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Abstract
The authors describe the use of gold-decorated magnetic nanoparticles (Au/MNPs) in discriminating DNA sequences with a
single-base (guanine) mismatch. The Au/MNPs were characterized through dynamic light scattering, X-ray diffraction,
superconducting quantum interference device, and UV/visible spectroscopy. They were then conjugated to a probe oligomer
consisting of a hairpin-shaped DNA sequence carrying two signalling fluorophores: fluorescein at its 3′ end and pyrene in the
loop region. When interacting with the target DNA sequences, the hybridized probe–target duplex renders the pyrene signal (at
excitation/emission wavelengths of 345/375 nm) either quenched or unquenched. Quenching (or nonquenching) of the pyrene
fluorescence depends on the presence of a guanine (or a nonguanine) nucleotide at the designated polymorphic site. The linear
range of hybridization in these Au/MNPs is from 0.1 nM to 1.0 μM of ssDNA. Conceivably, this system may serve as a single-
nucleotide polymorphism probe.
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Introduction

Nanoparticles (NPs) of noble metals have received great at-
tention because of their electronic, optical, and thermal prop-
erties [1]. In particular, gold (Au) NPs are used in many fields
because of their unique structural, electronic, optical, and cat-
alytic characteristics [2, 3]. In addition, Au-NPs can be con-
jugated with many functionalizing agents, including poly-
mers, surfactants, ligands, dendrimers, drugs, DNA, RNA,
proteins, peptides, and oligonucleotides [3]. Their multiple
surface functionalities render Au-NPs a versatile platform

for a broad range of applications. Because of the high biocom-
patibility of Au-NPs, great progress has been made in their
biomedical use in biosensors, therapies, diagnosis, and clinical
chemistry, such as immunoassays, genomics, cancer cell
photothermolysis, microorganism detection and control,
targeted drug delivery, and optical imaging for monitoring
biological cells and tissues through resonance scattering or
in vivo photoacoustic techniques [3, 4].

The synthesis, surface functional strategies, and biomedical
applications of magnetic nanoparticles (MNPs) were exten-
sively reviewed by Wu et al. [5]. A mixture of ferric and
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ferrous ions was coprecipitated in 1:2M ratio under extremely
basic solutions at room or elevated temperature. We previous-
ly demonstrated the applications of MNPs [6–10], in which
molecularly imprinted polymers (MIPs) were coated on MNP
surfaces and used for extracting biomolecules [6, 8],
immobilizing enzymes [7], and DNA/drug therapy [8–10].
For instance, resveratrol from Chinese medicine extracts was
used for suppressing human osteogenic sarcoma [8]. Amylase
can be immobilized on magnetic MIPs for starch hydrolysis
[7]. Moreover, molecularly imprinted chitosan-coated MNPs
can be used for gene delivery [10] and protein activation in
cancer cell treatment [9].

Three basic types of Au-NP and MNP combinations are
used: the first two have either Au or magnetic material in the
core and another material in the shell, namely Au@Fe3O4 and
Fe3O4@Au [11], whereas the third is the Au–Fe3O4 dumbbell
NP. Monodispersed core–shell Fe3O4@Au NPs were first re-
ported by Wang et al. [11]. Iron (III) acetylacetonate and Au
acetate were dissolved in phenyl ether and sequentially added
after reduction using 1,2-hexadecanediol [11]. Core–shell and
dumbbell-like NPs were also used to label radioactive
[99mTc(CO)3]

+ moiety on an Au surface [12]. Sun et al. report-
ed tunable plasmonic properties [13] andMagnetic Resonance
Imaging (MRI) analyses [14] of the core–shell and dumbbell
NPs. Nguyen et al. [15] and Gun’ko et al. [16] reviewed the
synthesis, characterization, and biomedical applications of Au
and magnetic composite NPs. The applications of
magnetoplasmonic heteronanostructures [15, 16] include im-
aging [14], therapy [17], biosensors [18], and SERS [19].
Although Au–Fe3O4 NPs have been investigated for their
production mechanism, Au@Fe3O4 NPs have mainly been
examined for their high MRI intensity, methyl orange cataly-
sis [20], C(sp2) −H activation [21], and nitroarenes [22].

