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The ability to harness the nanoscale structural properties is essential for the exploration of functional

properties of nanomaterials. This report demonstrates a novel strategy exploring bifunctional

nanoparticles for spectroscopic detection and magnetic intervention of DNA assembly, disassembly, and

enzyme cutting processes in a solution phase. In contrast to existing single-function based approaches,

this strategy exploits magnetic MnZn ferrite nanoparticles decorated with gold or silver on the surface

to retain adequate magnetization while producing sufficient plasmonic resonance features to impart

surface-enhanced Raman scattering (SERS) functions. The decoration of MnZn ferrite nanoparticles with

Au or Ag (MZF/Au or MZF/Ag) was achieved by thermally activated deposition of Au or Ag atoms/

nanoparticles on MZF nanoparticles. Upon interparticle double-stranded DNA linkage of the MZF/Au (or

MZF/Ag) nanoparticles with gold nanoparticles labeled with a Raman reporter, the resulting

interparticle “hot spots” are shown to enable real time SERS monitoring of the DNA assembly,

disassembly, or enzyme cutting processes, where the magnetic component provides an effective means

for intervention of the biomolecular processes in the solution. The unique bifunctional combination of

the SERS “hot spots” and the magnetic separation capability serves as the first example of bifunctional

nanoprobes for biomolecular recognition and intervention.
Introduction

The ability to harness the nanoscale functional properties is
essential for the exploration of technological applications of
nanomaterials. In medical diagnostics and treatments, two of
the functional properties that have been the subjects of broad
interest for biomolecular recognition include signal trans-
duction and activity intervention. Signal transduction of
biomolecules such as DNAs, proteins, or enzymes has been a
focal area of intensive research on various pathogens.1–3 Many
optical and spectroscopic tools are powerful for signal trans-
duction due to their multiplexing or ngerprinting capabil-
ities,4–19 which oen involve immobilization of reporter labels
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on gold or silver nanoparticles (Au or Ag NPs) on a solid
substrate. One example involves targeting of oligonucleotides
using nanoparticles functionalized with a specic sequence of
oligonucleotides along with a dye label.4 Formost of the existing
approaches which involved planar gold or silver substrates as
supports for the nanoparticles,4,6,7,12–14,17 the uncontrollable
aggregation of the nanoparticles constitutes a major compli-
cation. In contrast, the interparticle plasmonic coupling, a
phenomenon originating from the formation of small clusters
of NPs such as dimers and trimers,12 as described in the present
report, functions as a spectroscopic nanoprobe to biomolecular
processes in solutions where the interparticle chemistry can be
well dened by the biomolecules. On the other hand, an effec-
tive means is needed for activity intervention of the biomolec-
ular processes in a solution. While the magnetic properties of
magnetic nanoparticles (MNPs) have been exploited for bio-
separation, controlled delivery, specic targeting, or magnetic
resonance imaging (MRI),20–22 the direct use of many existing
metal oxides (e.g., iron or cobalt oxides) in biological uids is
problematic considering their potential toxicity and limited
surface chemistry. To impart the desired biocompatibility and
surface functionality to MNPs, the surface functionalization of
MNPs with gold or silver is one important approach in view of
the rich surface chemistry for DNAs, proteins and other
This journal is ª The Royal Society of Chemistry 2013
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biomolecules.23 While this approach is supported by our earlier
studies on gold-coated MNPs in biomolecular separation from
solutions to a solid substrate,12,13 and other studies such as
MNPs on a planar gold substrate,24 Fe3O4@Au NPs labeled with
dyes,25 silver-embedded MNPs for cancer-cell targeting and
imaging,26,27 and SERS detection of DNAs via various nano-
structures,28–32 most of them rely either on using solid
substrates with immobilized NPs or magnetic enrichment of
DNA-particle aggregates separated from the solution state for
the detection. There has been no real demonstration of signal
transduction and bioactivity intervention through the direct
plasmonic coupling of DNA-linked magnetic nanoparticles in
the solution and in real time.

We demonstrate herein the rst example of a novel bifunc-
tional strategy for signal transduction and activity intervention
using Ag- and Au-decoratedmagnetic MnZn ferrite NPs (MZF/Ag
and MZF/Au). In our previous work, MnZn ferrite type NPs were
shown to form a core–shell nanostructure consisting of a Fe3O4

core and a MnZnFe2O4 type shell.33 In comparison with Fe3O4

NPs,34,35 the magnetic properties of such magnetic nano-
particles are tunable by Mn/Zn doping in the shell. In the
Scheme 1 An illustration of the bifunctional strategy exploiting the multifunctiona
and enzyme cutting processes in the solution. These processes involve interparticle “h
theoretically calculated enhanced electric field and the spacing of Ag nanoparticle
certain spacing (see Fig. S1† for details).

This journal is ª The Royal Society of Chemistry 2013
present work, the Mn/Zn-doped magnetic nanoparticles were
decorated with Au or Ag by a thermally activated processing
technique,13,14 which allows controllable deposition of the
metals on the magnetic NPs under thermal heating condi-
tions.13 The choice of the Au or Ag decoration, rather than a full
shell, stems largely from the consideration of retaining the
magnetization. Magnetic NPs fully coated by Au were shown to
reduce the magnetization signicantly.34 In this report, we
demonstrate that the Au or Ag decoration on the magnetic NPs
not only allows effective exploitation of the magnetic properties,
but also allows effective exploration of the plasmonic properties
for surface-enhanced Raman scattering (SERS). A key element to
enable an effective magnetic function is that the Au or Ag layer
on the magnetic particles should not be too thick to signi-
cantly reduce the magnetization,34 while they are sufficient to
produce the plasmonic resonance coupling for SERS. These
features would allow SERS detection and magnetic intervention
of DNA assembly, disassembly, and enzyme cutting processes in
aqueous solutions. In contrast to the previous studies,28–32 there
are several important attributes in our strategy. The use of Au-
or Ag-decorated magnetic nanoparticles introduces magnetic
l NPs for SERS detection and magnetic intervention of DNA assembly, disassembly,
ot-spot” formation andmagnetic removal. Bottom panel: correlation between the
dimers. Inset: a contour external to a dimer of Ag nanoparticles (60 nm) with a

