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Genomagnetic assay for electrochemical detection of
osteogenic differentiation in mesenchymal stem cells†

Arzum Erdem,*a Gokhan Duruksu,b Gulsah Congura and Erdal Karaoz*b

The osteogenic differentiation of mesenchymal stem cells (MSCs) was assessed by determining the gene

expression levels of proteins; osteocalcin (OSC), osteonectin (OSN) and osteopontin (OSP) based on

electrochemical detection protocol combined with genomagnetic assay in parallel to real-time PCR

analysis. Genomagnetic assay was performed using streptavidin coated commercial magnetic particles

(magnetic beads, MBs) in combination with single-use electrochemical sensor technology. A biotinylated

DNA probe was immobilized onto streptavidin coated magnetic particles, and then the hybridization

process of the probe with its complementary DNA was performed. The oxidation signals of DNA

electroactive bases guanine and adenine were measured voltammetrically using a pencil graphite

electrode (PGE) before and after the hybridization process of OSC/OSN/OSP probe sequences with their

complementary target sequences. The selectivity of the genomagnetic assay was also tested using each

DNA probe individually related to osteogenic differentiations. The voltammetric detection of osteogenic

differentiations was confirmed selectively by real-time PCR analysis.
Introduction

Since the discovery of stem cells, effective characterization of
their differentiation and understanding of their behavior in cell
culture have become important day-by-day. The quantication
of expression of certain molecules as indicators for monitoring
the cellular changes is crucial in biological processes, particu-
larly in stem cell systems. Many studies based on conventional
techniques have been reported in the literature.1–4

Electrochemical biosensing strategies are based on moni-
toring the electrochemical signals of the target molecules. Since
the discovery of electroactivity in nucleic acids by Palecek,5

electrochemical DNA biosensors (genosensors) have been
developed for the purpose of specic, sensitive, rapid and cost-
effective detection of nucleic acids.6–21 Various type of biosen-
sors have been developed for stem cell detection.22–28 Liu et al.22

developed a cell-based light-addressable potentiometric sensor
(LAPS) in order to monitor embryonic stem cell differentiation.
They recorded the potential changes at LAPS during cultivation.
Similarly, a cardiomyocyte based LAPS was developed by the
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same research group in order to evaluate the cardiotoxicity of
new drugs in preclinical research.23

A non-invasive and time-continuous cell-based impedimetric
detection system in order to monitor osteogenic differentiation
was introduced by Hildebrandt et al.24 Recently, Kuo et al. have
fabricated a surface plasmon resonance (SPR) based biosensor
for real-time detection of osteogenic differentiation in mesen-
chymal stem cells.25 A gold chip was coated specically with
OB-cadherin (CDH11) antigen which is specically expressed in
differentiating osteoblasts, the real-time monitoring was ach-
ieved by an SPR system.

Microelectrode arrays, which constitute a network system for
neuronal stem cells, was used by O'Shaughnessy et al.26 and the
differentiated stem cells were accordingly monitored at
different passages. Thus, the effects of culture conditions were
evaluated by using this microarray system.26 In another appli-
cation, Kim and co-workers27 presented a new electrochemical
assay based on a stem cell chip composed of indium tin oxide
electrode (ITO), gold nanoparticles (GNP) and arginine–glycine–
aspartic acid-(RGD) peptide composites to provide signal
enhancement obtained from undifferentiated human neural
stem cells and to increase cell proliferation at the surface of ITO
electrodes. The electrochemical characteristics of the cell–
electrode interface were assessed by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV). Yea et al.28 reported
their electrochemical method based on a 1-naphthyl phosphate
signal for the in situ detection of mouse embryonic stem cells.

