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Abstract Gold-coated iron oxide nanoparticle Hep-
atitis B virus (HBV) DNA probes were prepared, and
their application for HBV DNA measurement was
studied. Gold-coated iron oxide nanoparticles were
prepared by the citrate reduction of tetra-chloroauric
acid in the presence of iron oxide nanoparticles which
were added as seeds. With a fluorescence-based
method, the maximal surface coverage of hexaethiol
30-mer oligonucleotides and the maximal percentage
of hybridization strands on gold-coated iron oxide
nanoparticles were (120 + 8) oligonucleotides per
nanoparticle, and (14 + 2%), respectively, which
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were comparable with those of (132 + 10) and
(22 = 3%) in Au nanoparticle groups. Large network
aggregates were formed when gold-coated iron oxide
nanoparticle HBV DNA gene probe was applied to
detect HBV DNA molecules as evidenced by trans-
mission electron microscopy and the high specificity
was verified by blot hybridization. Our results further
suggested that detecting DNA with iron oxide
nanoparticles and magnetic separator was feasible
and might be an alternative effective method.
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Introduction

Sequence-specific methods for detecting polynucleo-
tides are critical to the diagnosis of genetic and
pathogenic diseases (Hacia et al. 1996). The study of
molecular diagnostics based on the analysis of DNA
bases and genomic sequences has expanded rapidly in
the past decade (Lucarelli et al. 2004). Techniques for
DNA molecule detection usually include nucleic acid
hybridization (Southern blot and Northern blot),
restriction fragment length polymorphism, PCR and
microarray technologies. Most detection systems
make use of the hybridization of a target polynucle-
otide with oligo- or polynucleotide probes containing
covalently linked reporter groups, such as radioactive
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labels, fluorescent labels and chemiluminescence
schemes, and so on (Mansfield et al. 1995; Micales
and Lyons 2001; Yuan and Wang 2005; Weng and
Ren 2006). Each of these strategies has advantages
and disadvantages and no single method has gained
supremacy. Advances in nanoscience are having a
significant impact on the field of biodiagnostics,
where a number of nanoparticle-based assays have
been introduced for biomolecular detection, with
DNA-functionalized nanoparticles used as the target-
specific probes (Penn et al. 2003).

Gold (Au) nanoparticles have been used in biotech-
nology over the last 4 decades as immunocytochemical
probes as well as biological tags due to the small size
and unique properties of these nanoparticles (Benda-
yan 2001; Daniel and Astruc 2004). Mirkin for the first
time reported a method for using DNA as a synthet-
ically programmable assembler to guide the assembly
of nanoparticles modified with complementary oligo-
nucleotides into aggregates, which could be clearly
observed by transmission electron microscopy (TEM)
because of high electron densities of Au (Mirkin et al.
1996). Elghanian et al. (1997) further reported a novel
method for DNA detection based on a two-probe
sandwich hybridization/nanoparticle amplification
coloring technique. Wang et al. (2003) detected gene
polymerase chain reaction (PCR) amplification prod-
uct on glass slide by visual inspection based on a two-
probe sandwich hybridization/silver staining enhance-
ment method. More recent studies (Huber et al. 2004;
Bao et al. 2005) revealed that DNA and RNA sample
could be detected by microarray-based method, signal
amplification by autometallography and subsequent
measurement of Au nanoparticle—mediated light
scattering.

As it is well known, superparamagnetic iron oxide
nanoparticles (SPION), whose diameter is in the
nanoscale, provide attractive application in cell
separation. The magnetic core/Au shell (Fe@Au)
nanoparticles combine the advantage of Au nanopar-
ticles for convenient binding and detection of bio-
molecules and magnetic particles for easy separation.
Water-soluble Fe@Au nanoparticles were synthe-
sized by the reduction of Au®™ onto the surface of
magnetic seeds either via iterative hydroxylamine
seeding (Jennifer et al. 2004) or by citrate reduction
(Lu et al. 2006). Jennifer et al. (2004) reported that
iron oxide nanoparticles could maintain their mag-
netic properties even though coated by Au. Cui et al.
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(2005) successfully immobilized IgG with Fe@Au
nanoparticles with high binding capacity and effi-
ciently detected HBV antigen in a blood with Fe@ Au
nanoparticles worked as a solid phase substrate. In this
paper, we construct Fe@ Au nanoparticle HBV DNA
gene probes and present their application in detecting
HBV DNA.