J. Mater. Chem. B, 2013, 1, 4320–4330 | 4321
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functionality in the direct recognition of two DNA strands
anchored respectively to two different nanoparticles, i.e.,
Raman-labeled Au NPs (“Raman probe”) and Au- or Ag-deco-
rated magnetic NPs (“Magnetic (Mag) probe”), which are illus-
trated in Scheme 1 for the biomolecular processes involving
assembly and disassembly of two complementary ss-DNAs
(DNA1 and DNA2), and the enzyme cutting of the ds-DNA. One
ss-DNA is attached to Au NPs labeled with a Raman label
molecule (Au NPs-R) and the other being anchored to the
magnetic MZF/Au or MZF/Ag NPs. The interparticle plasmonic
coupling as a result of the ds-DNA linkage creates a “hot-spot”
which provides a means for SERS detection of the assembly and
the disassembly either by restriction enzyme cleavage of the ds-
DNA or by thermal removal of the hydrogen-bonding between
the base pairs. The magnetic component of the nanoprobes
provides the capabilities of magnetic intervention, biosepara-
tion, resuspendability, and potential recyclable or sustainable
uses.

The foundation for the SERS function stems from theoretical
calculation of the local electric eld enhancement (i.e., “hot-
spot”) for a dimer of NPs using the discrete dipole approxima-
tion method,36 which reveals an E-eld enhancement that is
dependent on the interparticle spacing in the dimer (see ESI,
Fig. S1†). The E-eld enhancement increases sharply with the
reduction of the interparticle spacing. When the interparticle
spacing increases, the E-eld enhancement weakens. For a
dimer of DNA1–MNP and MBA-Au NPs by DNA2 via binding of
the complementary base pairs as described in this report, the
interparticle spacing under an ideal interparticle ds-DNA link-
ing is estimated to be about 10 nm in length, which falls into the
“hot spot” region (ESI, Fig. S1†). When an enzyme cuts the ds-
DNA at a specic site, or the solution is heated to induce a
disassembly of the dimer, the interparticle spacing increases
and eventually the two NPs are separated, leading to weakening
and disappearance of the “hot spot”. This type of “hot spot”
formation/removal, coupled with the magnetic functionality,
constitutes the basis of the SERS detection and activity inter-
vention in the DNA assembly and disassembly processes. In
comparison with the SERS-only detection using pure Au NPs,37

this “Raman-Magnetic” probe could enable interparticle “hot
spot” formation and bio-separation capability for monitoring
DNA assembly and cutting processes in the solution phase and
in real time, which is to our knowledge the rst example of this
kind of bifunctionality.
Experimental
Chemicals and nanoparticles

Hydrogen tetrachloroaurate(III) hydrate (HAuCl4$xH2O), silver
nitrate (AgNO3), sodium hydroxide, sodium acrylate (97%),
sodium chloride (NaCl, 99%), ethylenediaminetetraacetic acid
(EDTA), 4-mercaptobenzoic acid (MBA), oleylamine (OAM,
70%), benzyl ether, 1-decanethiol (DT, 99%), and 11-mercap-
toundecanoic acid (MUA, 97%) were purchased from Sigma-
Aldrich (Milwaukee, WI) and used as received. Iron(III) acetyla-
cetonate (Fe(acac)3, 99%, Lancaster), manganese(II) acetylacet-
onate (Mn(acac)2, 95% Strem), zinc acetylacetonate (Zn(acac)2,
4322 | J. Mater. Chem. B, 2013, 1, 4320–4330
98%, Strem), and oleic acid (OAC, 99%, Alfa Aesar) were also
used for the synthesis. Phosphate buffer was purchased from
Fisher Scientic (Pittsburgh, PA). Thiol modied DNAs with
standard desalting purication were purchased from Integrated
DNA Technologies, Inc. (Coralville, IA). NAP-5 columns were
purchased from GE Healthcare (Uppsala, Sweden) and MspI
from New England Biolabs (Beverly, MA). The solvents
including hexane (99.9%) and toluene (99.8%) were from
Fisher. Water was puried with a Millipore Milli-Q water
system.

Nanoparticle synthesis

Au NPs and Ag NPs of 2 nm in size encapsulated with DT
monolayer capping molecules were synthesized based on the
standard and modied two-phase method.13,38,52

The synthesis of MZF nanoparticles was based on a method
developed in our laboratory,33,39 which involved thermal
decomposition of metal acetylacetonate compounds, e.g.,
0.469 g Fe(acac)3, 0.081 g Mn(acac)2, and 0.087 g Zn(acac)2 in
20 mL of benzyl ether with 2 mL of oleic acid and 2 mL of
oleylamine. The mixture was reuxed for 60 min. The product
was collected using a magnet.

For the preparation of MZF/Au and MZF/Ag nanoparticles, a
modied strategy of the thermally activated processing protocol
was used.13 In a typical synthesis, 1.3 mL of concentrated Au-DT
(or Ag-DT) and MZF nanoparticles (e.g., stock solutions of
DT-capped Au (2 nm, 33 mM) and OAM/OAC-capped MZF (8 nm,
2.6 mM)) in toluene with a certain ratio was placed in a reaction
tube. The tube was then placed in a preheated Yamato DX400
gravity convection oven at 150 �C for 3 h. Temperature variation
from this set point was limited to 1.5 �C. Aer the thermal
treatment, the reaction tube was allowed to cool down, and the
particles were re-dispersed in toluene.