To the best of our knowledge, there has been no report yet
based on the electrochemical monitoring of osteogenic differ-
entiation of MSCs in the literature. The objective of our work is
This journal is ª The Royal Society of Chemistry 2013
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to explore the osteogenic differentiation protein markers;29–32

osteocalcin (OSC), osteonectin (OSN) and osteopontin (OSP) in
mesenchymal stem cells by using single-use sensor technology
based on genomagnetic assay (shown in Scheme 1). The prin-
ciple of the electrochemical assay depends on measuring the
changes of the oxidation signals of guanine and adenine before
and aer the hybridization process of OSC, OSN and OSP probe
sequences with their complementary target sequences. Aer
immobilization of the biotinylated DNA probes onto streptavi-
din-coated magnetic particles, the hybridization protocol was
followed. Then, the selective and sensitive electrochemical
detection of osteogenic differentiations in MSCs was explored
by using a single-use graphite electrode (PGE) in combination
with differential pulse voltammetry (DPV). Our study is the rst
report which aimed to monitor differentiated stem cells by
means of measuring the oxidation signal of guanine before and
aer the hybridization process. The voltammetric detection of
osteogenic differentiation in mesenchymal stem cells was also
conrmed selectively with that of real-time PCR analysis.

Materials and methods
Apparatus

The oxidation signals of guanine and adenine were investigated
by using DPV with an AUTOLAB-PGSTAT 302 electrochemical
analysis system and GPES 4.9 soware package (Eco Chemie,
The Netherlands). The raw data were also treated using the
Savitzky and Golay lter (level 2) of the GPES soware, followed
by the moving average baseline correction with a “peak width”
of 0.03. The three-electrode system consisted of the pencil
Scheme 1 Electrochemical sensing of MSCs differentiation by using the
genomagnetic assay.

This journal is ª The Royal Society of Chemistry 2013
graphite electrode (PGE), an Ag/AgCl/KCl reference electrode
and a platinum wire as the auxiliary electrode.

The preparation of magnetic particles and the hybridization
process were performed on the magnetic separators, MCB 1200
(Sigris, USA).
Chemicals

The biotin capped DNA probes and complementary DNA
oligonucleotides (ODN), were purchased (as lyophilized
powder) from TIB Molbiol (Germany). The base sequences of
ODNs are:

Osteocalcin (OSC) OSC-Probe (38 bp). 50-biotin-TTG AGC
TCA CAC ACC TCC CTC CTG GGC TCC AGG GGA TC-30

Target (38 bp). 50-GAT CCC CTG GAG CCC AGG AGG GAG
GTG TGT GAG CTC AA-30

Osteonectin (OSN) OSN-Probe (52 bp). 50-biotin-CAA AGA
AGT GGC AGG AAG AGT CGA AGG TCT TGT TGT CAT TGC TGC
ACA CCTT-30

Target (52 bp). 50-AAG GTG TGC AGC AAT GAC AAC AAG ACC
TTC GAC TCT TCC TGC CAC TTC TTTG-30

Osteopontin (OSP) OSP-probe (48 bp). 50-biotin-GCT TTC
CAT GTG TGA GGT GAT GTC CTC GTC TGT AGC ATC AGG GTA
CTG-30

Target (48 bp). 50-CAG TAC CCT GAT GCT ACA GAC CAG GAC
ATC ACC TCA CAC ATG GAA AGC-30

All ODN stock solutions were prepared with Tris–EDTA
buffer solution (10 mM Tris–HCl, 1 mM EDTA, pH: 8.00; TE)
and kept frozen. More dilute solutions of ODNs were prepared
with either TTL buffer (100 mM Tris–HCl, pH 8.0, and 0.1%
Tween20 and 1 M LiCl), or 50 mM phosphate buffer solution
(PBS, pH 7.40) according to the hybridization protocol.

