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Abstract
We present an electrochemical DNA detection strategy based on self-assembled ferrocene-cored poly(amidoamine) dendrimers
for the detection of a gene relevant to breast cancer. The chemisorption of three ferrocene-cored poly(amidoamine) generations
and hybridization of single-stranded DNA on a Au electrode were studied by cyclic voltammetry and differential pulse volt-
ammetry. The biosensor demonstrated high sensitivity of 0.13 μA/(ng/ml) in the detection of the target DNAwith a linear range
of 1.3–20 nM and a detection limit of 0.38 nM. The DNA biosensor also has high selectivity for the target DNA, showing a clear
signal difference from a noncomplementary sequence and a single-base-mismatch sequence, which was used as a model of
BRAC1 gene mutation. The results shown are highly motivating for exploring DNA biosensing technology in the diagnosis of
breast cancer caused by mutation of the BRAC1 gene.
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Introduction

DNA-biosensor-based diagnostics has attracted considerable
attention because of simple nucleic acid hybridization and
applicability in the detection of various diseases, such as tu-
berculosis [1], meningitis [2], lung cancer [3], and breast can-
cer [4–6]. Cancer is the second-leading cause of death world-
wide, and was responsible for 9.6 million deaths in 2018 ac-
cording to the World Health Organization [7]. Among all can-
cers, breast cancer is the most common cancer affecting
women’s health worldwide, with approximately two million
breast cancer cases in 2018 according to the World Health
Organization. It is estimated that more that 80% of inherited
breast and ovarian cancers are caused by mutations in the
tumor suppressor breast cancer type 1 susceptibility protein

gene (BRCA1) [8, 9]. Mutations identified in the BRAC1 gene
involve deletions, inferred regulatory mutation, a missense
substitution, and a one-pair insertion [10]. The breast cancer
survival rate in developed countries is 80% or greater; how-
ever, in low-income countries the rate is below 40% [11],
which is mainly due to the lack of early detection methods.
Current diagnostic methods preformed in commercial labora-
tories are usually based on commercial kits that include DNA
extraction, isolation, amplification, etc. [12], and the cost of
testing can range from a few hundred dollars to a few thousand
dollars. For this reason, the development of reliable and af-
fordable technology for early diagnosis of breast cancer is in
high demand.

Among the different types of DNA sensors and detection
technologies, electrochemical DNA biosensors are particularly
attractive because of their high sensitivity, simplicity, miniatur-
ization, and low cost [4, 13]. These biosensors, at the molecular
level, have elegant routes for interfacing, such as DNA recog-
nition and signal-transduction events where DNAhybridization
sensors rely on the conversion of the hybridization of the DNA
probe and the target DNA into an electrical signal [13]. To
obtain a useful electrical signal, chemical modification of the
electrode surface has to be done carefully so that surface can be
a suitable interface for the immobilization of the probe DNA.
Furthermore, to increase signal intensity and sensitivity of the
biosensors, different types of redox markers are incorporated in
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the immobilization matrix. One of the most familiar redox
markers is ferrocene.

Ferrocene serves as a redox marker and electron-transfer
mediator between the biological recognition element and the
electrode surface. Ferrocene and its derivatives have been
widely used in electrochemical biosensing because of their
favorable characteristics, including low oxidation potential,
stability in each redox state, and capacity for fast electron
transfer [14–17], and have been applied in different DNA-
and cancer-biomarker-based biosensors [18–20]. On the other
hand, dendrimers, which cannot act as a redox marker, are
highly branched globular-shaped structures with a diameter
of 2–20 nm. Dendrimers are one of the most preferred syn-
thetic macromolecules for biosensing because of their extraor-
dinary characteristics, such as monodispersibility, controllable
size and surface functional groups, hydrophilicity, and chem-
ical and mechanical solidity [21, 22]. Synthesis of
poly(amidoamine) (PAMAM) dendrimers was first reported
in 1985 by Tomalia and his coworkers [23], where they had an
ethylenediamine core and an amidoamine repeating monomer
[22, 24]. The advantage of using these dendrimers in