DNA assembly/disassembly procedures

The as-synthesized DT-capped MZF/Au and MZF/Ag particles
were transferred to water by ligand exchange using mercap-
toundecanoic acid (MUA) by following a procedure reported by
Gittins and Caruso with a slight modication.53 Then the NPs
were further modied with DNA for assembly and SERS detec-
tion. The detailed procedures for the assembly and the restric-
tion enzymes cutting areas were reported previously,12,46 and are
summarized below.

MZF/Au (or MZF/Ag) and Au NP assembly based on
complementary oligonucleotides

To demonstrate the viability of assembly between MZF/Au (or
MZF/Ag) and Au NPs, two different DNAs (DNA1: 50-/5ThioMC6-
D/AGGCCAGACCTGCCCGGGCAAGCCTTGGCA-30 (bottom strand)
and DNA2: 50-/5ThioMC6-D/TGCCAAGGCTTGCCCGGGCAGGT
CTGGCCT-30 (top strand)) were used. Acrylate-capped Au NPs
with an average size of 39.7� 1.8 nmwere synthesized following
the procedure reported previously.8 DNA1 and DNA2 were rst
dissolved in 0.1 M phosphate buffer (pH 8) at a concentration
ranging from 300 to 370 mM. The disulde bonds in DNA1 and
DNA2 were cleaved using an approach similar to the reported
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3tb20446d


Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
7 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
12

/0
7/

20
15

 0
8:

47
:5

2.
 

View Article Online
procedure,46 where dithiothreitol (DTT) at a nal concentration
of 0.1 M was added to �10 OD of the nucleotides in a nal
volume of 400 mL. The solution was allowed to react at room
temperature for 2 h, then poured through a NAP-5 column and
an aliquot of 1.1 mL phosphate buffer (pH 8) was added to the
column to elute the cleaved oligonucleotide. The nal concen-
tration of the cleaved DNAs was 10 mM with an OD 260 nm of
3.6. The exact concentrations of DNAs varied slightly depending
on the specic experiment.

The surface of MZF/Au (or MZF/Ag) was functionalized with
the cleaved DNA1 similar to the reported procedure46 to form
MZF/Au–DNA1 (or MZF/Ag–DNA1). Briey, 0.176 mL of the
cleaved DNA1 was added to 3 mL of MZF/Au nanoparticles (or
MZF/Ag nanoparticles). The solution was le standing at room
temperature for 16 h, aer which it was diluted to 20 mM NaCl
and 10 mM phosphate buffer (pH 7) and allowed to stand for
another 40 h at room temperature. The DNA1-capped nano-
particles were then centrifuged and washed twice at 14 000 rpm
(18 620g) for 25 min (each time the solution was re-dispersed in
a 20 mM NaCl/10 mM phosphate buffer (pH 7) solution) before
being re-dispersed in its nal (20 mM NaCl/10 mM phosphate
buffer/0.01% sodium azide (pH 7)) solution and stored at room
temperature.

The MBA-Au NPs: a controlled volume of 0.1 mM MBA for a
50% surface coverage was added to 3 mL of Au NPs (stock
concentration 0.1 nM). The solution was le standing at room
temperature overnight before use. The estimate of this coverage
was based on the measurement of an adsorption isotherm, i.e.,
the SERS intensity vs. concentration of MBA.12

To study the assembly of the DNA capped MZF/Au (or MZF/
Ag) nanoparticles with 39 nm Au NPs, 17 mL of DNA2 was added
to 300 mL of MZF/Au–DNA1 (or MZF/Ag–DNA1) in the presence
of 300 mL of MBA-labeled Au NPs. The reaction was monitored
by UV-Vis and Raman spectroscopy.

Restriction enzyme cutting

For the enzyme cutting experiment, the restriction enzymeMspI
(100 units per mL) was utilized. 5 mL of restriction enzyme was
added to 350 mL of the assembled solution, along with the
buffer for the restriction enzyme. The solution was incubated at
37 �C (MspI) with constant stirring and the Raman spectrum
was taken at different time intervals.

Instrumentation and measurements

UV-Visible (UV-Vis) spectra were acquired with a Hewlett Pack-
ard 8453 spectrophotometer.

Transmission electron microscopy (TEM) was performed on
a Hitachi H-7000 Electron Microscope (100 kV). The TEM
samples were prepared by taking a solution sample and casting
it onto a carbon-coated copper grid sample holder followed by
evaporation in air at room temperature. HRTEM analysis was
carried out using a JEOL JEM 2010F at an acceleration voltage of
200 kV. The nanoparticles were diluted in hexane solvent and
drop cast onto a carbon-coated copper grid, followed by solvent
evaporation in air at room temperature. HRTEM in PNNL
analysis was carried out on a JEOL JEM 2010Fmicroscope with a
This journal is ª The Royal Society of Chemistry 2013
specied point-to-point resolution of 0.194 nm. The operating
voltage of the microscope was 200 kV. High-angle annular dark-
eld scanning TEM (HAADFSTEM) imaging for morphology
characterization and energy dispersive X-ray spectroscopy (EDS)
for elemental mapping were carried out on an JEOL JEM-
ARM200F instrument operated at 200 kV with a spherical
aberration corrector.

Surface-enhanced Raman scattering (SERS) spectra were
recorded using an Advantage 200A Raman spectrometer
(DeltaNu) and the datawere collected from200 to 2000 cm�1. The
laser power and wavelength were 5 mW and 632.8 nm, respec-
tively. The scattering geometry utilized was backscattering.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to analyze the nanoparticle composition. It
was performed on a Perkin-Elmer 2000 DV ICP-OES with the
following parameters: plasma, 18.0 L of Ar(g) min�1; auxiliary,
0.3 L of Ar(g) min�1; nebulizer, 0.73 L of Ar(g) min�1; power,
1500 W; and peristaltic pump rate, 1.40 mL min�1. Reported
values of <1.0 mg L�1 were analyzed using aMeinhard nebulizer
coupled to a cyclonic spray chamber to increase the analyte
sensitivity. Elemental concentrations were determined by
measuring one or more emission lines (in nm) to check for
interferences.