Streptavidin coated magnetic particles (magnetic beads) of
0.94 mm diameter were purchased from Estapor, Merck
(France). Other chemicals were of analytical reagent grade, and
supplied from Sigma and Merck.
Isolation of MSCs

The procedure has been previously described in detail.33 Briey,
human bone marrow derived mesenchymal stem cells (hBM-
MSCs) were isolated from the iliac crest of patients (n ¼ 5, 4–7
years old) aer the informed consent of patients and ethics
committee approval of Kocaeli University. Starting with 2–4 mL
of bone marrow aspirate, low density mononuclear cells were
separated by Ficoll-histopaque gradient (1.077 g mL�1) centri-
fugation. Aer several washing steps with PBS (Invitrogen/
GIBCO, Paisley, UK), they were plated on tissue culture asks at
a density of 1.4 � 105 cells per cm2 in MEM-Earle medium
containing 15% fetal bovine serum (FBS; Invitrogen/GIBCO),
100 IU mL�1 penicillin, and 100 mg mL�1 streptomycin (Invi-
trogen/GIBCO). The cells were incubated under standard
culture conditions (37 �C in a humid atmosphere with 5% CO2).
The adherent cells were selected by refreshing the culture media
once every three days. The adherent cells grown to 70% con-
uency were dened as passage zero (P0) cells. Later passages
were named accordingly. For cell passage, the cells were
Analyst, 2013, 138, 5424–5430 | 5425
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detached by treatment with trypsin-EDTA solution (0.25% (w/v),
Invitrogen/GIBCO).

For the characterization of MSCs, the cells were cultured rst
until P3. Then, ow cytometry analyses were performed to
detect the stem cell specic surface markers, and the cells were
differentiated into three lineage cells to show their differentia-
tion characteristics.

Flow cytometry

Undifferentiated hBM-MSCs (P3) were subjected to ow
cytometry analysis by FACSCalibur (BD Biosciences, San Jose,
CA, USA). Immunophenotyping of hBM-MSCs was performed
with antibodies against human antigens CD3, CD4, CD5, CD7,
CD8, CD10, CD11b, CD13, CD14, CD15, CD19, CD29, CD33,
CD34, CD44, CD45, CD54, CD71, CD73, CD90, CD105, CD106,
CD117, CD146, CD166, HLA-ABC, HLA-DR, HLA-G and Stro-1
(BD Biosciences, San Diego, USA).

Characterization of differentiation capacity

The stem cells were cultured under three different dened
media in vitro to demonstrate their capacity to differentiate into
osteogenic, adipogenic and neurogenic cell lines.33 The cells
were cultured on poly-L-lysine coated glass slides as described
previously.33

To induce adipogenic differentiation, cells were cultured
with Mesencult MSC Basal Medium supplemented with 10%
adipogenic supplement (StemCell Technologies Inc., Vancou-
ver, BC, Canada) and 1% penicillin/streptomycin for 3 weeks.
The medium was refreshed every 2–4 days. Intracellular lipid
droplets indicating adipogenic differentiation were conrmed
by Oil Red O staining with 0.5% Oil Red O (Sigma-Aldrich, St.
Louis, MO, USA).

For osteogenic differentiation, the cells (P3) were cultured in
the osteogenic differentiation medium (MEM-Earle supple-
mented with 0.1 mM dexamethasone (Sigma-Aldrich), 0.05 mM
ascorbate-2-phosphate (Wako Chemicals, Richmond, VA, USA),
10 mM b-glycerophosphate (Sigma-Aldrich), 1% antibiotic/
antimycotic and 10% FBS) for 4 weeks. The differentiation was
assessed by alizarin red staining. Cells were xed for 5 min in
ice-cold 70% ethanol and stained with alizarin red solution (2%,
pH 4.2) for 30 s.