Materials and methods
Reagents and instruments

Reagents: HAuCly, trisodium citrate, mercaptoetha-
nol and proteinase K were purchased from Sigma
Chemical Co. (Milwankee,WI). Tag DNA polymer-
ase, dNTPs and phenol were purchased from Pro-
mega Co. (Medison.WI). Other chemicals and
biological reagents were of analytical reagent (AR)
grade. Nylon membrane was purchased from S&S
Co. (Germany). Silver developing solution was
prepared according to the reference (Wang et al.
2003). Instruments include Beckman Coulter 21R
centrifuge (USA), Philips FEI Tecnai G*12 TEM
(Netherlands), JEOL JEM 2010 FEF TEM equipped
with an energy dispersive spectroscopy (EDS) attach-
ment (Japan), Beckman DU650 spectrophotomere
(USA), Shimadu RF-5301 fluorometer (Japan) and
LB-1 High Gradient Magnetic Filtration (USA).

PCR amplification of HBV DNA

Serum samples were received from informed patients
with hepatitis B from Tongji Hospital. The research
protocol for clinical samples’ collection was reviewed
and approved by the Institutional Review Board of
Tongji Hospital. The PCR primers were designed with
the aid of PRIMER software. The composite target
was one part of HBV DNA PCR products. Oligo.1 and
oligo.2 synthesized by Shanghai Sangon Bioengineer-
ing Co. Ltd were designed to be complementary to the
composite target (Table 1). Extraction of HBV DNA
was carried out by mixing serum with proteinase K,
then the mixture was extracted with phenol/chloro-
form/isoamyl alcohol. 3 pl of solution containing
desired HBV DNA (0.3 pg) was used as PCR template
and added into the system containing 10 pM/each
primer, 0.2 mM dNTPs, 2.5 mM Mg2+, 0.4 u of Taq
polymerase and 2 pl of PCR buffer (10x). Samples
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Table 1 Oligonucleotide sequence in use

Name Sequence (5'-3')

Characteristic

Oligonucleotidel (oligo.1)
Oligonucleotide2 (oligo.2)
Composite target DNA

FAM modified oligo.1 (oligo.1-

5" HS-(CH,)s-O-ttt ttt ttt tgt caa tgt cca tge ccc aaa 3’

5" gce acc caa gge aca get tgt ttt tet ttt-O-(CH2)3-SH 3

5" caa gct gtg cct tgg gtg gct ttg ggg cat gga cat tga ¢ 3’ Complemetary with oligo.1, oligo.2
5" HS-(CH,)6-O-ttt ttt ttt tgt caa tgt cca tge ccc aaa FAM  The same sequence as oligo. 1

FAM) 3

FITC modified composite target 5’ FITC caa get gtg cct tgg gtg get ttg ggg cat gga cat The same sequence as composite arget
DNA tga c 3 DNA

Primerl 5'-tag gag get gta ggc ata aat tgg t-3 1774~ 1798

Primer2 5'-ggc gag gga gtt ctt ctt cta ggg g-3' 2364 ~2388

were denatured at 94 °C for 3 min followed by 31
cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C
for 2 min, and then a final extension for 10 min at
72 °C. The PCR products were visualized following
electrophoresis on 2% (w/v) agarose gel containing
ethidium bromide.

Nanoparticle HBV DNA gene probes

Au nanoparticles were prepared by citrate reduction
of HAuCl, as previously described (Demers et al.
2000). Fe@Au nanoparticles were prepared by the
citrate reduction of HAuCl, in the presence of iron
oxide nanoparticles as seeds as previously described
(Lu et al. 2006). These nanoparticles were character-
ized by TEM and EDS. 0.05 OD (OD is unit of
absorbance) of oligo.1 or oligo.2 was added to 1 mL
of Fe@Au nanoparticle solution with a final oligo-
nucleotide concentration of 0.01 pM. Mirkin’s
method (Mirkin et al. 1996) was used for preparation
of Fe@Au nanoparticle- or nanogold-supported DNA
detection probes, but 10 T bases were inserted into
mercaptohexyl or mercaptopropyl-derived oligonu-
cleotide (oligo.l1 or oligo.2) to avoid the steric
hindrance which affects the hybridization of the
probes with complementary oligonucleotides.