Moreover, the enhancement of the surface plasma resonance
(SPR) effect [19] typically requires the exposure of the NPAu
surface; therefore, Fe3O4@Au can be used in sensing DNA
[23]. Au–Fe3O4 NP synthesis has been used to form DNA
complexes for sensing target DNA sequences, with a sensing
range from 0.1 fM to 1.0 μM for complementary DNA se-
quences [23].

A DNA-based single-nucleotide polymorphism (SNP)
probe was mounted on Au-decorated MNPs (Au/MNPs) for
discriminating guanine (G) and non-G nucleotides at a desig-
nated site. These NPs were synthesized withMNPs as the core
to which a HAuCl4 solution was added; the Au ions were
reduced to Au-NPs and deposited on MNPs. During prepara-
tion, the Au/MNPs were characterized through dynamic light
scattering (DLS), X-ray diffraction (XRD), superconducting
quantum interference devices (SQUID), and UV/visible spec-
troscopy. The probe sequence (Table 1) is a 41-nucleotide (41-
nt) molecular beacon [24], with a 25-nt loop, 8-nt stem, and a
pyrene-hooked pyrrolocytidine [marked as C*] labeled in the
loop region. The 3′ end of the stem carries a fluorescein; by
contrast, rather than a quencher labeling, the 5′ end is labeled
by disulfide (marked as C6-thiol) for Au surface immobiliza-
tion such that the fluorescein emission can be quenched by the
nearby Au when the probe stays in hairpin conformation. In
Scheme 1, the upper panel illustrates the Au/MNP fabrication,
and the lower panel demonstrates the SNP detection working
principle. When the probe sequence is attached to the Au/
MNP, its hairpin conformation causes the fluorescein emission
to be quenched by Au surface; however, the pyrene emission
is observable. However, interacting with the added target se-
quence, target–probe duplex formation shifts fluorescein
away from the Au surface, whereby the fluorescein emission
becomes observable.

Scheme 1 Schematic
presentation of probe-conjugated
Au/MNP preparation (upper
panel) and working principle to
discriminate DNAwith or without
single-base (guanine) mismatch
sequences at the polymorphic
sites (lower panel). Py denotes
pyrene-hooked pyrrolocytidine; F
denotes fluorescein
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Experimental

Reagents

All the oligonucleotides listed in Table 1 were purchased from
Yao-Hong Biotechnology Inc. (HPLC grade; New Taipei
City, Taiwan; http://www.yh-bio.com.tw/). Iron (III) chloride
6-hydrate (97%), iron (II) sulfate 7-hydrate (99.0%), trisodium
citrate (ACS grade), and sodium borohydride (NaBH4, 98.
0%) were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO, USA; https://www.sigmaaldrich.
com/) and Panreac (Barcelona, Spain; http://www.panreac.
es/). Sodium chloride (AR grade), potassium chloride,
potassium dihydrogen phosphate (KH2PO4 > 99.9%), and
sodium phosphate dibasic (Na2HPO4 > 99%) were
purchased from J. T. Baker (Phillipsburg, NJ, USA; http://
jtbaker.com/). Hydrogen tetrachloroaurate trihydrate
(HAuCl4·3H2O, 99.9%) and (3-aminopropyl)triethoxysilane
(APTES, 99%) were from Alfa Aesar (Haverhill, MA, USA;
https://www.alfa.com/) and Acros (NJ, USA; https://www.
acros.com/), respectively. The deionized water used for
preparing phosphate-buffered saline (PBS; containing
110 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, and 2 mM
KH2PO4, pH 7.4) and rinse solutions had resistivity of 18.
2 MΩ·cm and was prepared using Purelab Ultra (Elga Lab-
Water, Albania; http://www.elgalabwater.com/). All
purchased chemicals were used as received, unless noted
otherwise.