X-ray Photoelectron Spectroscopy (XPS) measurements were
performed on a Physical Electronics 5000 versa probe scanning
ESCA microprobe. The system uses a focused monochromatic
Al Ka X-ray (1486.7 eV) source for excitation and a spherical
section analyzer. The instrument has a 16-element multi-
channel detection system. Wide scan data were collected using
a pass energy of 187.85 eV. The binding energy (BE) scale was
calibrated using Cu 2p3/2 line at 932.58 � 0.05 eV and Au 4f7/2
line at 84.01� 0.05 eV. The sample experienced variable degrees
of charging by low energy electrons at�1.5 eV, 20 mA so that low
energy Ar+ ions needed to be used to minimize this charging.
The percentages of individual elements detected were deter-
mined from the relative composition analysis of the areas of the
XPS lines.

Superconducting quantum interference device (SQUID): The
dc magnetization and magnetic susceptibility were measured
using a magnetometer Quantum Design MPMS XL-5. Before the
measurements, a possible remnant magnetic eld was removed
using the ultralow-eld option at 298 K. The resultant remnant
eld was less than 3 mOe. The measurements of the dc
magnetization and magnetic susceptibility were carried out
aer appropriate cooling procedures. The details of the cooling
protocol for each measurement are described in the Discussion.
Results and discussion
Characterization of MZF/Au and MZF/Ag NPs

The as-synthesized MZF NPs feature about 8 nm in size and
roughly cubical shape as reported recently.33 MZF NPs of several
slightly different ratios were utilized for the decoration by Au or
Ag. For example, an MZF with an Fe : Mn : Zn ratio of 84 : 8 : 8
consisted of a Fe3O4 core and a (Mn0.5Zn0.5)Fe2O4 shell with a
shell to core volume ratio of 1 : 1.1 on the basis of our previous
study.33 The shell was about 48% (vol) (i.e., % of the volume of
J. Mater. Chem. B, 2013, 1, 4320–4330 | 4323
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the shell relative to the whole core–shell volume), which is
�0.8 nm in shell thickness for the 8 nm MZF NP. The MZF/Au
and MZF/Ag NPs, prepared by the thermally activated process-
ing of the MZF NPs and Au (2 nm) or Ag NPs (2 nm) at or near
their nanoscale melting temperatures,13,14,38 featured 11 and
9 nm in sizes. Based on the elemental composition from ICP
data, the shell thickness was estimated to be �0.3 nm for Au
and�0.1 nm for Ag, which appeared to be quite consistent with
the EDS compositionmapping data (as described later). This set
of MZF/Au and MZF/Ag NPs was mainly used for the demon-
stration of the bifunctional properties for assembly, disas-
sembly and enzyme cutting of DNAs.

In another set of MZF/Au and MZF/Ag NPs, MZF of a similar
composition was used for the decoration by Au or Ag, which
corresponds to the Fe3O4 core and the (Mn0.5Zn0.5)Fe2O4 shell
with a shell to core ratio of 1 : 3.2. This shell is about 24 vol%,
which is 0.4 nm in shell thickness for the 8 nm MZF NP. The
MZF/Au and MZF/Ag NPs, prepared by the same thermally
activated processing,13,14,38 also featured 11 and 9 nm in sizes.
Based on the elemental composition from ICP data, the shell
thickness was estimated to be �1.0 nm for Au and �1.4 nm for
Ag, which appeared much larger than those found by the EDS
mapping analysis. Due to the presence of pure Au or Ag nano-
particles in the Au or Ag decorated MZF samples, the actual
thickness is believed to be much smaller, as supported by
HRTEM and EDSmapping data. This set of MZF/Au andMZF/Ag
NPs was mainly used for the determination of the magnetic
properties as discussed next.

The functional properties of the MZF/Au and MZF/Ag NPs
were rst assessed by monitoring the changes in the surface
plasmon resonance bands from the Au or Ag component and
the magnetic function from the MZF component for a solution
of the nanoparticles in a cell (see ESI, Fig. S2 and S3†). The
experiment data revealed clearly a gradual decrease of the
surface plasmon resonance bands upon applying a magnetic
bar to the solution cell (Fig. S2 and S3†), similar to those
reported recently.13,39 The fact that the experimental plasmonic
resonance absorption spectra spanned to the near IR region is
consistent with the theoretical simulation results that the
surface plasmonic (SP) resonance band shis from the visible to
near infrared region as shell thickness decreases (see ESI,
Fig. S4†), suggesting that the MZF/Au or MZF/Ag nanoparticles
likely have various shell thicknesses.
Fig. 1 HRTEM images for samples from (A) MZF, (B) MZF/Au and (C) MZF/Ag nan

4324 | J. Mater. Chem. B, 2013, 1, 4320–4330
More importantly, XPS analysis of the relative changes in the
metal composition and binding energies for samples of MZF,
MZF/Au and MZF/Ag NPs also revealed intriguing interactions
between Au (or Ag) shell and MZF core (see Fig. S5 and Table
S1†). The positive shi of binding energy (BE) for Au 4f in
comparison with gold and the negative shi for Fe 2p and Zn 2p
in comparison with MZF (Table S1†) indicated a charge transfer
from gold to iron/zinc for MZF/Au. This suggests the presence of
Au atoms in the surface lattice of the spinel MZF, which is in
agreement with previous studies.40,41 For MZF/Ag, while a
similar positive shi of BE for Fe 2p and Zn 2p (Table S1†) was
observed, suggesting a similar charge transfer to iron/zinc, the
BE for Ag 3d showed a negative shi in comparison with silver,
reecting the dominance of a strongly bound oxygen at the
silver surface.42 The latter suggests the presence of Ag–O–Fe/Zn
type of interaction for the silver layer on the surface lattice of the
spinel structure.

