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In this study, we reported a sensitive fluorescent biosensor for detection of DNA hybridization based
on Fe/Au core/shell (Fe@Au) nanoparticles (NPs). First, Fe@Au NPs were synthesized using a reverse
micelle method, with gold as the shell and iron as the core. The nanoparticle size was confirmed by
transmission electron microscopy (TEM). Scanning electron microscopy (SEM) was performed in
order to elucidate the morphology of the Fe@Au NPs. Then probe DNA with —SH at the 5'-phosphate
end was covalently immobilized onto the surface of the Fe@Au NPs. The DNA hybridization event can
be detected by a fluorescent method and methylene blue (MB) as the fluorescent probe. The decline of
the fluorescence intensity of MB (AF) was linear with the concentration of the complementary DNA
from 3.0 x 107" to 1.0 x 10~°* M with a detection limit of 1.0 x 10~'* M (S/N = 3). In addition, this
approach of DNA detection exhibited excellent selectivity, even for single-mismatched DNA detection.

Introduction

In recent years, the detection of DNA sequences has become
more and more important in gene therapy, criminology, food
safety, and a variety of biomedical studies.'® Various techniques
have been developed for DNA detection, such as electrochemical
methods*® and optical methods.*® Among these protocols,
fluorescence technology is known as a powerful tool because of
its high sensitivity, good selectivity and easy operation. To date,
some methods for the detection of DNA hybridization based on
a fluorimetric technique have been reported.®*' As it is well
known, the sensitivity of DNA detection can be improved using
signal amplification, and most signal amplification strategies are
performed by nanomaterials, such as nanoparticles and carbon
nanotubes.’*' Among these nanomaterials, magnetic nano-
particles are attractive because they have good biocompatibility
and can be separated very readily from reaction mixtures using
an external magnetic field.’>'® They have also been widely
applied in the field of DNA hybridization detection.’”*® For
example, magnetic beads-based and gold nanoparticles-modified
magnetic nanoparticles sensing methods have been devel-
oped. 120

It is reported that a hybridization-in-solution format has faster
kinetics than that on microarrays and electrodes.?! The unbound
probe DNA and the non-hybridized target DNA can be sepa-
rated from solution with an external magnetic field. Hence this
kind of hybridization format has been widely applied for
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molecular beacon hybridization,® and magnetic capture
hybridization.?*** Hristova and co-workers reported a non-
PCR1-based DNA hybridization-in-solution system using lumi-
nescent and magnetic lanthanide oxide nanoparticles.?® Kouassi
and co-workers developed a sensitive DNA fluorescence sensor
based on magnetic nanoparticles.?®

In this work, we reported a sensitive fluorescence biosensor for
the detection of the target DNA using the hybridization-in-
solution method. First, Fe@Au NPs were synthesized, and then
the probe DNA with a mercapto group at the 5’-phosphate end
was directly immobilized onto the Fe@Au NPs. The DNA
hybridization event was monitored by a fluorescence technique
and methylene blue (MB) as the fluorescence probe. As MB is
a member of the phenothiazine family, it could bind to the single
stranded DNA (ssDNA) by it specially reacting with guanine
bases. When ssDNA was hybridized with target DNA to form
double stranded DNA (dsDNA), MB cannot access them
forming the MB-guanine base compound.?’?® Therefore, we
could use the decline of fluorescence intensity of MB during
DNA hybridization to detect the concentration of target DNA.
The experimental results showed that the proposed method
exhibited excellent sensitivity and selectivity.

Experimental
Chemicals and reagents

Tris-(hydroxymethyl)aminomethane (Tris-base) was purchased
from Alfa Aesar (Tianjing, China). Chloroauric acid
(HAuCl,-4H,0) was obtained from Shanghai Chemical Reagent
Co., Ltd. Sodium hydroxide and hydrochloric acid were
obtained from Nanjing Chemical Reagent (Nanjing, China).
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Cetyltrimethylammonium  bromide (CTAB), n-butanol,
n-octane, ferrous sulfate (FeSO,), and sodium borohydride
(NaBH4) were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Methylene blue was purchased from
the Third Reagent Factory of Shanghai. All DNA used in this
work was purchased from Shanghai Sangon Bioengineering
Technology & Services Co., Ltd (Shanghai, China). Their base
sequences are shown as follows:

Probe sequence: 5'-SH-(CH,)s-GAG CGG CGC AAC ATT
TCA GGT CGA-3’

Complementary sequence: 5-TCG ACC TGA AAT GTT
GCG CCG CTC-¥

Non-complementary sequence: 5-AGC TGG ACT TTA
CAA CGC GGC GAG-3

One-base mismatched sequence: 5-TCG ACC TGA AAC
GTT GCG CCG CTC-3'.