Coverage and hybridization efficiency of
oligonucleotides

Oligo.1-FAM was first absorbed to the surface of Au or
Fe@ Au nanoparticles following the protocol outlined
above. The coverage of oligonucleotides loaded on
nanoparticles was assayed by fluorescence quantifica-
tion according to Demer’s method (Demers et al.
2000). Oligo.2: nanoparticle conjugates were prepared

as described above to get the maximal coverage. 5'6-
FITC labeled targets, which were complementary to
oligo.2, reacted for 24 h with oligo.2-modified surface
under hybridization conditions. In this case, composite
HBV DNA target concentration was adjusted to
maintain the desired mole ratio of oligo.2: target at
1:2, 1:1, 5:1 and 10:1, respectively. The hybridization
efficiency was assayed by fluorescence quantification
according to the reference (Pena et al. 2002).

HBV DNA detection by TEM

20 pl of oligo.l or oligo.2 modified nanoparticles
were mixed, then 0.4 pl of composite target with
different concentration ranging from 0.01 nmol/L to
0.1 pmol/L or predenatured extracted HBV DNA was
added into the mixture. Subsequently, the mixture
was kept at 50 °C for 4 h and then observed by TEM.
The same amount of oligonucleitides with irrelevant
sequence or PBS was applied as negative and blank
control, respectively.

Blot hybridization

1 pl of oligo.1 (without—SH modified), which worked
as HBV capturing probes, was dropped onto nylon
membrane. The same amount of oligonucleitides with
irrelevant sequence or PBS was applied as negative and
blank control, respectively. The denaturation of oli-
gonucleitides on the membrane was carried out at
120 °C for 30 min, then blocked with prehybridization
solution at 56 °C for 30 min. HBV PCR products were
heated in boiling water bath for 10 min and rapidly
cooled in an ice bath for 90 s for denaturation.
Subsequently, 100 pl of nanoparticle-supported
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HBV-specific probes and 1 pl of composite target with
different concentration ranging from 10~'% mol/L to
10~® mol/L or pretreated HBV PCR products were
added to the hybridization solution. The membrane
immersed in the solution was kept at 56 °C for 9 h for
hybridization. The membrane was washed two times
(5 min each time) with 2 x SSC, 0.1%SDS at room
temperature and then washed two times (15 min each
time) with 0.5 X SSC, 0.1%SDS at 50 °C. At last, the
membrane was soaked in 0.2 M citric acid buffer
(pH3.5) for 3 min and put in the developing solution for
10 min, then washed with deionized water and visually
observed.

HBV DNA detection by separation of magnetic
nanoparticle aggregates

Fe@Au nanoparticle aggregates were prepared the
same process as the above, then were diluted to 1 mL
with 0.2 M PBS. With the coil current of the high-
gradient separator set at 0.3 A and the flow rate at
1.2 cm/min, 1 mL of diluted solution was allowed to
pass through the magnetic separator column and
divided into two parts: filtered solution and eluted
solution. The maximal absorbance taken from the
absorption spectra of diluted, filtered and eluted
solution was assayed respectively. Statistical analysis
on the comparison of the maximal absorbance
between samples with HBV DNA and controls was
assessed by one-way ANOVA test. The data were
analyzed with SPSS 12 software packages. The
differences in the results were considered statistically
significant when p < 0.05.

Results and discussion

Characteristics of prepared nanoparticle-
supported probes

TEM showed prepared Au and Fe@ Au nanoparticles
were well-dispersed, and their diameter were
(10 £ 5 nm), (15 = 5 nm), respectively. Figure 1
showed iron core of gold-coated iron nanoparticles
could be clearly observed. The size and shape of the
cores were similar. The mean size of the diameter of
iron core was about 14 nm. The Au shell of about
(2 ~3 nm) coated well outside of iron was evidenced.
EDS spectrum confirmed the presence of both Fe and
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Fig. 1 Representative TEM image of Au-coated iron oxide
nanoparticles. The nanoparticles were deposited onto a copper
mesh grid from suspension in water

Au within the particles. Cu peaks appeared due to
scattering caused by Cu TEM grid (Fig. 2).

Oligonucleotides can be immobilized on gold
nanoparticles through Au-S bond to form a specific
oligonucleotide probe, then through DNA hybridiza-
tion, we can explore disease-related gene mutations
and biomolecular recognition process. Au outside of
Fe@Au nanoparticles remains this binding charac-
teristics. Compared with bare nanoparticles, oligonu-
cleotide modified nanoparticles had higher stability in
NaCl solution or under high temperature environ-
ment. When heated or in solution of high salt
concentration [(0.1 ~ 1 mM) NaCl], bare nanoparticle
colloids underwent irreversible particle growth reac-
tions that resulted in their precipitation. In contrast
the DNA—modified nanoparticles were stable at
elevated temperature and in aqueous (0.1~1 M)
NaCl solutions for days, presumably because their
DNA-modified surfaces prohibit them from getting
close enough to undergo particle growth. It is
important to note that high salt concentration is
needed for DNA hybridization events.