HRTEM images of nanoparticles before and aer coating Au
or Ag were carefully analyzed in terms of the atomic lattices
(Fig. 1), similar to those reported previously.43–45 For MZF, the
measured lattice fringe (0.302 nm) corresponds to the (220)
plane of the spinel structure (Fig. 1A). For MZF/Au, the MZF's
lattice fringe (0.302 nm) is still evident, but the lattice fringe
(0.240 nm) corresponding to the (111) plane of Au is also
observed (Fig. 1B). For MZF/Ag, nanoparticles with different
morphologies such as dumbbell-like structure were also
observed, as supported by the observation of the lattice fringe
(0.240 nm) that corresponds to (110) of Ag and the lattice fringe
(0.291 nm) that can be assigned to (220) of MZF nanoparticles
(Fig. 1C). It is believed that the surface coverage of MZF NPs by
Au or Ag is likely incomplete.

As shown by the EDS data for MZF/Au and MZF/Ag nano-
particles (Fig. 2), distributions of the expected components, Fe,
Mn, Zn, and Au or Ag, can be identied. The predominance of
Fe is consistent with the composition data for MZF
(Fe : Mn : Zn ¼ 84 : 8 : 8). The relative distribution of Au or Ag
in terms of quantity seems to be somewhat less than or similar
to that of Mn or Zn in MZF. By overlapping Fe and Au in the case
of MZF/Au or Fe and Ag in the case of MZF/Ag, there is clear
indication showing that Au or Ag metals are decorated on the
MZF. This observed decoration of Au or Ag on the MZF is
consistent with the absence of lattices of Au or Ag on the MZF as
observed in the HRTEM data (Fig. 1).
oparticles.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 EDS composition mapping for samples of (A) MZF/Au and (B) MZF/Ag nanoparticles in terms of individual components Fe, Mn, Zn and Au or Ag, and their
overlapping of Fe and Au (for MZF/Au) and Fe and Ag (for MZF/Ag).
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The MZF/Au and MZF/Ag were examined in terms of satu-
ration magnetization, coercivity, and blocking temperature
based on SQUID measurements. In this case, the sample with a
shell thickness of �1.0 nm for Au or �1.4 nm for Ag was used.
The saturation magnetization was measured at 2 K with an
applied eld of �50 to 50 kOe. Fig. 3 shows a representative set
of data for MZF/Au (similar data were also obtained for MZF/
Ag). As shown in Fig. 3A, the highest value of magnetization was
found to be 93 emu g�1 (for MZF/Ag � 55 emu g�1). Note that
the maximum magnetization values for Fe3O4 (5.2 nm) and
core–shell MZF of a slightly different composition (�20 nm)
were previously reported to be 66 emu g�1,34,35 and 46 emu g�1,33

respectively. While the differences can be attributed to a
combination of differences in particle size, composition, and
Mn/Zn doping sites, the fact that there is such a high value of
magnetization suggests a very thin coating of Au on the surface
of MZF.

The coercivity value was about 288 Oe for MZF/Au at 2 K (for
MZF/Ag �312 Oe). This value is much higher than that for the
Fe3O4 nanoparticles (40 Oe) at 5 K,34 and slightly smaller than
the core–shell nanocubes (Fe3O4 core@(Mn0.5Zn0.5)(Fe0.9Mn1.1)-
O4 shell).33

The zero-eld-cooled (ZFC) and eld-cooled (FC) curves for
MZF/Au are shown in Fig. 3B. Interestingly, the ZFC/FC char-
acteristic does not resemble that observed for the core–shell
nanocube (Fe3O4 core@(Mn0.5Zn0.5)(Fe0.9Mn1.1)O4 shell).33

Rather, it is quite similar to that for Fe3O4 NPs.34 This feature is
believed to likely reect the presence of a very thin MZF shell
Fig. 3 Magnetization curves for the MZF/Au sample. SQUID measurements of ma
and field-cooled (FC) and zero-field-cooled (ZFC) curves (B).

This journal is ª The Royal Society of Chemistry 2013
around the Fe3O4 nanoparticles, in contrast to the core–shell
nanocubes with a thick MnZnFe2O4 shell around the Fe3O4

core.33 The blocking temperature (Tb) is determined to be 61 K
for MZF/Au (for MZF/Ag �70 K), which is higher than that for
pure Fe3O4 nanoparticles (17 K). The fact that the sample has a
much higher Tb than those for pure Fe3O4 (17 K) and Fe3O4 (5
nm core)@Au (1 nm shell) (13 K) is also consistent with the
composition analysis data discussed earlier.
ss-DNA assembly and ds-DNA disassembly

To demonstrate the bifunctionality of the nanoprobes, two
complementary 30-bp DNA sequence oligonucleotide strands
with a thiol group at one end, 50-/5ThioMC6-D/AGGCCA
GACCTGCCCGGGCAAGCCTTGGCA-30 (DNA1) and 50-/5Thi-
oMC6-D/TGCCAAGGCTTGCCCGGGCAGGTCTGGCCT-30 (DNA2),
were used. The conjugation of MZF/Au (or MZF/Ag) with
the DNA1 was similar to the reported procedure46 to form
MZF/Au–DNA1, and the labeling of Au NPs with mercapto-
benzoic acid (MBA-Au) was achieved by following a previously
reported procedure.12 For the disassembly process, the restric-
tion enzyme MspI (100 units per mL) was utilized and the
procedure was similar to our previous report46 (see ESI† for
more details). Note that the use of TEM by casting solution
samples to visualize dimers or trimers may not be appropriate
because it could lead to various ensembles depending on
particle concentration, evaporation rate, and other factors.
Technically, it was very difficult to avoid random aggregation,
gnetization hysteresis curves (A) (Inset: magnification of the curves near zero Oe),
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and a further study using different grid preparation techniques
may provide additional information, which will be our future
work. The following two sections focus on their novel SERS and
magnetic characteristics for the demonstration of the operation
of interparticle “hot spots” in monitoring the DNA assembly,
disassembly and enzyme cutting processes.