biosensing applications comes from the presence of covalent-
ly modifiable branches with biorecognition materials such as
enzymes, aptamers, and nucleotide probes. PAMAM
dendrimers are an excellent platform that has been successful-
ly applied in DNA detection [25, 26], cancer detection [19,
27], and enzymatic biosensors [28–30]. Because of the high
number of amine groups on the PAMAM surface, PAMAM
can provide a larger amount of probe DNA immobilization,
which can decrease the detection limit. Moreover, including
ferrocene as a redox marker together with dendrimers can
increase sensitivity and provide more persistent surface mod-
ification, leading to better reproducibility.

In this work, for first time we explore the application of three
different ferrocene-cored PAMAM (Fc-PAMAM) generations
in electrochemical DNA biosensing for breast cancer detection.
The biosensor was fabricated by immobilization of single-
stranded DNA (ssDNA) on self-assembled Fc-PAMAM by
the bifunctional cross-linker glutaraldehyde. The electrode
showed high selectivity toward target DNA and excellent dif-
ferentiation of noncomplementary, single-base-mismatch, and
target DNA sequences. The biosensor has a wide linear range

Fig. 1 Preparation of the DNA biosensor based on three different generations of ferrocene (Fc)-cored poly(amidoamine) (PAMAM). G1 generation 1,
G2 generation 2, G3 generation 3, ssDNA single-stranded DNA

Şene M. et al.



of 10–150 ng DNA per milliliter (1.3–20 nM), a detection limit
of 2.9 ng/ml (0.38 nM), and sensitivity of 0.13 μA/(ng/ml).

Experimental

Materials and instruments

Ferrocene carboxyaldehyde, cystaminium dichloride, and glu-
taraldehyde were purchased from Sigma-Aldrich, and methyl
acrylate and ethylenediamine were purchased fromMerck. The
Fc-PAMAM dendrimers with different generations [generation
1 (G1), generation 2 (G2), and generation (G3)] were synthe-
sized according to our previous study [31]. All other chemicals
were of analytical grade and were used without further

purification. All oligonucleotides were purchased from
Alpha-DNA (USA or Canada).

The base sequences of the oligonucleotides studied are as
follows:

Probe sequence (5′–3′) [NH2] ATGGCTGCGTGTGA
CGCGCTCAG
Target sequence (5 ′–3 ′) CTGAGCGCGTCACA
CGCAGCCAT
One-point-mutation sequence: (5′–3′) CTGGGCGC
GTCACACGCAGCCAT
Noncomplementary sequence: (5′–3′) AATACCTG
TATTCCTCGCCTGTC

Electrochemical measurements were performed with a CHI
842B analyzer (CH Instruments) with a conventional three-

Fig. 2 Cyclic voltammograms obtained with different scan rates (50–500 mV/s) of ferrocene-cored poly(amidoamine) (Fc-PAMAM) generations: a
generation 1 (G1), b generation 2 (G2), and c generation 3 (G3). d Anodic and cathodic peak currents versus the square root of the scan rate
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electrode electrochemical cell having a Au rod electrode as the
working electrode, Pt as the counter electrode, and Ag/AgCl
(saturated KCl) as the reference electrode, all purchased from
CH Instruments.