All oligonucleotides stock solutions were prepared with 0.01
M Tris-HCI (pH 7.40) and kept frozen until used. The following
buffer solutions were used: hybridization buffer solution (0.20 M
NaCl + 0.01 M Tris-HCI, pH 7.40); detection buffer solution
(0.01 M Tris-HCI, pH 7.40). All chemicals were of analytical
grade and used without further purification. All solutions were
prepared with twice-quartz-distilled water.

Instruments

All fluorescence measurements were performed on an F-4500
Fluorescence Spectrophotometer (Hitachi, Japan). The size of
the Fe NPs and Fe@Au NPs was measured with transmission
electron microscope (TEM) (Hitachi-800). The morphology of
the Fe NPs and Fe@Au NPs was investigated by scanning
electron microscopy (SEM) using a JEOLJSM-6700F micro-
scope (Hitachi, Japan). The phase and crystallography of the
products were identified by X-ray diffraction (XRD) equipped
with high-intensity Cu K4 radiation (1 = 0.15406 nm). A scan-
ning rate of 0.05°/s was applied to record the pattern in the two
theta range from 20° to 70°.

Synthesis of Fe@Au NPs and functionalized with DNA probe

Fe@Au NPs were synthesized according to the literature
report.? Fe@Au NPs were prepared in a reverse micelle of
cetyltrimethylammonium bromide (CTAB) using 1-butanol as
a co-surfactant and octane as the oil phase. Briefly, 1.5 mL of
0.50 M FeSOy(aq), 3.5 g of CTAB, 3.0 g of butanol, and 9.0 g
of octane were mixed with 1.5 mL of 1.00 M NaBHy(aq), 3.5 g of
CTAB, 3.0 g of butanol, and 9.0 g of octane. Next the mixture
was heated up to 60 °C with vigorous stirring for 20 min. Then
1.2 mL of 0.44 M HAuCly(aq), 1.8 g of CTAB, 1.5 g of butanol,
and 0.6 g of octane along with 1.20 M NaBHy(aq), 1.8 g of
CTAB, 1.5 g of butanol, and 6.0 g of octane were added. The pH
value was controlled at 11.00 and reacted for another 15 min.
The Fe@Au NPs were washed with methanol and water three
times and dried under vacuum.

1.0 OD of 5'-SH capped probe DNA were added into 5.0 mL
of 10.0 mg mL~' Fe@Au NPs suspended solution, and the
suspension was gently stirred for 24 h. Unbound probe DNA was
separated from the suspension using a magnet under the cell and
washed with water and 0.01 M Tris-HCI solution three times.

Fe@Au NPs functionalized with DNA probe were re-dispersed
in 5.0 mL of Tris-HCI solution (pH 7.40) and stored at 4 °C in
a fridge.

Hybridization and fluorescence detection

The DNA hybridization experiment was carried out by incu-
bating 50 pL of the suspension of probe DNA functionalized
nanoparticles with different concentrations of target oligonu-
cleotide in 0.01 M Tris-HCl and 0.20 M NaCl solution for 30 min
at 37 °C by gently stirring. When the DNA hybridization reac-
tion was completed, the Fe@Au NPs were separated and washed
with water and 0.01 M Tris-HCI three times to remove non-
hybridized oligonucleotide. Then 2.0 mL of 1.0 x 10 M MB
was added and incubated for 20 min. After the Fe@Au NPs were
separated, it was washed with water and 0.01 M Tris-HCI three
times to remove the excess MB. In the end, the Fe@Au NPs were
suspended in 2.5mL of 0.01 M Tris-HCI. The fluorescence
detection of the DNA hybridization was performed at excitation
and emission wavelengths of 630 nm and 690 nm, respectively.
And the concentration of complementary DNA was quantified
by the decrease of MB fluorescence intensity before and after
DNA hybridization (AF = Fy.pna — Fas.ona). The principle of
our method (including the probe DNA immobilization, hybrid-
ization and detection of complementary DNA) is described in
Scheme 1.