The assembly of MZF/Au–DNA1 (or MZF/Ag–DNA1) with
MBA-Au NPs in the presence of free DNA2 involves comple-
mentary oligonucleotide binding of DNA2 strand to the DNA1
strand attached to MZF/Au (or MZF/Ag) NPs (Scheme 2), leading
to the formation of small aggregates (dimers, trimers, etc.)
linked by ds-DNA (MBA-Au–DNA1/DNA2–MZF/Au or MBA-Au–
DNA1/DNA2–MZF/Ag) and the creation of “hot spots” for SERS
detection. The hydrogen bonds between base pairs in the ds-
DNA deactivate when the temperature is higher than melting
temperature (Tm), leading to a return in the two single strands.
This process is reversible. When the temperature is �30 �C
below Tm, the base pairing re-establishes the interparticle “hot
spot”. However, if a magnetic eld is applied to the solution at
>Tm, which separates the magnetic component, the “hot spots”
will not be reestablished upon lowering temperature. Two
examples are shown below to demonstrate these processes.
Scheme 2 A schematic diagram illustrating the assembly of MZF/Au–DNA1 (or M
magnetic intervention of MBA-Au–DNA1/DNA2–MZF/Au (or MZF/Ag) assemblies v
DNA sequence strands.

Fig. 4 SERS spectra showing the assembly of MBA-Au NPs and MZF/Au–DNA1 NPs
(6.2 nM), (c) the mixture of MBA-Au andMZF/Au–DNA1, and (d) the mixture of MZF/
induced disassembly of MBA-Au–DNA1/DNA2–MZF/Au (B) ((a) initial sample at 25 �

the sample cell for 1 h, and (d) upon releasing MNPs back to the solution at 25 �C;

4326 | J. Mater. Chem. B, 2013, 1, 4320–4330
The rst example involves the assembly of MZF/Au NPs
(11 nm) and MBA-Au NPs (39 nm) by the formation of inter-
particle ds-DNA of DNA1 and DNA2. Note that the concentration
of top-DNA added to the assembly process in this experiment
was 0.2 to 2 mM, which was similar to those reported for loading
different DNAs on Au NPs, including 2–3 mM,47 10 mM,48 and
3 mM,4 though much lower concentrations were reported for
different systems such as those with 1 pM to 10 fM,49 and those
with nM level detection by separation free SERS assay when
target DNA is present using a specically designed SERS
primer.50 In contrast to the absence of bands in the Raman
spectrum for the individual components such as MZF/Au–DNA1
and MBA-Au or their simple physical mixture (Fig. 4A, curves a–
c), the addition of DNA2 to the mixed solution leads to the
observation of two clear SERS peaks at 1078 and 1592 cm�1

(Fig. 4A, curve d), corresponding to the n(CC) ring-breathing
modes of MBA. This nding is indicative of the interparticle
“hot-spot” formation due to assembly of MBA-Au–DNA1/DNA2–
MZF/Au, forming dimers or trimers in the solution.

When the temperature of the assembly solution was
increased to 95 �C, the SERS intensity was found to decrease
(Fig. 4B, curves a and b), though the kinetics of decrease was
ZF/Ag–DNA1) with MBA-Au NPs in the presence of DNA2, and the thermal and
ia heating and magnetic separation. DNA1 and DNA2 are complementary 30 bp

by DNA2 in aqueous solution (A) ((a) MBA-Au (4.3 � 10�2 nM), (b) MZF/Au–DNA1
Au–DNA1 andMBA-Au in the presence of DNA2 (0.56 mM)); and the temperature-
C, (b) 95 �C for 10 min, (c) 95 �C for 10 min followed by applying a magnetic bar to
inset: comparison of SERS intensities at 1592 cm�1).

This journal is ª The Royal Society of Chemistry 2013
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relatively slow. The kinetics could be accelerated by applying a
magnetic eld to the solution (Fig. 4B, curve c), which removed
part of the disassembled MNPs from the solution. By re-
dispersing them back into the solution, the intensity was shown
to be restored to almost the previous level (Fig. 4B, curve d). This
nding demonstrates the viability of a temperature-controlled
reversible assembly–disassembly process which can be inter-
vened by a magnetic eld.

The second example involves a combination of MZF/Ag NPs
(9 nm) andMBA-Au NPs (39 nm) (Fig. 5A). The addition of DNA2
to this mixture solution showed two very strong diagnostic
peaks of MBA at 1078 and 1592 cm�1 (Fig. 5A, curve d), again in
sharp contrast to the very small peaks at 1078 and 1592 cm�1 in
the solution before adding DNA2 (Fig. 5A, curves a–c). This
nding is indicative of the assembly of the two nanoparticle
components, forming a dimer or trimer of MBA-Au–DNA1/
DNA2–MZF/Ag. The nanoparticle assemblies could also be
effectively separated from the solution by applying a magnetic
bar, and re-dispersed in a different aqueous solution.