Preparation of the biosensor

Modification of Au electrode surface

Before any modification, to remove any remaining im-
purities, the Au electrode (surface area of 0.031 cm2)
was polished with alumina powder, followed by wash-
ing with distilled water, 95% ethanol, and acetone.
Electrochemical cleaning was performed by our etching

the Au electrode in 0.5 mM H2SO4 solution by a cyclic
voltammetry (CV) scan between −0.3 and 1.7 V until a
reproducible voltammetric response was obtained. After
cleaning, the electrode was immersed overnight in
20 mM cysteamine aqueous solution (Fig. 1a), and then
it was thoroughly rinsed with distilled water to remove
physically adsorbed cysteamine. Later, the electrode was
immersed in 2.5% glutaraldehyde solution for 2 h (Fig.
1b), after which Fc-PAMAM modification was per-
formed by our incubating the electrode in methanolic
solution of 0.21 μM Fc-PAMAM dendrimers of three
generations for 12 h at room temperature (Fig. 1c).
Finally, electrodes were treated with 1% glutaraldehyde
for 30 min before DNA immobilization.

Fig. 3 a Cyclic voltammetry comparison of different generations of
ferrocene-cored poly(amidoamine) (Fc-PAMAM): Au electrode (a), gen-
eration 1 (G1) electrode (b), generation 2 (G2) electrode (c), and gener-
ation (G3) electrode (d) in 10 mM phosphate-buffered saline, pH 7.4, at
10 mV/s. Electrochemical characterization by cyclic voltammetry of Fc-

PAMAM-modified electrodes: b G1, c G2, and d G3. Cyclic voltammo-
grams of the bare Au electrode, Fc-PAMAM (G1, G2, G3), single-
stranded DNA (ssDNA) probe, and complementary strand (target
DNA) recorded at 100 mV/s are also shown. AuE Au electrode
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Immobilization of ssDNA and hybridization

The covalent immobilization of amine-modified complementa-
ry ssDNA sequences on the Fc-PAMAM-modified Au elec-
trode (Au-Fc-PAMAM) was achieved by our drop casting glu-
taraldehyde (1%) and then leaving the electrode for 30 min at
room temperature (Fig. 1d, e). Glutaraldehyde served as the
linker between two amine groups: one from the dendrimers
and the other from the ssDNA. The electrode was gently rinsed
with ultrapure water, followed by our drop casting ssDNA on
the active electrode surface and incubation for 1 h at room
temperature. The fabricated electrode (Au-Fc-PAMAM/
ssDNA) was ready to be used to analyze the interaction of
immobilized complementary ssDNAwith the target sequence.
The hybridization was achieved by our incubating the Au-Fc-
PAMAM/ssDNA electrode with the target ssDNA sequence for
1 h at room temperature (Fig. 1f). After hybridization, the bio-
sensing electrode was once more gently rinsed with ultrapure
water and was then used for the electrochemical measurements.

Results and discussion

Electrochemical characterization and optimization
studies

The electrochemical properties of the biosensing electrode
were analyzed by our recording the oxidation states and
electron-transfer behavior under the effect of different scan
rates in 10 mM phosphate-buffered saline, pH 7.4, in the po-
tential range from 0.0 to 0.6 V. Figure 2 shows a series of CV
scans of Fc-PAMAMG1 (Fig. 2a), Fc-PAMAMG2 (Fig. 2b),

and Fc-PAMAM G3 (Fig. 2c) modified electrodes, recorded
by our increasing the scan rate from 50 to 500 mV/s. The
electrochemistry of Fc-PAMAM was dominated by one-
electron reversible oxidation of the ferrocene nucleus. The
oxidation peak illustrates the point where Fe(II) is oxidized
to Fe(III), while the negative scan indicates the reduction of
Fe(III). Further increase in the scan rate resulted in increase in
both anodic and cathodic peak current, indicating a quasi-
reversible process [19, 30]. The oxidation peak potential for
Fc-PAMAM G1 was 0.4 V and the reduction peak potential
was 0.33 V; for Fc-PAMAM G2 and Fc-PAMAM G3 the
oxidation peak potential was 0.4 V and the reduction peak
potential was 0.35 V. The higher the generation of the dendri-
mer, the further away the dendrimer keeps the ferrocene from
the electrode surface, which results in a decrease in the inten-
sity of the oxidation–reduction peaks. The results clearly il-
lustrate that a dendrimer that extends from the electroactive
ferrocene core tends to hinder the heterogeneous electron-
transfer reactions of these dendrimers with the electrode.
Figure 2d illustrates the cathodic and anodic linear relation
of the peak currents obtained with increase of the square root
of the scan rate (V1/2). Linearity in V1/2 indicates that charge
propagation in the dendrimers occurs by a diffusion-like pro-
cess, where electrons are hopping among neighboring redox
sites and there is counterion motion. A linear correlation also
confirms that the kinetics of the overall process was mainly
controlled by the diffusion process.