To induce neurogenic differentiation, cells (P3) seeded on
collagen (type I) coated cover slips were cultured until 70%
conuence. Then, cells were cultured for 5 days in differentia-
tion medium (MEM-Earle supplemented with 0.5 mM iso-
butylmethylxanthine (IBMX), 10 ng mL�1 brain-derived
neurotrophic factor (BDNF), epidermal growth factor (EGF),
basic broblast growth factor (b-FGF), neural stem cell prolif-
eration supplements (Stem Cell Technologies Inc.) and 1%
penicillin/streptomycin). Differentiation was assessed by
immunouorescence staining of HNK-1ST (Thermo Scientic,
Cheshire, UK) and tubulin-b3 (Santa Cruz Biotechnology, Hei-
delberg, Germany).

Tube formation of the cells (P3) was induced by culturing on
Matrigel (BD Biosciences). 100 mL of Matrigel was incubated at
37 �C for at least 30 min to solidify, and cells suspended in
5426 | Analyst, 2013, 138, 5424–5430
serum supplemented medium were spread on Matrigel-coated
wells to a nal density of 2.5 � 104 cells per cm2. The formation
of tube-like structures wasmonitored aer 24 h of culture under
standard conditions.
Real-time PCR

The expression of osteogenic markers by the stem cells was
analyzed by real-time PCR with the following genes: OSC (BGLAP;
AGCCCTCACACTCCTCGCC/GCCTCCTGAAAGCCGATGTG), OSN
(SPARC; TCTTCCCTGTACACTGGCAGTTC/AGCTCGGTGTGGGA
GAGGTA),OSP (SPP1; CAGTGACCAGTTCATCAGATTCATC/CTAG
GCATCACCTGTGCCATACC). The results were analyzed and the
PCR efficiency was calculated by Light Cycler Soware (Roche,
version 4). An efficiency value of 1.85–2.0 was considered signif-
icant for analysis. The crossing points were assessed and plotted
against the serial dilution of known concentrations of the stan-
dard (ACTB; TGGCACCACACCTTCTACAATGAGC/GCACAGCTTC
TCCTTAATGTCACGC) derived from each gene by the Fit Points
method. For detection of any possible DNA contamination in
samples, amplication of any endogenous control genes, i.e.
ACTA2 (ATGAGGGCTATGCCTTGCCC/CCCGATGAAGGATGGC
TGGA) and Nestin (CTCTGACCTGTCAGAAGAAT/GACGCTGA
CACTTACAGAAT) were checked by real-time PCR. Any measure-
ment below the threshold value until 35 cycles was accepted as no
amplication.
Sample preparation

The undifferentiated MSCs (P4) were harvested by trypsin-
EDTA solution, as described. The cells were washed twice
with PBS solution and suspended in 200 mL PBS solution
before RNA isolation. High Pure RNA Isolation Kit (Roche,
Mannheim, Germany) was used for total RNA isolation and
single strand cDNA was synthesized using Transcriptor High
Fidelity cDNA Synthesis Kit (Roche) according to the manu-
facturers' instructions. The differentiated cells (P4) were not
detached from the surface. Instead, the 200 mL PBS solution
was directly added onto the cells, which were still attached on
the culture plate surface, aer the washing steps. The lysis
buffer was added and mixed with a Pasteur pipette several
time. The rest of the procedure was performed according to
the product instructions. The quality of RNA samples
was estimated by the ratio of absorbance measurements
(260 nm/280 nm).
Electrode preparation

The PGE was used in voltammetric measurements for the
electrochemical detection of DNA hybridization. A Tombo�
pencil was used as a holder for the graphite lead. Electrical
contact with the lead was obtained by soldering a metallic
wire to the metallic part. The pencil was held vertically with
14 mm of the lead extruded outside (10 mm of which was
immersed in the solution). PGE was pretreated by applying
+1.40 V for 30 s in 0.5 M acetate buffer containing 20 mM
NaCl (ABS, pH 4.80).
This journal is ª The Royal Society of Chemistry 2013
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Preparation of probe-coated magnetic particles and DNA
hybridization on surface of the magnetic particles DNA
hybridization with synthetic oligonucleotides on the surface
of the magnetic particles