Au/MNP synthesis

TheMNPswere synthesized using theMassart method, which
entailed coprecipitation of a mixture of iron (III) chloride 6-
hydrate and iron (II) sulfate 7-hydrate by using sodium hy-
droxide. The magnetite was washed and then freeze dried
overnight. To prepare the core–shell Au/MNPs with an ultra-
thin Au shell, Au-NPs with a particle size of less than 5 nm
were attached to MNP surface. Au-NPs were synthesized
through NaBH4 reduction of HAuCl4·3H2O in an ice bath
[25]. A 20-mL ice-cold aqueous solution containing 1 mM
HAuCl4 and 38.8 mM trisodium citrate was prepared in a

beaker. To this solution, 0.6 mL of 0.1 mM NaBH4 solution
was quickly added with vigorous stirring. The color of the
solution changed from pale yellow to wine red. We used an
effective self-assembly method to construct the core–shell Au/
MNPs with APTES as the mediator. Based on its two-end
functional groups, APTES can bind concurrently to the oxide
surface of MNPs (Si(OH)3 side) and the metal surface of Au-
NPs (NH2 side). MNP solution (2 mL) and APTES (0.18 mL)
were separately added to 50 mL of ethanol and homogenized
with a magnetic stirrer at 500 rpm for 1 h. The solution was
then heated to 100 °C and stirred at 500 rpm for 2 h to assist
APTES molecules in bonding to the MNPs and forming an
aminated surface. The APTES-modified MNPs were then col-
lected using a strong magnet, the supernatant was discarded,
and the collected NPs were dispersed in the same volume of
ethanol through sonication. This rinsing process was repeated
five times to remove residual APTES molecules, and then, the
NPs were redispersed through sonication in 10 mL of ethanol.
Subsequently, 3 mL of the APTES-modified MNP solution
was added to 9 mL of Au-NP solution and stirred at 450 rpm
for 5 h. When the MNP solution was added to the Au-NP
solution, electrostatic interactions between amides and Au-
NPs led to adsorption. Au-NP surface carries a negative
charge density because of the presence of absorbed citrate
ions. Because aminated surfaces are positively charged (pKa
of the surface = ~9; pH of the solution = ~9) [26], Au-NPs
absorb to this surface to form the core–shell Au/MNPs. The
synthesized NPs were collected using a strong magnet and
rinsed once with ethanol and four times with deionized water
to remove free Au-NPs. Finally, the NPs were redispersed
using sonication in 3 mL of deionized water.

Au/MNPs characterization

The prepared Au/MNPs and DNA probe-conjugated Au/
MNPs thus were monitored using a DLS particle sizer
(90Plus; Brookhaven Instruments Co., New York, USA;
ht tps : / /www.brookhaven ins t ruments . com/) . The
measurement of the particle size distribution was set at
25 °C with 3-min data collection at a 90° detection angle.
The average background count rate was 15 kcps, whereas that