Results and discussion
Characterization of Fe@Au NPs

Fig. 1 shows the XRD patterns of the Fe@Au NPs. All the peaks
obtained are in good agreement with the known diffraction peaks
for Fe@Au NPs from the literature reported,? which indicated
that the nanoparticles were Fe@Au NPs. Also the shape and size
of the nanoparticles were characterized by SEM and TEM. From
the SEM images (Fig. 2), it is clearly observed that Fe@Au NPs
(Fig. 2B, diameter: 50 nm) are larger than Fe NPs (Fig. 2A,
diameter: 45 nm). The TEM images of Fe and Fe@Au NPs are
shown in Fig. 2C and Fig. 2D, indicting that the Fe@Au NPs
had a gold shell.
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Scheme 1 Schematic representation of the procedure for DNA hybrid-
ization detection.
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Fig. 1 The XRD pattern of the Fe@Au NPs.
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Fig.2 SEM images of Fe NPs (A) and Fe@Au NPs (B); TEM images of
Fe NPs (C) and Fe@Au NPs (D).

The influence of Fe@Au NPs on fluorescent intensity

This DNA fluorescent biosensor was fabricated based on the
Fe@Au NPs. To find out the optimal concentration of the
Fe@Au NPs, different nanoparticles concentrations and 1.0 x
10~ M MB as the fluorescent probe were examined. As shown in
Fig. 3A, there is quenching effect on the fluorescence of MB in
the presence of the Fe@Au NPs. The fluorescent intensity of MB
decreased as the concentration of Fe@Au NPs increased. On the
other hand, if the concentration of the nanoparticles was very
low, less DNA could immobilize on the nanoparticles, and hence
the sensitivity of the DNA detection was lower. From the point
of view of sensitivity, we selected 0.2 mg mL~" as the concen-
tration of the nanoparticles. In addition, to find out whether the
MB can bind to the nanoparticles or not, a contrast experiment
was performed. Fe@Au NPs or probe DNA functionalized
Fe@Au NPs were added to 2.0 mL of 0.01 M Tris-HCI solution
containing 1.0 x 10-> M MB and incubated for 20 min. And then
the fluorescence intensity was detected and the results are shown
in Fig. 3B. From Fig. 3B, it is obvious that MB could not bind to
the nanoparticles directly.
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Fig. 3 (A) Fluorescence spectra of 1.0 x 107 M MB in the absence (a)
and presence of different concentrations of Fe@Au nanoparticles: 0.1 mg
mL~" (b), 0.2 mg mL~' (c), 0.3 mg mL~' (d) and 0.4 mg mL~"' (e). Inset:
Plot of fluorescent signal of MB vs. concentrations of Fe@Au NPs. (B)
Fluorescence spectra of probe DNA functionalized Fe@Au NPs (a) and
Fe@Au NPs (b).

Optimization of DNA assay conditions

In this work, the effect of assay conditions on the experimental
results (such as pH, hybridization time and accumulation time of
MB) was investigated (Fig. 4). From Fig. 4A it is obviously
observed that the fluorescent intensity of MB increased with the
increase of solution pH from 6.40 to 7.40, then decreased when
the pH is greater than 7.40. From Fig. 4B, it is clearly observed
that the change of fluorescent intensity (AF) increased with the
increase of hybridization time from 10 to 30 min, then it
remained constant over 30 min. As seen from Fig. 4C and 4D,
both accumulation time and ionic strength affected the fluores-
cent intensity. According to the results as shown in Fig. 4, the
optimization of DNA assay conditions are as follows: the buffer
solution pH is 7.40, hybridization time is 30 min, the MB accu-
mulation time is 20 min and 0.20 M NaCl were selected.

The selectivity of the DNA detection

The selectivity of this biosensor was tested using probe DNA
functionalized Fe@Au NPs to hybridize with non-complemen-
tary sequence (A), one-base mismatched sequence (B) and
complete complementary sequence (C) (1.0 x 107 M) and the
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Fig. 4 (A) Effect of pH on fluorescence intensity of MB (Cyp = 1.0 x 10-°M). (B) Effect of accumulation time on the fluorescence intensity of MB
(Cmp = 1.0 x 107°M). (C) The decrease of the fluorescence intensity dependence of DNA hybridization time (Ccompiementary DNA = 1.0 X 107 M). (D)
Effect of ionic strength on the DNA hybridization (Ceomplementary na = 1.0 x 107" M; NaCl concentration: 0.05, 0.10, 0.15, 0.20, 0.30, 0.40 M).

results are shown in Fig. 5. It could be clearly observed that the
fluorescence intensity of the non-complementary sequence is the
lowest. Also, a smaller decrease in values was obtained when
the probe DNA hybridized with one-base mismatched sequence.
This could be ascribed to the fact that the one-base mismatched

210
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Fig. 5 Histograms of the decrease of fluorescence intensity (AF =
Fipna — Faspna) at different DNA sequences: (A) non-complementary
sequence; (B) one-base mismatched sequence; (C) complete comple-
mentary sequence (concentration: 1.0 x 107'° M).

sequence can not fully hybridize with the probe DNA. However,
the complete complementary sequence gave the largest response
because fewer MB molecules could bind to ds-DNA than
ss-DNA. These results showed that this biosensor could distin-
guish the one-base mismatched sequence.