The change in SERS intensity of an MZF/Ag containing
system when the temperature of the assembly solution was
increased to 95 �C was found to be similar to that in the
previous example using MZF/Au as the MNP component, but
with an enhanced effectiveness (Fig. 5B). The intensity of two
SERS peaks decreased signicantly upon increasing the
temperature (Fig. 5B, curve b), indicating an effective disas-
sembly. When the MNPs were removed by applying a magnetic
bar, the SERS remained low (Fig. 5B, curve c). However, the
SERS feature was completely restored by redispersing the MZF/
Ag NPs back into the solution (Fig. 5B, curve d), similar to the
previous case using MZF/Au NPs as the magnetic component
(Fig. 4B, curve d).

The magnetic functionality can be clearly visualized of the
colorimetric change of the solution by applying a magnetic bar
to the side of the sample cell to attract the components asso-
ciated with the magnetic nanoparticles. Indeed, the DNA-linked
Fig. 5 SERS spectra showing the assembly of MBA-Au NPs and MZF/Ag–DNA1 NPs
(3.0 nM), (c) the mixture of MBA-Au andMZF/Ag–DNA1, and (d) the mixture of MZF/
induced disassembly of MBA-Au–DNA1/DNA2–MZF/Ag (B) ((a) initial sample at 25 �

the sample cell for 1 h, and (d) upon releasing magnetic components back to the s

This journal is ª The Royal Society of Chemistry 2013
small aggregates could be separated from the solution by the
magnetic bar and re-dispersed in a fresh solution. This feature
is shown by the example in Fig. 6 for both MZF/Au (A) and MZF/
Ag (B). The Raman bands in the SERS spectra showed almost
the same spectral features and intensities as those before the
magnetic separation, demonstrating that the SERS signal orig-
inates from the DNA-linked nanoparticle assemblies there were
associated with magnetic nanoparticles.

These results clearly revealed a signicant SERS effect on the
ds-DNA-linked nanoparticle assemblies in the solution. The
enhancement factor for the nanoparticle assemblies was esti-
mated for several combinations of the nanoparticles (see Table
S2†), yielding 7.1 � 104 for the ds-DNA assembly of MZF/Au and
Au NPs, and 1.5 � 105 for the ds-DNA assembly of MZF/Ag and
Au NPs. In comparison, experiments using pure Au NPs and Ag
NPs to substitute MZF/Au and MZF/Ag, respectively were found
to yield EF values of 2.9 � 105 for the assembly of 13 nm Au NPs
and 39 nm Au NPs, and 2.8 � 105 for the assembly of 4 nm Ag
NPs with 39 nm Au NPs, demonstrating some general agree-
ment with the data for samples containing the MNPs. These EFs
were at least one order of magnitude higher than those for
unlinked gold nanoparticles in aqueous solution (102 to 103)
which were obtained experimentally and theoretically under the
condition of no aggregation,51 substantiating the important role
of the interparticle “hot spots” in SERS. It is important to
emphasize that there is no evidence in our experiment or in the
literature indicating the SERS effect of the pure magnetic
nanoparticles, which is consistent with the lack of effective
plasmonic coupling for the pure magnetic particles. As evi-
denced by the UV-Vis data, the plasmonic band of the pure Au
NP is larger than that of the gold-coated magnetic nano-
particles. Thus, the plasmonic coupling of the pure Au NPs is
apparently greater than that of the gold-decorated magnetic
nanoparticles, leading to an increased enhancement. We did
not study the particle size effect at this point, which will be part
of our future study.
by DNA2 in aqueous solution (A) ((a) MBA-Au (4.3 � 10�2 nM), (b) MZF/Ag–DNA1
Ag–DNA1 andMBA-Au in the presence of DNA2 (0.56 mM)); and the temperature-
C; (b) 95 �C for 10 min, and (c) 95 �C for 10 min followed by applying a magnet to
olution at room temperature).

J. Mater. Chem. B, 2013, 1, 4320–4330 | 4327
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Fig. 6 SERS spectra for assemblies which were separated using amagnetic bar and then re-dispersed in the aqueous solution. (A) ((a) theMBA-Au–DNA1/DNA2–MZF/
Au assembly before applying a magnetic bar; (b) the residual assembly solution after magnetic separation; (c) MBA-Au–DNA1/DNA2–MZF/Au assembly separated by a
magnetic bar and then re-dispersed in the aqueous solution). (B) ((a) the MBA-Au–DNA1/DNA2–MZF/Ag assembly before applying a magnetic bar; (b) the residual
assembly solution after magnetic separation; (c) MBA-Au–DNA1/DNA2–MZF/Ag assembly separated by amagnetic bar and then re-dispersed in the aqueous solution.)
Insets: photos showing the corresponding solutions of the nanoparticles before (a) and after (b) applying a magnet.
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Enzyme cutting of ds-DNA assembly

For the restriction enzyme (e.g.,MspI) cleavage of the ds-DNA in
the interparticle assembly, the enzymatic cutting leads to the
separation of the linked particles into individual particles and
removal of the interparticle “hot spots” responsible for the SERS
effect (Scheme S1†). In addition to the SERS monitoring, an
important feature is the ability to separate the Au NPs and the
MNPs aer the enzymatic cutting, which can further be recycled
aer releasing the ds-DNA fragment and ss-DNA from the NPs.
The disassembly of the ds-DNA-assembled Au NPs in a solution
using restriction enzymeMspI and release of the fragment DNAs
were demonstrated in elution bands observed in the gel elec-
trophoresis data (inset in Scheme S1†).46 Two examples are
shown below to demonstrate the SERS monitoring of the
enzyme cutting and the magnetic intervention processes.