Table 1 DNA sequences used in
this study DNA Sequence

Probe 5′ (C6-thiol) GCAGTGCTGACGTCTCACTC*AGCAGTCACTAGCAGCACTGC fluorescein 3′

Target 5’ GCTAGTGACTACTGAGTGAGACGTC 3′ fully matched

SBM-C 5’ GCTAGTGACTACTCAGTGAGACGTC 3′ base-C mismatched

SBM-A 5’ GCTAGTGACTACTAAGTGAGACGTC 3′ base-A mismatched

SBM-T 5’ GCTAGTGACTACTTAGTGAGACGTC 3′ base-T mismatched

C* in the probe sequences denotes pyrene-hooked pyrrolocytidine

The underlined bases in target sequences specify the polymorphic site

The 5′ end of the probe sequence was modified with C6 thiol for immobilization on the Au surface
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of each measurement was between 20 and 500 kcps. XRD
analysis (D8 Advance XRD; Bruker, Germany; http://www.
kratos.com/) was used to determine the crystalline structure of
the Au/MNPs with Cu Kα radiation of λ = 1.5406 Å. SQUID
uses highly sensitive magnetometers to measure extremely
small magnetic fields based on superconducting loops con-
taining Josephson junctions. The magnetization of MNPs
and Au/MNPs was measured for magnetic properties using
the MPMS XL-7 system (Quantum Design, San Diego, CA,
USA; https://www.qdusa.com/) at 298 K in ±15,000 G. All
spectral and absorbance measurements of NP solutions were
carried out using a PerkinElmer UV/visible spectrophotometer
(Lambda 25/35/45, Waltham, MA, USA; http://www.
perkinelmer.com/). Standard quartz cuvettes with a path
length of 1 cm were used. Au/MNP and probe-conjugated
Au/MNP morphologies were analyzed through transmission
electron microscopy (TEM; Hitachi-700, Hitachi Co., Japan;
http://www.hitachi-hightech.com/) and atomic force
microscopy (AFM; Solver P47H-PRO, NT-MDT Moscow,
Russia; http://www.ntmdt-si.com/), respectively. The TEM
sample was prepared by depositing few Au colloid drops on

a copper grid covered with a holey carbon film. The DNA
probe-conjugated Au/MNPs were freeze dried. The cantilever
for AFM was a golden silicon probe (NSG01, NT-MDT;
http://www.ntmdt-si.com/) with 6-nm probe tip and 144-kHz
resonant frequency.

Measurement of fluorescence changes with DNA
probe conjugation and various targets

A DNA probe of 1 μM in 3.5 mL PBS was added to 0.1 mg·
mL−1 of 3.5 mL Au/MNPs solution in a 15-mL centrifuge
tube and then mixed for 30min by vortex at room tempera-
ture. Au/MNPs were kept on the tube wall using a magnet and
then the buffer (c.a. 7 mL) was removed. Probe-conjugated
Au/MNPs were rinsed with PBS to remove unbound probes.
Finally, the same amount of PBS was added to the probe-
conjugated Au/MNPs solution to obtain the concentration of
0.05 mg·mL−1.

For characterization of DNA hybridization, 1 mL of the
aforementioned probe-conjugated Au/MNPs was placed in a
2.5-mL cuvette without and with various concentrations of
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target, SBM-C, SBM-A, and SBM-T solution and monitored
using a fluorescence spectrophotometer (F7000, Hitachi
High-Technologies, Japan; http://www.hitachi-hightech.
com/). The excitation and emission wavelengths were,
respectively, 480/520 nm for fluorescein and 345/375 nm for
pyrene. The peak bandwidths were approximately ±20 to ±25
nm. The relative intensities of the samples were calculated
using ΔI = Isample − Icontrol, where Isample and Icontrol are the
fluorescence intensities of the target sequences and PBS (con-
trol), respectively.

For high thorough screening of the SNPs, the afore-
mentioned 100 μL probe-conjugated Au/MNPs solution
was placed in 96-well microplates, and various concen-
trations of target, SBM-C, SBM-A, and SBM-T solution
(50 μL) were added and then kept stationary for 30 min
for hybridization. The fluorescence intensities of excita-
tion and emission for fluorescein (480/520 nm) and
pyrene (345/375 nm) were measured using a multimode
microplate reader (CLARIOstar, BMG Labtech,
Germany; https://www.bmglabtech.com/).