The preparation of ODN-coated magnetic particles (magnetic
beads, MBs) was performed by following the reported proce-
dure.34–36 5 mL of streptavidin-coated MB was transferred into a
1.5 mL centrifuge tube. Aer washing step, the MBs were
resuspended in 30 mL TTL buffer (250 mM Tris–HCl, pH ¼ 8.0,
0.1% Tween20 and 1 M LiCl) containing 60 mg mL�1 bio-
tinylated OSC, OSN or OSP DNA probes and incubated for 15
min at room temperature with gentle mixing. The immobilized
probes were then separated and washed once with 90 mL TT
buffer (250 mM Tris–HCl, pH ¼ 8.0, and 0.1% Tween20),
resuspended in 20 mL PBS containing 60 mg mL�1 comple-
mentary (target of each probes), or non-complementary
sequences. The hybridization reaction was carried out at room
temperature. The hybridized MB conjugates were then washed
with 90 mL PBS. Alkaline treatment and sample immobilization
onto PGEs were done by following the published procedure.35

The PGEs were connected to the three electrode system of
the electrochemical cell containing ABS buffer for DPV
measurement.
DNA hybridization with cDNA samples at the surface of the
magnetic particles

60 mg mL�1 biotinylated OSC, OSN or OSP DNA probes were
immobilized onto MBs, and then the hybridization process was
performed by following the procedure given above. For the
hybridization step in the presence of cDNA samples, the
samples were rst denatured. For this purpose, the vials con-
taining cDNA samples were kept in boiling water for 5 minutes,
and then they were transferred to�20 �C for 2–3minutes for the
denaturation step.
Voltammetric transduction

The oxidation signals of guanine and adenine weremeasured by
using DPV in ABS by scanning from +0.2 to +1.45 V at the pulse
amplitude of 50 mV and the scan rate of 50 mV s�1.
Fig. 1 Differentiation capacity of hBM-MSCs into three cell lineages. Osteogenic
differentiation of hBM-MSCs occurred after 35 days of induction (A). The mineral
Statistical analysis

All experiments were repeated a minimum of three times. Data
are reported as means � SD. Pearson's interclass correlation
coefficient (r) was used to determine the relative degree of
correlation. The signicance of results was analyzed using a
paired t-test. In all analyzed cases, the results were regarded as
statistically signicant when P < 0.05.
deposition (nodules) were stained positively with Alizarin Red S staining (B and C).
Phase-contrast microscopic appearance of the hBM-MSCs differentiated into
adipogenic lineage of incubation (D). Adipogenic differentiation after 14 days
was marked visually by accumulation of neutral lipid vacuoles in cultures by Oil
Red O staining under light-(E) and fluorescence microscopy (F). In vitro differen-
tiation of hBM-MSCs into neuron-like cells displayed distinct morphology of
neuronal line cells after 2 days and this was confirmed by immunofluorescence
staining for b3-tubulin and HNK-1st (G and H). The nuclei were stained by DAPI
(blue). Tube formation by hBM-MSCs was observed on matrigel after 24 h.
Results and discussion
Cell culture of MSCs and characterization

Isolated cells from human bone marrow (hBM) distributed
sparsely on the culture asks displayed mostly broblast-like,
spindle-shaped morphology during the early days of incuba-
tion. The formation of small colonies, called colony forming
This journal is ª The Royal Society of Chemistry 2013
units, were observed within 5 days in culture, and these primary
cells reached monolayer conuence within 12–15 days. In the
later passages, most of these MSCs exhibited large, attened or
broblast-like morphology (Fig. S1-B and C, ESI†). The ow
cytometry analysis showed that these cells shared the common
immuno-phenotypical characteristics of MSCs: positive for
CD10, CD13, CD29, CD44, CD54, CD71, CD73, CD90, CD105,
CD106, CD146, CD166, HLA-ABC, Stro-1; and negative for CD3,
CD4, CD5, CD7, CD8, CD11b, CD14, CD15, CD19, CD33, CD34,
CD45, CD117, HLA-DR, HLA-G (Fig. S1-D, ESI†).