Starting from the solution containing MBA-Au–DNA1/DNA2–
MZF/Au assemblies (as shown in Fig. 4), the addition ofMspI to
this solution was shown to display a clear reduction of the two
diagnostic peaks of the Raman label MBA-Au–DNA1 (Fig. 7A).
The reduction of the peak intensity was relatively fast, reaching
�100% within 1 hour (see Fig. 7A inset). The intensities of the
residual peaks were similar to those before the assembly. Note
that the MZF/Au NPs aer the enzymatic cutting could be
separated from the solution by applying a magnetic bar to the
sample cell and the DNA fragments could be released chemi-
cally, as evidenced by UV-Vis data (Fig. S6†). This example
served as a demonstration of recyclability of the bifunctional
nanoparticles.

With a solution containing MBA-Au–DNA1/DNA2–MZF/Ag,
the addition of MspI revealed again a clear reduction of the two
SERS peaks as a function of time (Fig. 7B). In comparison with
the change observed for the enzymatic cutting of MBA-Au–
DNA1/DNA2–MZF/Au (Fig. 7A), the cutting of MBA-Au–DNA1/
4328 | J. Mater. Chem. B, 2013, 1, 4320–4330
DNA2–MZF/Ag is apparently slower (Fig. 7B). It is believed that
the slow process is largely due to the presence of larger
assemblies (i.e. tetramers or pentamers) in the solution for this
system. The binding of the enzyme into sites of ds-DNAs and the
subsequent separation of the nanoparticles in the larger-sized
assemblies are expected to be slower in terms of diffusion rate
and steric hindrance than those in the smaller-sized assem-
blies. This assessment is supported by the difference of surface
plasmon resonance bands for both MBA-Au–DNA1/DNA2–MZF/
Au and MBA-Au–DNA1/DNA2–MZF/Ag assemblies (Fig. S7†).
While both systems showed a clear reduction of the SP bands
corresponding to MZF/Au or MZF/Ag nanoparticles in the
interparticle assembly, the case of MBA-Au–DNA1/DNA2–MZF/
Ag showed a small band at a longer wavelength (600–700 nm),
which corresponded to somewhat larger aggregates of MZF/Ag
with Au NPs (Fig. S7B†).

Note that the slower kinetic feature for the MZF/Ag case was
conrmed by a control experiment performed in the absence of
DNA assembly, indicating its origin from the DNA assembly
process. There are several possible reasons for the difference in
the enzyme cutting kinetics between the MZF/Ag and MZF/Au
cases. Firstly, based on the TEM and XPS data, the MZF/Ag
nanoparticles are less uniform than MZF/Au, and parts of the
MZF/Ag showed indications of dumbbell structure, suggesting a
non-uniform decoration of Ag components or nanoparticles
around the magnetic particles was likely. This could slow down
the disassembly process in comparison with the Au case.
Secondly, as indicated by the enhancement factors, the surface
enhancement of Ag NPs is greater than Au NPs. Thus, even when
the assembly/disassembly kinetics are the same, theMZF/Ag case
would showmore remnant signals than the Au case, as evidenced
by the fact that the decrease in the Raman intensity for enzyme
cutting of MZF/Ag–DNA1/DNA2–Au is slower than the case of
MZF/Au–DNA1/DNA2–Au. Finally, the propensity of surface
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 SERS spectra showing (A) the change as a function of time upon introducingMspI into the solution containingMBA-Au–DNA1/DNA2–MZF/Au: (a) 0, (b) 1, (c) 2,
(d) 3, (e) 4, and (f) 8 hours. (Inset: a plot of SERS intensity at 1590 cm�1 vs. enzymatic cutting time); and (B) the change as a function of time upon introducing MspI
into the solution containing MBA-Au–DNA1/DNA2–MZF/Ag: (a) 0, (b) 1, (c) 3, (d) 5, (e) 7, and (f) 24 hours. (Inset: a plot of SERS intensity at 1590 cm�1 vs. enzymatic
cutting time).
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oxidation for Ag in comparison with the Au case could be another
factor contributing the slightly lower reactivity for the Ag case.

Similar to the case of MZF/Au NPs, the MZF/Ag NPs were also
demonstrated to be recyclable by the magnetic intervention
aer the enzyme cutting process (Fig. S8†). This process
involved releasing the cut fragments of the ds-DNAs from the
particle surfaces using the DTT protocol (see Scheme S1†),46

followed by re-encapsulation of the nanoparticles by the desired
capping molecules and magnetic separation. The separated
nanoparticles could be re-used for the assembly process.
Conclusions

In conclusion, the gold- and silver-decorated magnetic nano-
particles have been demonstrated to be an effective bifunctional
strategy for SERS detection and magnetic intervention of DNA
assembly, disassembly, and enzyme cutting processes in solu-
tions. The fact that the enhancement factors for these nano-
particle assemblies in the solution were at least one order of
magnitude higher than those for unlinked nanoparticles in a
solution substantiates the important role of the interparticle ds-
DNA linkage for the creation of the interparticle “hot-spots”. In
contrast to many existing approaches that are largely based on
the use of solid substrates for SERS detection, the creation of
the interparticle “hot-spot” or its manipulation by the bifunc-
tional nanoparticles in the DNA assembly, disassembly, and
enzyme cutting processes provides real time biomolecular
recognition, whereas the magnetic functionality allows an
effective intervention of the biomolecular activity. While one of
the main advantages of the bifunctional nanoprobes is the
ability to detect andmanipulate DNA assembly and disassembly
processes in solutions and in real time, one of the potential
disadvantages is the difficulty to achieve a complete coverage of
the magnetic cores with Au or Ag shells, which may cause some
complications in terms of reproducibility in controlling the
surface reactivity due to exposures of the magnetic core surface
to the solution, the latter of which could be overcome by further
rening the synthesis and preparation parameters. These
This journal is ª The Royal Society of Chemistry 2013
ndings have important implications for the design of multi-
functional nanomaterials for a wide range of technological
applications involving biomolecular transduction and inter-
vention, which is part of our on-going work.
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