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Electrostatic-assembly metallized nanoparticles network
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Abstract

Eighteen-nanometer gold and 3.5-nm silver colloidal particles closely packed by cetyltrimethylammonium bromide (CTAB) to form its
positively charged shell. The DNA network was formed on a mica substrate firstly. Later, CTAB–capped gold or silver colloidal solutions
were cast onto DNA network surface. It was found that the gold or silver nanoparticles metallized networks were formed owing to the
electrostatic-driven template assembling of positive charge of CTAB–capped gold and silver particles on the negatively charged phosphate
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roups of DNA molecules by the characterizations of AFM, XPS and UV–vis. This method may provide a novel and simple way to
anoparticles assembly conjugating DNA molecules and offer some potential promising applications in nanocatalysis, nanoelec
anosensor on the basis of the fabricated metal nanoparticles network.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A key goal of nanosized science and technology is the
nnovation of protocols to the interactions, and the long-range
rder of various nanoparticels and clusters on different solid
ubstrates. It can offer some novel properties of materials
nd devices based on the mesoscopic physics, chemistry and
atalysis. Biometic “bottom-up” approaches are popularly
eing explored for the self-assembly of functional devices by
olecular and nanoparticulate construct units[1–3]. Among

he biological templates that can be used as candidates in
anostructure systems[4–6], DNA molecules, in particu-

ar, are promising templates for assemblies from several
anometers up to several tens of micrometers. In addition, the
olumnar double-helix structure of DNA molecules together
ith the ability to the negative charge in phosphate backbone
f DNA molecules to fastening metal nanoparticles makes

hem become ideal templates for growing nanowires or
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other intricate nanostructures by binding together met
semiconductor nanoparticles[4–6].

To date, both covalent and non-covalent self-asse
strategies have been widely used to assemble nano
inorganic particles into two- and three-dimensional m
scopic and macroscopic structures using DNA since C
et al. took advantage of DNA as a building block for vari
nanostructures[6–15]. Braun et al. have reported an exam
that a silver nanowire which is formed using the DNA
a skeleton[6]. Current–voltage measurement showed
potential use of these nanowires. Subsequently, some g
have also described some methods of DNA-based tem
Pd nanoclusters, Au nanoclusters, Pt nanoclusters and
nanometer network, etc.[7–10]. Mirkin et al. and Alivisato
et al. have done pioneering studies on gold and CdS nan
ticles using DNA base-pairing principle[11,12]. Sastry e
al. have reported the electrostatic assembly of lysine-pa
gold DNA-inspired linear or cluster superstructures
Torimoto group described the electrostatic assembl
CdS nanocrystal chains along with DNA strand templ
[13–15]. These strategies have advantages and disadva
relying on the targeted nanoparticle-based componen
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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method of the nanoparticles network constructed which
includes the good stability and narrow size distribution of the
nanoparticle building blocks and large scale of the extended
structure would be greatly advantageous[16].

Herein, we report a DNA-mediated electrostatic assem-
bly of CTAB–encapsulated gold and silver colloidal
nanoparticles into two-dimensional mesoscopic network
on mica substrates. Comparing with other methods, this
approach has some advantages: First, the building block,
CTAB–encapsulated noble metal (gold and silver) nanopar-
ticles have good stability and are well dispersed owing to
CTAB decreasing the activity of the surface atoms of the
colloidal particles avoiding their aggregation. Second, this
metallized network has large scale (principally, it can reach
the whole area of the mica substrate). Third, this metallized
network owns some controllable parameters since the diam-
eter of noble metal nanoparticles is selectable and the frames
of DNA network are tailorable by choosing conditions
[17–19]. Fourth, the building blocks of this strategy are
various. Although here we select Au and Ag, we can choose
other nanoparticles act as the constructed units, such as
metal nanoparticles, Pt, Pd and other suitable semiconductor
quantum dots. Thus, it may pave a simple approach to
nanoparticles assembly on the basis of the DNA template.
Furthermore, we discuss in detail the possible applications in
sensing and surface enhanced Raman spectroscope (SERS)
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3.5 nm of silver nanoparticles with positively charged shell
[21b]. The hydrophilic tails are exposed towards outside
because CTAB is an oily molecules, between of them exist
in the hydrophobic interactions, which occur when oily
molecules pack together to limit their exposure to water[16].
Hence, these CTAB molecules adsorbed on gold and silver
cores formed interdigitated bilayer structure[21]. There are
two steps to get the metallized network. First, a 3–15�L of
diluted 60–320 ng/�L DNA pBR322/pstI sample solution
was dropped on freshly cleaved mica with pipette tips and
spread over the surface about 10 mm of the diameter. After
standing on the substrates for 3–5 min, the sample was dried
2 h in the desiccator and DNA network was formed on the
mica surface[17–19]. Second, CTAB–capped colloidal gold
or silver particles solutions were cast onto DNA network
surfaces. After standing on the surfaces for about 30 min, the
sample was blown off in air and stored in the desiccator until
use. The electrostatic self-assembling of positively charged
colloidal gold and silver nanoparticles along the negatively
charged fringes of DNA network was formed.