Under dened culture conditions, the cells underwent osteo-
genic (Fig. 1-A–C), adipogenic (Fig. 1-D–F) and neurogenic
differentiation (Fig. 1-G–H). In the osteogenic differentiation of
hBM-MSCs, the morphology changed from broblast-like to a
multilateral and cuboidal form, which showed a tightly packed
arrangement (Fig. 1-A) and the mineral depositions, called
nodules, were observed aer 35 days of induction. These mineral
clusters were stained positively with Alizarin red S staining
(Fig. 1-B and C). The stem cells also formed small oil droplets in
their cytoplasm in the adipogenic differentiation cocktail
medium (Fig. 1-D). These droplets were stained later with Red Oil
(Fig. 1-E and F). Under phase contrast microscopy, hBM-MSCs
derived neuron-like cells displayed distinct morphologies,
ranging from extensively simple bipolar to large, branched
multipolar cells (Fig. 1-G). The differentiated cells were stained
for typical neuronal markers (b3-tubulin and HNK-1st) (Fig. 1-H).
Besides the differentiation capacity of this cell line, the cells can
form tubular structures on the matrigel (Fig. 1-I). These features
are also typical characteristics of MSCs.33
Analyst, 2013, 138, 5424–5430 | 5427
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Electrochemical detection of sequence-selective DNA
hybridization for osteogenic differentiation using
genomagnetic assay in combination with single-use graphite
sensors

For electrochemical monitoring of osteogenic differentiations
markers; OSC, OSN and OSP in MSCs, rstly the genomagnetic
assay was performed by using the biotinylated DNA probes
immobilized onto the streptavidin coated MBs. Before and aer
the full match hybridization process, the electrochemical
detection was carried out by measuring the oxidation signals of
guanine and adenine respectively observed at about +1.00 V and
+1.20 V. As shown in Fig. 2-I, an increase in the guanine signal
was obtained aer hybridization between OSC probe and its
complementary (target) DNA. However, there was a decrease in
the guanine signal in the case of hybridization of OSN or OSP
probes with their complementary DNA sequences (respectively
shown in Fig. 2-II and III). The changes (decrease/increase) at
the signal could be related to the number of guanine bases and
the position of the guanine bases in the DNA sequence, avail-
able for each DNA probe and its target sequence.37 The increase/
decrease in % of guanine and adenine signals was calculated
and is given in Table S1, ESI.†

Next, selectivity studies were performed while electro-
chemical monitoring of osteogenic differentiation was investi-
gated, and the results are shown in Fig. S2–S4, ESI.† The
selectivity of each DNA probe to its complementary sequence
was tested compared to other complementary DNA sequences
in order to check any possible hybridization event in the
sample. The increase in % of the guanine and adenine signals
was calculated and given in Tables S2–S4† for selectivity
experiments respectively by using each DNA probe, OSC, OSN
and OSP. The highest guanine and adenine signals were
monitored in the presence of hybridization between OSC probe
and its complementary target (Fig. S2, ESI†). While there was an
increase in the guanine signal with the ratio of 102% (Fig S2A-a
to B-a, ESI†), the adenine signal increased to 156 nA (Fig S2A-b
to B-b, ESI†). Despite this fact, the changes in the guanine and
adenine signals measured in the case of hybridization by using
Fig. 2 (A) DPV voltammograms and (B) histograms representing the guanine
and adenine oxidation signals in the absence and presence of hybridization
between OSC (I), OSN (II) and OSP (III) specific DNA sequences and their
complementary target: the guanine (a) and adenine (b) oxidation signals
obtained before hybridization, the guanine (c) and adenine (d) signals after
hybridization. Control experiment performed in buffer solution without DNA (e).