Results and discussion

Several experiments were conducted to characterize the Au/
MNPs. Figure 1a illustrates the size distribution ofMNPs, Au/
MNPs, and probe-conjugated Au/MNPs and hybridized tar-
get, SBM-C, SBM-A, or SBM-T with probe-conjugated Au/
MNPs, all measured through DLS. The mean sizes of MNPs,
Au/MNPs, and probe-conjugated Au/MNPs were 55, 89, and
94 nm, respectively. After adding DNA sequences (Table 1) to
the probe-conjugated Au/MNPs for 30 min, the mean particle
sizes with different sequences were found to be 99, 98, 104,
and 107 nm, respectively, for SBM-A, SBM-C, target, and
SBM-T with probe-conjugated Au/MNPs. Figure 1b shows
the XRD patterns of the NPs collected and dried from
completely rinsed NP solutions. MNP diffraction peaks are
consistent with the standard magnetite structure pattern
(JCPDS no. 79–0417). The sample demonstrates somewhat
broad peaks, indicating the fineness and small crystalline size
of the MNPs. Compared with MNPs, an additional peak cor-
responding to the (111) plane of Au (JCPDS no. 04–0784)
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was observed in the diffraction spectrum of the core–shell Au/
MNP (MNP@Au) specimen, suggesting that Au was present
within the NP composite. To enhance their surface area and
magnetization, the MNPs and Au/MNPs were freeze dried.
Figure 1c illustrates MNP and Au/MNP magnetization. The
superparamagnetic property of the MNPs was retained in the
Au/MNP; however, compared with MNPs, magnetization of
Au/MNP was reduced by approximately 25% (from 52.1 to
39.7 emu·g−1 under a 15,000 Oe magnetic field). Figure 1d
shows the UV/visible absorption spectra of the NP solutions.
The SPR absorption peak of aqueous Au-NPs was observed at
506 nm, corresponding to the nanosize of NPs. However, no
clear absorption peak of the pure MNP solution can be ob-
served. The core–shell Au/MNPs solution demonstrated a
much broader absorption peak at 542 nm. Because an absorp-
tion peak was observed only for the Au-NPs, the peak’s red-
shift from 506 to 542 nm suggests Au-NP growth during or
after their attachment to the Fe3O4 surface. Fig. S1 illustrates
particles prepared at different stages: Fig. S1 (a–e) illustrates
the MNPs (wine red), aqueous Au-NPs (inset TEM indicates
particle size 3–5 nm), Au/MNPs, aggregation on applying
magnetic field outside an Au/MNP-containing bottle, and
the corresponding 3D topology of the AFM image at 100 ×
100 μm2. The average roughness (Sa) was approximately
363 nm, indicating Au/MNP aggregation after freeze drying.

We further tested the feasibility of the probe-conjugated
Au/MNPs combination. Figure 2a shows the fluorescence in-
tensities of fluorescein emission at 520 nm under three condi-
tions: (i) a green line nearly on the x-axis, implying no emis-
sion intensity for Au/MNP alone; (ii) a red line showing a low
intensity for the Au/MNP attached to the probe sequence,
wherein fluorescein emission is quenched by the Au surface;
and (iii) a blue line for the free probe sequence alone, wherein
fluorescein is unquenched and shows a measurable peak in-
tensity of approximately 800 au at 520 nm. The three curves in
Fig. 2b are for pyrene-hooked pyrrolocytidine emission at
375 nm observed under the same conditions: (i) green line
for Au/MNPs alone, with no emission intensity; (ii) red line
for the probe sequence attached to Au/MNPs, with an observ-
able emission; and (iii) blue line for the free probe sequence
alone, with an observable emission. The probe sequence
remained in the hairpin conformation under all these condi-
tions, and accordingly, the pyrene microenvironment
remained unchanged, so that pyrene emission can be ob-
served. Furthermore, the probe sequence was conjugated onto
the Au/MNPs, and a target sequence was added at different
concentrations, from 1 nM to 1 μM, to observe how fluores-
cein and pyrene emission intensities varied. Figure 2c illus-
trates that as the added target sequence concentration in-
creased, more probe sequences changed from a hairpin con-
formation to a linear duplex form, with increasing fluorescein
emission intensity. Figure 2d shows that with the addition of
more target sequence, the pyrene moiety became more

embedded in the matching base G, thus reducing pyrene emis-
sion intensity.