Analytical performance

Under the optimal conditions, the probe DNA functionalized
Fe@Au NPs were used to hybridize with the different concen-
trations of complementary DNA (Fig. 6). It could be observed
that the fluorescence intensity of MB decreased with the increase
of complementary target DNA concentrations. The decreased
values of fluorescence intensity (AF) were linearly decreased with
complementary target DNA concentration from 3.0 x 10" to
1.0 x 10° M. The regression equation was AF =
67.8278logCpna + 852.1188 (unit of C is M), and the regression
coefficient (R) of the linear curve was 0.9942. The detection
limit for complementary DNA was estimated at 1.0 x 107* M
(S/N = 3).

We have consulted some literatures which used the fluores-
cence technique to detect target DNA. From the view of the
analysis method, linear range and sensitivity, we compared this
work with published papers. The data are shown in Table 1,
indicting that the proposed method has the advantages over
other literature reports.3®-34
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Fig. 6 Representative fluorescence spectra for the probe DNA hybrid-
ized with various concentrations of complementary DNA: (a) 0 M; (b)
3.0 x 107 M; () 1.0 x 1072 M; (d) 3.0 x 1072 M; (e) 1.0 x 10~"" M; (f)
3.0 x 107" M; (g) 1.0 x 107" M; (h) 1.0 x 10~ M. Inset: Logarithmic
plot for signal versus target DNA. Signal was defined as the decrease of
fluorescence intensity before and after hybridization (AF = Fypna —
Faspna). Error bars show the standard deviations of measurements taken
from at least three independent experiments. Accumulation time of MB:
20 min; hybridization time: 30 min.

Real samples assay

In order to test the applicability of the proposed method, we
selected rabbit blood (samples 1, 2) and human blood (samples 3,
4) as real samples. The fresh blood was first prepared by centri-
fugation for 5 min at 10 000 rpm, and then the upper solution
was collected and used as the hybridization solution. The
hybridization and detection followed the steps in the section of
‘Hybridization and fluorescence detection’. The results are
shown in Table 2. From Table 2, it could be observed that the
recovery was about 85%. The reason may be ascribed to the fact
that the hybridization solution was taken from upper solution of

Table 1 Comparison of various fluorescence DNA detection methods

Linear
The analytical methods of DNA range/ Detection
detection nM limit/nM  Reference
DNA detection using core/shell 10-50 2 30
CdSe/ZnS nanocrystals-DNA
conjugates
Fluorescence quenching between 1.4-92 2 31
gold NPs-DNA and
carboxytetramethylrhodamine—
DNA
Fluorescence quenching between 1-10 0.3 32

gold NPs and DNA-fluorescein
based on DNA ligase reaction
DNA detection based on ssDNA, 0.005-10 0.001 33
target DNA and dye-doped
nanoparticle/DNA conjugates

Fluorescence detection based on 0.001- — 34
magnetic luminescent NPs— 0.5
DNA conjugates and DNA—-
Alexa

Fluorescence detection based on 0.0003-1 0.0001
Fe/Au core/shell NPs-DNA and

MB in solution

This paper

Table 2 Results of determination of target DNA in blood samples

DNA DNA Recovery

Sample detected/ DNA found/M (%)

no. M (n=)5) added/M (n=25) (n=25)

1 0 1.0 x 8.5 x 85
10—]0 10—]1

2 0 1.0 x 8.3 x 83
10 11 10 12

3 0 1.0 x 8.3 x 83
10—]‘] 10—]]

4 0 1.0 x 8.7 x 87
10711 10712

the blood and the magnetic separation was not completed (e.g.
adsorption, efc.), and consequently the recovery would be lower
than 100%. However, it can also meet the need of analysis. So it is
posssible for this biosensor to be used for real samples analysis.

Conclusions

We have presented a sensitive fluorescent DNA biosensor based
on Fe@Au NPs. And this biosensor exhibited higher sensitivity
and selectivity, even for single-mismatched DNA detection. The
change of fluorescence intensity of MB (AF) was linear with the
concentration of the complementary DNA from 3.0 x 107" to
1.0 x 107> M with a detection limit of 1.0 x 10~ M (S/N = 3). In
particular, the proposed method had been successfully used for
real samples, and the recovery is about 85%.
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