures for PTH analysis 10 times. As is
known, the definition of reproducibility is the same for elec-
trochemical biosensors as for any other analytical device.
Reproducibility is a measure of the scatter or the drift in a
series of observations or results performed over a period of
time. It is generally determined for the analyte concentra-
tions within the usable range. The results showed that the
developed biosensor reported here can be reproducibly used
for PTH detection and quantification. The linear detection
ranges of 10 biosensors for PTH were the same: between 10
and 60 fg/mL. The results can be seen in Table 2.

Additionally, the biosensor was used for artificial serum
samples spiked with PTH. The results of five different meas-
urements can also be seen in Table 2. The results presented
here showed that PTH levels of the artificial serum samples
analyzed by the present biosensor agreed with the spiked
amount in the artificial serum samples.

Conclusion

In conclusion, we report a simple electrochemical biosen-
sor for detection of PTH with ultrahigh sensitivity measure-
ment, which could be an effective method for
characterization of the interaction between PTH and anti-
PTH. Clearly, the development of a reliable device for PTH
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monitoring is an important goal that will have great impact
on the clinical management of PTH-related diseases. The
immobilization of anti-PTH on 12MDDA with PAMAM-
modified gold electrodes was significantly simple and effec-
tive. The biosensor was characterized by CV and EIS in
detail. The proposed biosensor is highly reproducible and is
able to detect PTH in a linear range of 10-60 fg/mL.
Although this presents advantages, future generations of this
and other PTH detection methods should be rigorously eval-
uated for accuracy and reproducibility in real-life clinical
settings before release for general use.
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