Four DNA sequences are presented in Table 1, and each
sequence is 25 nt in length and in the same nucleotide se-
quence except for one mismatched base at a designated poly-
morphic site corresponding to the pyrene-labeled C* site of
the probe. All the target sequences can be recognized by the
25-nt loop region of the probe sequence. Figure 3a illustrates
the fluorescein intensity measured in response to the added
DNA sequences. Regardless of whether the added sequences
carried G for target or single-base mismatch nucleotides (e.g.,
SBM-C, SBM-A, or SBM-T) at the polymorphic site, the
added target sequence transformed the probe sequence from
a hairpin-shaped to a linear form and restored the fluorescein
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signal. The four curves indicate that the probe’s concentration-
dependent sensitivity to the four target sequences was approx-
imately 0.1 nM to 1 μM. Figure 3b illustrates the pyrene
emission intensities when different DNA sequences were
added. Adding target sequence, with a negative linear corre-
lation, indicates that pyrene intensity was gradually quenched
by G at the polymorphic site, in response to the target concen-
tration. Concentration-dependent sensitivity was also ob-
served between 0.1 nM and 1 μM of the added target se-
quence. Adding SBM-C, SBM-A, and SBM-T sequences il-
lustrates that pyrene intensities were insensitive to these added
DNA sequences because these non-G nucleotides at the poly-
morphic site were weak pyrene quenchers.

Pyrene’s fluorescence emission mainly depends on its mi-
croenvironmental polarity; a pyrene moiety placed in a polar
environment, such as a DNA minor or major groove, exhibits
a higher emission but a lower emission when embedded in an
apolar DNA duplex core [27]. Moreover, pyrene’s neighbor-
ing nucleotide affects its fluorescence emission intensity.
Compared with cytosine (C), adenine (A), or thymine (T), G
is a strong pyrene quencher through a photoinduced electron
transfer (PET) mechanism, wherein electron transfer from the
base G in close proximity to the excited pyrene moiety blocks
pyrene emission [28]. The PET mechanism between G and
pyrene and the discrimination of G (i.e., the target sequence)
and non-G (i.e., SBM-C, SBM-A, or SBM-T sequences) can
be recognized according to the off or on state of the pyrene
emission [29].

The recently reported nanomaterial-based methods for the
discrimination of DNA is listed in Table 2. Au surfaces are
frequently used as the substrate for both immobilizations of
probe and signal production. The lower LOD is found for
nonspecific DNA detection than for SNP DNA detections.
These DNA detection methods can achieve as low as pM;
however, the LOD for SNP DNA discrimination is approxi-
mately one order higher than that for nonspecific DNA detec-
tion. The linear range of hybridization in these Au/MNPs is
from 0.1 nM to 1.0μMof ssDNA.Moreover, the on/off signal
patterns can be used to precisely tell the background, fully
matched, and one-base matched outputs. With the manipula-
tion of MNPs under the magnetic field, the LOD or linear
range can be improved.

Conclusion

Au surface not only enhances stability under physiological
conditions but also prevents the formation of harmful free
radicals and provides surface binding of the ligand [30]. The
decoration of Au NPs on the MPNs offers the manipulation of
the sample handling, for example, the separation from un-
bound molecules, and even sample/signal concentration.
Moreover, Au/MNPs have high specific surface to conjugate
the SNP probe to achieve the LOD as low as pM. The design
of SNP probes relies on only one signal to report fully
matched and one-base mismatched DNA sequences, and ei-
ther of the two outputs is likely to share the same signal pattern
of the background condition. The probe proposed herein is
composed of two fluorophores; their on/off patterns depend
on their microenvironments. We created three on/off signal
patterns to stand for the background, fully matched, and
one-base matched outputs so that the false positive detection
can be reduced. Given these advantages, we expect the dem-
onstrated system can contribute to the development of SNP
detection.
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