CV scans of the electrodes modified with different Fc-
PAMAM generations are shown in Fig. 3a. No reversible
redox peaks corresponding to ferrocene were seen for the
bare Au electrode. However, when Fc-PAMAM
dendrimers were self-assembled on the Au electrode, a

Fig. 4 Differential pulse voltammetry scans obtained from the a optimization study of the concentration of amine-modified probes used for electrode
modification (n = 3) and b the optimization study of the hybridization time of amine-modified probes and target sequences (n = 3).
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pair of well-defined redox peaks was observed for all
generations. The intensity of the oxidation–reduction
peaks decreased with increase in the dendrimer genera-
tion, and was probably caused by the decreased electron
transfer through dendrimer branches and increased dis-
tance of the ferrocene probe from the electrode surface.
Further modification steps, which included ssDNA immo-
bilization and the hybridization of complementary se-
quence (target DNA), were also characterized by CV.
Figure 3b–d (G1, G2, and G3) shows that ssDNA immo-
bilization and later hybridization of the target DNA
caused a further decrease in the intensity of the current
peaks coming from the ferrocene probe. To evaluate how
different dendrimer generations perform in DNA hybridi-
zation detection, further experiments were performed with
differential pulse voltammetry (DPV).

Before the analytical performance of the DNA biosensor
was investigated, the ssDNA probe concentration and hybrid-
ization timewere optimized. Figure 4a shows the results of the
study performed to investigate the effect of different concen-
trations of the ssDNA sequence on the current response of the
Au-Fc-PAMAM electrode. DPV was performed over the
range from 0.2 to 0.6 V at an amplitude of 50 mV/s with the
Au-Fc-PAMAM electrode, after which it was modified with
amine-modified ssDNA probes of 50, 100, 150, 200, and 250
ng/ml concentration. The DPV current peak corresponding to
ferrocene decreases as the amount of immobilized amine-
modified probe increases. There was a linear increase in the
current change until the concentration reached 150 ng/ml, af-
ter which the current difference slowly decreased (insert in
Fig. 4a). This indicates that the maximum amount of the
DNA probe had been immobilized on the electrode surface.

Fig. 5 Differential pulse voltammetry measurements of different
ferrocene-cored poly(amidoamine) (Fc-PAMAM) generations with dif-
ferent target DNA concentrations in the range from 10 to 250 ng/ml: a

generation 1 (G1), b generation 2 (G2), and c generation 3 (G3). d
Comparison of the calibration curves of DNA biosensing electrodes
based on Fc-PAMAM G1, G2, and G3.
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The reaction between Au-Fc-PAMAM/ssDNA and the target
sequence requires an incubation period of a certain length, and
because this time significantly affects the sensitivity and per-
formance characteristics of the biosensing electrode, the opti-
mum incubation time was determined as well (Fig. 4b). This
set of experiments was performed by our recording DPV
scans of the working electrode subjected to hybridization
times of 10, 20, 40, 60, and 120 min. The response of the
proposed DNA biosensor increased with the increase of the
hybridization time until 40 min, after which it started to level
off. Incubation of the electrode for 2 h resulted in no change in
the DPV signal compared with 60 min, suggesting that com-
plete hybridization of target DNA to the probe sequence had
occurred. Therefore, 60 min was selected as the optimum
hybridization time for the dendrimer-based electrode, which
is similar to the time reported in the literature [32].