Coverage and hybridization efficiency

Our experiment showed quantitation of surface
coverage varied with the mole ratio of oligonucleo-
tides/nanoparticles. On average, when the ratio was
between 1 and 3,000, the coverage increased as the
ratio increased. There was no correlation while the
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Fig. 2 EDS spectrum of
Fe @ Au nanoparticles. The
diameter of Fe@Au
nanoparticles was CKa
(15 = 5 nm)

AuMa

CuKa

1.00 200 300 4.00 500 6.00 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00

ratio was above 3,000. The maximal coverage for Au
nanoparticles is (132 + 10) oligonucleotides while for
Fe @ Au nanoparticle is (120 + 8) oligonucleotides per
nanoparticle.

The coverage of hybridized complementary target
was much lower for excess particle-bound oligo.2
(the mole ratio of target: oligo.2 was 1:5 or 1:10) as
compared to experiments in which solution-phase
complementary targets were in excess (the mole ratio
is 2:1). The hybridization efficiency reached peak
with the mole ratio of 2:1, which was (22 + 3%) and
(14 + 2%) for Au and Fe@Au nanoparticle, respec-
tively. However, the quantitation of hybridization did
not correlate with the increase of the mole ratio. In
the following hybridization tests, the maximal cov-
erage and hybridization efficiency on nanoparticles
were investigated.

HBYV DNA detection with nanoparticle-supported
probes by TEM

Composite targets as low as 10~'® mol/L or HBV
DNA extracted from serum of hepatitis B patients
were added to the detection system composed of
nanoparticle-supported probes. TEM showed both Au
and Fe@Au nanoparticles self-assembled into mas-
sive aggregates, respectively (Fig. 3, Figures of Au
nanoparticles were not shown). TEM also showed
every particle within these aggregates was still intact
and showed no evidence of fusing with other particles.
The melting profiles of these aggregates illustrated
they were linked by DNA. There were only dispersed
nanoparticles in the system of irrelevant negative
control or blank control.

Mirkin’s method (Mirkin et al. 1996) has founded
the application of Au nanoparticle in the detection of
composite oligonucleotides. There is no report to
detect DNA extracted from clinical samples (for
example, serum) with this method yet. Our results
showed not only Au but also Fe@Au nanoparticles
could detect HBV DNA extracted from hepatitis B
patient directly by TEM. While high-cost TEM limits
its wide usage though this method has PCR-like
sensitivity.

Blot hybridization with nanoparticle-supported
probes

Figure 4 showed that the capturing probe spots on the
membrane exhibited dark-colored spots against an
un-dyed background, negative and blank control. It
could be found that when the capturing probe
concentration was above 107’ mol/L (1 pl), the
intensity of silver-staining had a positive correlation
with the quantity of the capturing probes. We
choosed 107® mol/L HBV capturing probe in the
following hybridization tests on nylon membrane.
Figure 5a showed the allowable lowest detection
concentration of composite targets for this Fe@Au
nanoparticle amplification/silver staining enhancing
coloring method was 10~'° mol/L. There was a direct
correlation between the composite target concentra-
tion above 107'" mol/L and the staining grade (the
spot intensity) of spots. 614bp of HBV DNA PCR
products were obtained (Fig. 6), which could also be
detected with this method (Fig. 5b). Blot hybridiza-
tion further verified the high specificity of Fe@Au
nanoparticle gene probes.

@ Springer



398

J Nanopart Res (2008) 10:393—400

Fig. 3 TEM images of
DNA-linked Fe@ Au
nanoparticle assemblies. (a)
An assembly formed from
Fe@Au nanoparticle HBV
DNA probes with 0.1 fmol
composite DNA; (b)
Negative control of a,
irrelevant DNA was added;
(¢) Blank control of a; (d)
An assembly formed from
Fe @ Au nanoparticle HBV
DNA probes with annealed
HBV DNA extracted from
serum of hepatitis B patient;
(e) Negative control of d,
irrelevant DNA was added;
(f) Blank control of d,
serum from healthy controls
was extracted with the same
method as HBV DNA and
the extraction was added

e -

oligo.1 10° 10*  10°
(mol/L)