5428 | Analyst, 2013, 138, 5424–5430
OSN and OSP target sequences were not found to be as high as
the signal observed with DNA hybridization of OSC probe using
OSC target sequence itself (shown also in Table S2†). The
adenine signal was measured respectively as 44 and 62 nA in the
possible hybridization of OSC with OSN or OSP target
sequences.

Further selectivity experiments were then performed using
OSN and OSP probes. In the case of full hybridization between
OSN probe and its complementary sequence, there was a decrease
obtained in the guanine signal of 30% (Fig. S3A-a to S3B-a, ESI†),
and an increase observed in the adenine signal with of 283%
(Fig. S3A-b to S3B-b, ESI†). The increase/decrease % of the
guanine and adenine signals for the selectivity of the OSN probe
in DNA hybridization was calculated and given in Table S3, ESI†

The smallest decrease of the guanine signal was recorded in
the case of full hybridization between the OSP probe and its
complementary sequence, while also measuring the adenine
signal (Fig. S4A-b to S4B-b, ESI†). No adenine signal was
measured between the OSP probe and OSC target or OSN target
sequences (Fig. S4C-b to S4D-b, ESI†). The increase/decrease %
of the guanine and adenine signals for the selectivity of OSP
probe in DNA hybridization was calculated and given in Table
S4, ESI.†
Electrochemical analysis of cDNA samples for osteogenic
differentiation in mesenchymal stem cells using sensor
technology

Aer the electrochemical monitoring of sequence-selective DNA
hybridization for osteogenic differentiation was successfully
performed, the detection of expressed genes for osteogenic
differentiation in cDNAmixture derived from total RNA of MSCs
was explored using sensor technology.

With this aim, the possible hybridization was tested using
OSN/OSP/OSC probes in the (osteogenic) differentiated MSCs
samples. A batch of control experiments was also performed
before the differentiation process in OSN, OSC and OSP specic
cDNA samples. The guanine signal was measured accordingly
before and aer the hybridization process by using both
differentiated and non-differentiated samples (Fig. 3). The ratio
of target/non-complementary (T/NC)38,39 was also calculated.
The results were also compared with the expression levels
obtained by real-time PCR analysis (shown in Table 1).

According to the results given in Table 1, the electrochemical
analysis of cDNA samples in mesenchymal stem cells were
Fig. 3 Histograms representing the guanine (a) and adenine (b) signals in the
presence of hybridization in differentiated (A), or non-differentiated (B) cDNA
samples using OSC (I), OSN (II) and OSP (III) DNA probes.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3an00912b


Table 1 Comparison of electrochemical and real-time PCR analysis results by
using after/before differentiation ratios based on the oxidation signals of guanine

Electrochemical
analysis

Real-time PCR
analysis

OSP 1.14 1.02
OSC 1.21 1.61
OSN 1.36 1.78
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consistent with the results obtained by real-time PCR. The
correlation coefficient between the electrochemical and real-
time PCR analyses was calculated as +0.87(r). The high calcu-
lated Pearson's value indicates that the correlation between
these two measurements is notably high. Aer hybridization
between OSC (Fig. 3I-A), OSN (Fig. 3II-A), or OSP (Fig. 3III-A),
DNA probes and with differentiated cDNA samples, the average
guanine signals (n ¼ 3) were recorded respectively as 3030.5 �
98.9 nA (RSD % ¼ 3.3%), 2468.5 � 402.3 nA (RSD % ¼ 16.3%)
and 3703.5 � 44.5 nA (RSD % ¼ 1.2%). Notably, the average
adenine signal (measured as 132.3 � 58.0 nA, n ¼ 3) could be
measured in the presence of hybridization only with the OSC
DNA probe (shown in Fig. 1A-b).