Analytical characteristics of the DNA biosensor

The analytical performance of Au-Fc-PAMAM/ssDNA sens-
ing electrodes was studied with target DNA with concentra-
tions ranging from 10 to 250 ng/ml. Experiments were per-
formed with electrodes modified with three different genera-
tions of Fc-PAMAM dendrimers: G1, G2, and G3. After in-
cubation of the electrode in the target DNA solution, DPVwas

performed in the range from 0.2 to 0.6 Vat a pulse amplitude
of 50 mV/s in 50 mM phosphate-buffered saline (pH 7.4).
Figure 5 illustrates a decrease in the redox current of the ox-
idation wave of ferrocene with increasing concentration of
complementary DNA target. This variation in current intensity
can be explained by the formation of double-stranded DNA
(dsDNA) on the surface of the polymer membrane, which
affects the electron transfer from the redox center to the sur-
face. Basically, the blocking effect of dsDNA on the ionic
transfer in the polymer membrane and also the effect of neg-
atively charged DNA attached to the layer prevents the elec-
tron transfer from the redox center by electron hopping.
Similar results were obtained in previous work in the case of
polypyrrole associated with ferrocene [33–35]. Electrodes
modified with G1 (Fig. 5a), G2 (Fig. 5b), and G3 (Fig. 5c)
showed similar behavior, where the highest current peak was
observed at a target DNA concentration of 10 ng/ml, after
which the current decreased as the target DNA concentration
increased, reaching the lowest current at 250 ng/ml. Although
all the electrodes have similar behavior, the key difference is
in the maximum current obtained after target DNA hybridiza-
tion had been achieved. This is attributed to the dendrimer
size, which dictates the distance of the ferrocene probe from
the electrode surface [36] and also has a large impact on the
overall response of the biosensor. This was also observed in

Table 1 Comparison of the analytical performances of different previously reported electrodes with the proposed biosensor

Electrode Transducer Linear range Detection limit Reference

ssDNA/ZrO2/Au DPV 1–150 μg/ml 0.065 μg/ml [1]

MP/AuNP/SPCE DPV 0.01–10 μg/ml 0.01 μg/ml [40]

ODN/LDH EIS 18–270 ng/ml 1.8 ng/ml [41]

Single-stranded thiolated DNA/Ni/ZnO/ITO DPV/EIS 5–200 μg/ml 5 μg/ml [42]

ZnO/CNT nanocomposite DPV/EIS 5–180 μg/ml 5 μg/ml [43]

ssDNA/SH/Au electrode CV 10–60 μg/ml NA [2]

Au/PAMAM/CP EIS 0.1–100 nM 0.033 nM [25]

PAMAM(G4.5)/DNA EIS 0.1–100 nM 2.5 pM [26]

ds-DNA/PAMAM/REGO DPV 7–60 μM and 60–300 μM 0.56 μM [44]

MWCNT/PPy/PAMAM/Fc SWV 1 fM to 10 pM for DNAs
1–100 fM for DNAL

0.3 fM [20]

PAMAM (G1)/DNA/MB DPV 2 nM to 0.2 μM 1 nM [37]

GCE/PPI/AuNP EIS 0.01–5 nM NA [45]

Fc-PAMAM G1 DPV 10–150 ng/ml
1.3–20 nM

2.9 ng/ml
0.38 nM

This work

Fc-PAMAM G2 DPV 10–200 ng/ml
1.3–26 nM

7.02 ng/ml
0.92 nM

This work

Fc-PAMAM G3 DPV 10–230 ng/ml
1.3–33 nM

5 ng/ml
0.66 nM

This work

The detection limit is calculated by three times the standard deviation of the background signal divided by the sensitivity