Blank
control

10 Negative
control

Fig. 4 The detection of HBV DNA with different quantities of
capturing probes on nylon membrane. 1 pl of different

a Negative Blank

Oligo.1 control  control

Fig. 5 The detection of HBV DNA with Fe@ Au nanoparticle-
supported probes on nylon membrane. (a) The allowable
minimal detection concentration of composite target with
Fe@Au nanoparticle-supported probes, the concentration of

Nanogold-supported probes could detect as low as
107" mol/L composite target and also HBV DNA
PCR products (Figures were not shown). This result
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10° 10° 107 10% 107 Blank

control  control

Negative

concentration of oligo.1, which worked as HBV capturing
probes, was immobilized on nylon membrane

b Negative Blank

Oligo.1 control  control

composite target from up to down is 107°,107'° 107" mol/L,
respectively; (b) The detection of HBV DNA PCR products
with Fe@ Au nanoparticle-supported probes

agrees with that reported by Wang et al. (2003).
However, the detection sensitivity of blot hybridiza-
tion on nylon membrane with nanoparticle probes is
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Fig. 6 PCR products of HBV DNA extracted from the serum
of hepatitis B patients. M: DL-2000 Marker; 1~5: PCR
products of HBV DNA; 6: Negative control

not sufficient to detect HBV DNA extracted from
hepatitis B patient directly. It is necessary to further
improve the sensitivity of detecting system to meet
clinical requirement. Though recent studies (Huber
et al. 2004; Bao et al. 2005) revealed that DNA and
RNA sample could be detected by microarray-based
method, high-cost equipment, complicated procedure
and time-consuming limited its further application.

HBV DNA detection by magnetic separation of
nanoparticle aggregates

1 mL of diluted solution was allowed to pass through
the magnetic separator column and filtered solution

was got. The maximal absorbance taken from the
absorption spectra of diluted or filtered solution was
assayed. There was no significant difference in
maximal absorbances among diluted solutions. How-
ever, there was significant difference between samples
with composite targets as low as 10~'% mol/L and
controls among filtered solutions as shown in Fig. 7.

Prepared Fe@Au nanoparticle-supported probes
not only have the physical properties of iron oxide
(core) but the properties of surface chemistry and
stability of Au (shell). Iron oxide nanoparticles have
superparamagnetic characteristics, therefore Fe@ Au
nanoparticles are controllable in high gradient mag-
netic field. By using a set of high gradient magnetic
separator, we were able to detect statistically signif-
icant difference among samples with composite
targets and controls in the filtered solution. Therefore
our results do suggest that Fe @ Au nanoparticles and
magnetic separator might be an alternative method to
detect DNA effectively. However, it should be noted
that magnetic separation has only examined compos-
ite target in this study. The detection sensitivity needs
to be further improved in order to detect clinical
samples directly with this method.

Conclusion

Our work has shown alkanethiol-oligonucleotides
were modified on the surface of Fe@ Au nanoparticles,

124

104
° *
S o8- * I
g T
o
8 .06
<<
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0.00 T T
target1 target2

Fig. 7 Detection of HBV DNA by Fe@ Au nanoparticle HBV
DNA probes among filtered solutions. The statistics of
experimental groups with different concentration of composite
targets (targetl: 107'> mol/L, target2: 10~'" mol/L) and

negtive control blank control

Sample

control groups differed significantly (p < 0.05). Three sets of
experiments were performed. The absorbance is expressed as
mean + SD. Abscissa and ordinate represent samples and
absorbance, respectively
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which can be used to detect HBV DNA as gene probe.
The process for binding oligonucleotides with Fe@ Au
nanoparticles is simple. Fe@Au nanoparticle gene
probes have not only high coverage and hybridization
efficiency of oligonucleotides but also high stability.
Our experiments show Fe@Au nanoparticle gene
probes could detect HBV DNA by TEM, blot hybrid-
ization or magnetic separation. This is the first primary
research of oligonucleoticles modified Fe@ Au nano-
particles in the application of HBV DNA assay as far as
we know. Nanoparticle-based assays provide an anal-
ysis of the unique biophysical properties displayed by
nanoparticles and have advantages over the conven-
tional detection methods. Some of the advantages
include the assays’ PCR-like sensitivity, their selec-
tivity for target sequences and their time efficiency.
The successful application of Fe@Au nanoparticle
gene probes will be explored in the diagnosis of other
viral diseases, such as human Hepatitis C, AIDS, SARS
and so on.
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