This experiment was repeated three times using non-differ-
entiated cDNA samples for hybridization with OSC (Fig. 3I-B),
OSN (Fig. 3II-B), and OSP (Fig. 3III-B) DNA probes and the
guanine signals were measured respectively as 2490 � 353.6 nA
(RSD% ¼ 14.2), 3256.3 � 132.9 nA (RSD% ¼ 4.1) and 1816.7 �
521.8 nA (RSD% ¼ 28.7) (n ¼ 3). Consequently, the larger and
more reproducible guanine signals measured in the presence of
hybridization in the differentiated cDNA samples compared to
the results obtained in the non-differentiated cDNA samples.

The detection of DNA by hybridization is a conventional
method in molecular studies that was introduced before the
techniques requiring amplication of the target fragment.40

Although the DNA-hybridization method is very strong, the lack
of sensitive detection methods is a weak point. The develop-
ment of DNA sensors based on hybridization attracts substan-
tial research efforts.41 Although amplication is still preferred
in some systems,42 label free direct measurement has also been
developed.43
Conclusion

It was aimed herein to design an electrochemical sensor tech-
nology in combination with genomagnetic assay that is capable
of selectively detecting the osteogenic differentiation related
indicator proteins; OSC, OSN and OSP. A sequence-selective
DNA hybridization using an efficient and selective genomag-
netic assay was performed for the rst time in our study in order
to voltammetrically detect the osteogenic differentiation
markers at the pencil graphite electrode (PGE). This genomag-
netic assay in combination with sensor technology was then
applied successfully for osteogenic differentiation in MSCs.
Moreover, the work represented here has also presented a
realistic potential application to be carried out in cDNA
samples. The results obtained by electrochemical analysis in
This journal is ª The Royal Society of Chemistry 2013
cDNA samples were found to be in good agreement with those
obtained by real-time PCR.

The single-use graphite sensor platform will be a promising
device for the development of chip technology in the future,
including for stem cell applications, due to the favorable
properties of PGE including its reproducibility, robustness,
sensitivity, cost effectiveness, easy to use (single-use) and
portable nature in contrast to other electrochemical trans-
ducers including gold electrodes, glassy carbon electrodes, and
hanging mercury drop electrodes.

In contrast to recent studies in the literature,22–28 it is
possible to voltammetrically detect herein the differentiated
stem cells by measuring the oxidation signal of guanine before
and aer the hybridization process, following a less time-
consuming and simple protocol, that does not require any redox
probe, or any expensive chemicals such as enzymes or gold
nanoparticles, or any expensive transducers e.g., gold surfaces,
or indium tin oxide electrodes.24,27,28

One of the advantages of this kind of system could be the
time-saving feature. For the time being, the commonly
preferred method in the measurement of gene expression levels
in a cell population is real-time PCR. This method involves
repetitive cycles of a thermal processes, which requires time for
the cycling process, besides the use of specialized chemicals.
This method enables the direct measurement of samples
effectively in a short time.44 Such systems might be critical in
the decision mechanism where time plays a critical role. When
stem cells and their differentiated cells are intended to apply to
regenerative medicine, characterization of stem cells is an
important issue. Therefore, the standardization of stem cells is
critical. With the label free method developed in this study, the
DNA based electrochemical detection method could effectively
trace the expression of specic genes to determine the stem cell
differentiation. This study on genes of osteogenic cell lines is
not limited to stem cell differentiation, but could be extended to
other applications, where the detection of DNA is substantial.
The lack of an amplication step also makes the system
partially immune to the effect of contaminants. The inhibitory
effect of contaminants on the amplication of DNA fragments
leads to inaccurate results and for that reason, PCR requires the
use of high quality materials. The electrochemical sensor
directly detects the specic fragment from the DNA mixture
without amplication. The mismatch specicity is, however, a
major concern that could be improved by the of the chemicals
and the composition of the detection media .45 In addition, this
alternative way to detect the differentiation does not require
certain laborious steps including staining and ow cytometry.

We expect that the advanced electrochemical sensor plat-
forms will be alternatively used in the stem cell research area
compared with conventional methods.
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