AuNP gold nanoparticle, CNT carbon nanotube, CP capture probe, CV cyclic voltammetry, DPV differential pulse voltammetry, EIS electrochemical
impedance spectroscopy, Fc ferrocene, G1 generation 1, G2 generation 2, G3 generation 3, G4.5 generation 4.5, GCE glassy carbon electrode, ITO
indium tin oxide, LDH layered double hydroxide,MBmethylene blue,MPmagnetic particle,MWCNTmultiwalled carbon nanotube, NA not available,
ODN oligonucleotide, PAMAM poly(amidoamine), PPI poly(propyleneimine), PPy polypyrrole, REGO reduced graphene oxide, SPCE screen-printed
carbon electrode, ssDNA single-stranded DNA, SWV square wave voltammetry, DNAS short chains of 15 bases, DNAL long chains of 75 bases
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the calibration plot (Fig. 5d), which represents current change
(ΔI) versus concentration of target DNA, where ΔI was cal-
culated as Δ I=I(Fc -PAMAM(G1 ,G2 ,G3 ) / s sDNA) - I ( Fc -
PAMAM(G1,G2,G3)/ssDNA/target DNA)). Increase in the dendrimer
generation could ideally provide more surface area for DNA
probe immobilization; however, it also may reduce the ferro-
cene signal. As seen in Fig. 5d, the first generation of
PAMAM had the highest ΔI, which reflects the electrode’s
sensitivity, which is 0.13 μA/(ng/ml), almost several times
higher than the sensitivity of G2 and G3. Increase in the target
DNA concentration to 200 and 250 ng/ml resulted in very
weak variation in the electrochemical signal. The linear re-
gression equation and the correlation coefficient (R) for differ-
ent generations of Fc-PAMAM are as follows:

G1: ΔI = 0.1078[target DNA] + 3.5156, R= 0.9985;
G2: ΔI = 0.0366[target DNA] + 6.3248, R= 0.9989;
G3: ΔI = 0.0133[target DNA] + 3.7341, R= 0.9936.

All electrodes showed excellent performance in the detec-
tion of target DNA, with a wide linear range and low detection
limits of 2.9 ng/ml (0.38 nM) for G1, 7.02 ng/ml (0.92 nM) for
G2, and 5.0 ng/ml (0.66 nM) for G3. The electrode based on
the first generation of PAMAMshowed the highest sensitivity,
0.13 μA/(ng/ml). Table 1 presents a comparison of the analyt-
ical performances of the proposed electrodes with those of
DNA biosensors based on different nanomaterials and
dendrimers reported in previous studies. The proposed

Fig. 6 Differential pulse voltammetry scans from the selectivity study
performed with electrodes based on ferrocene-cored poly(amidoamine)
(Fc-PAMAM) generation 1 (G1) (a), generation 2 (G2) (b), and genera-
tion (G3) (c) incubated with different DNA sequences: complementary,

noncomplementary, and one-base mismatch (MM). d Comparison of the
current response of the biosensing electrodes used in the selectivity study.
AuE gold electrode, ssDNA single-stranded DNA
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biosensor exhibits better performance characteristics than
most of the previously reported biosensors, and it introduces
a new concept by integrating Fc-PAMAM for DNA-based
biosensors.

In comparison with the previous detection strategy that
used PAMAM dendrimer and methylene blue as the redox
marker for DNA sensing [37], Fc-PAMAM is advantageous
because incorporation of the redox marker into the dendrimer
provides more persistent surface modification, resulting in
better performance, such as a low detection limit. Different
concentrations of methylene blue can influence the binding
capacity of DNA, which adds an extra modification step to
electrode fabrication, and thus could lead to less persistent
surface modification. The biosensor is further compared with
ferrocene-based electrochemical DNA biosensors such as the
biosensor reported by Fan et al. [38], where the detection
strategy involves ferrocene-tagged DNA stem-loop. The ad-
vantage of Fc-PAMAM over the aforementioned strategy is
that the redox marker is always the same distance from the
electrode, whereas in strategies based on ferrocene-tagged
DNA stem-loop, the redox mediator position will change
when target DNA hybridizes, which eventually leads to lower
sensitivity on the order of nanoamperes and shifting of the
redox peak toward higher potentials, whereas Fc-PAMAM
sensitivity is on the order of microamperes and there is a stable
redox peak with no shifting. The reported strategy is also
advantageous in terms of the complexity of surface chemistry
and cost of electrode preparation. For example, the detection
strategy reported by Ren et al. [39] shows excellent detection
performance, exhibiting high sensitivity and selectivity, but
this strategy incorporates three monoclonal antibodies with
attached DNA, which adds complexity to sensor preparation.

Selectivity of the biosensor

The selectivity of the DNA biosensor was investigated by our
recording variations in the intensity of the DPV current peaks
using one-base-mismatch and noncomplementary DNA se-
quences. Figure 6 shows DPV plots of Au-Fc-PAMAM/
ssDNA electrodes modified with G1 (Fig. 6a), G2 (Fig. 6b),
and G3 (Fig. 6c), from which it can be observed that the
highest peak current belongs to Fc-PAMAM. Further surface
modification with ssDNA caused the signal to decrease, and
hybridization of 20 ng target sequence per milliliter induced a
large decrease in the recorded current. Further experiments
were performed with noncomplementary sequences and dem-
onstrated that the noncomplementary sequence is unable to
hybridize with the ssDNA probe, resulting in negligible cur-
rent change in all three generations. The same experiments
were performed with a target DNA having one base mismatch
that is a mutation observed in the BRAC1 gene. The results
show a decrease in the current but one that is not as big as
when the complementary sequence is used. This indicates that

the sequence is partially hybridized with the ssDNA probe.
The same behavior was observed in all three Fc-PAMAM
generations. Furthermore, overall comparison of the selectiv-
ity among the electrodes with different generations of Fc-
PAMAM is shown in Fig. 6d. From this graph, it can be
clearly seen that all proposed electrodes demonstrate high se-
lectivity toward the target DNA, with interference of less than
5% from the noncomplementary sequence. Also, it can be see
that the Fc-PAMAM/ssDNA electrode can clearly differenti-
ate single-base mismatch in a DNA sequence from a comple-
mentary DNA sequence with approximately 37% current dif-
ference. These results indicate that Fc-PAMAM dendrimers
are suitable for the fabrication of highly selective DNA bio-
sensors for detection of single-base-mismatch mutation occur-
ring in the BARC1 gene.

Conclusion

We reported the first electrochemical DNA biosensor using
Fc-PAMAM dendrimers for cancer-susceptible-gene detec-
tion. Fabrication of the DNA biosensor was accomplished
by our immobilizing ssDNA probe Fc-PAMAM dendrimer
self-assembled on a Au electrode surface. The biosensor dem-
onstrated excellent analytical performance, with a linear range
of 10–150 ng/ml (1.3–20 nM), a low detection limit of 2.9
ng/ml (0.38 nM), and high sensitivity of 0.13 μA/(ng/ml). The
linear range increases to 33 nM for the third generation of Fc-
PAMAM (G3). The electrochemical DNA biosensor shows
very good selectivity toward target DNA in the presence of
single-base-mismatch and noncomplementary sequences.
Furthermore, the biosensor exhibits excellent performance in
differentiating a single-base-mismatch sequence from a non-
complementary sequence. The advantage of using Fc-
PAMAM dendrimer over other reported dendrimers used in
DNA biosensors is that the dendrimers are grown directly on
ferrocene, which provides more persistent surface modifica-
tion, resulting in better reproducibility and higher sensitivity.
In terms of clinical utility, DNA biosensors will significantly
decrease the time and increase the cost-effectiveness of a
breast cancer diagnosis by shortening the time of sample pre-
treatment and analysis. This DNA biosensing approach looks
promising for development of new DNA biosensors for fast
and accurate breast cancer diagnosis.
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