2.2. AFM imaging

Tapping-mode AFM was operated in air using a Multi-
mode scanning probe microscope (SPM) with a Nanoscope
IIIa Controller and Nanoscope Extender (Digital Instru-
m ilicon
m ency
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anoparticles array.

. Experimental

.1. Preparing metal nanoparticles and metallized
etworks

Cetyltrimethylammonium bromide (CTAB, (CH3(CH2)15
(CH3)3)Br, Beijing Chemicals), citrate trisodium (Beijin
hemicals), NaBH4 (Acros), AgNO3 (Beijing Chemicals
nd HAuCl4 (Beijing Chemicals) were used as receiv
ouble strands DNA pBR322/pstI (4361 bp) solut
as purchased from Beijing Branch of Sino-Ameri
iotechnology Co. (Beijing, China). All other chemic
ere of reagent grade and used as received. Solutions
repared using Millipore Milli-Q purified water. Eightee
anometers of gold and 3.5-nm of silver nanoparti
olloidal solutions were synthesized and encapsulated
TAB as described below. The gold colloidal nanoparti
olution were prepared by citrate trisodium (3%, 1 m
eduction of HAuCl4 (0.1%, 10 mL) in 50 mL aqueou
olution as reported elsewhere[20a]. After the solution wa
ooled, the gold particles was encapsulated with C
olution to yield an overall CTAB concentration in t
olloidal solution of 2.5× 10−5 mol/L and form positively
harged shell. The reduction of AgNO3 (5.0 mM, 60 mL)
y sodium borohydride (0.4 M, 10 mL) in the presence
.3× 10−5 mol/L CTAB gave a stable aqueous dispersio
ents, Santa Barbara, CA, USA). The J-Scanner and s
icro-cantilevers (Digital Instruments, resonance frequ
50–350 kHz) were employed for all measurements.
12× 512 pixel images were obtained with a scan rate r
f 1–2.5 Hz. Images were only processed by flattening u
anoscope software to remove background slope. He
elative to the substrate were acquired from topogra
rofiles. The mean roughness (Ra) of the mica subs
as typically no greater than 0.06 nm.

.3. UV–vis spectra

The optical properties of the DNA solution, t
TAB–encapsulated gold, CTAB–coated silver nanop
le colloidal solution, CTAB–encapsulated gold–DNA a
TAB–capped silver–DNA complex solutions were mo

ored on a CARY 500 (USA) spectrophotometer.

.4. XPS

X-ray photoelectron spectroscopy (XPS) measurem
ere made in a Vacuum Generators ESCALab MK II ins
ent (VG Co., UK). 300 W Mg X-rays (hυ= 1253.6 eV
ere used to excite photoelectrons from Au 4f, Ag 3d
1s core level.

. Results and discussion

UV–vis spectra of the CTAB–encapsulated gold–D
nd silver–DNA solutions were shown inFigs. 1 and 2
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Fig. 1. UV–vis spectra of DNA solution (curve 1), CTAB–encapsulated
gold nanoparticle solution (curve 2) and DNA-CTAB–encapsulated gold
nanoparticle mixed solution (curve 3).

respectively. InFig. 1, curves 1–3 in the main part of this
figure correspond to spectra recorded from DNA solution,
the CTAB–encapsulated gold colloidal solution and the
CTAB–encapsulated gold–DNA solution, respectively. It
is found that there is a widening of the surface plasmon
resonance on coordination of the CTAB–encapsulated gold
nanoparticles with the DNA molecules (compare curves 1 and
2 with 3) and the degree of widening is considerably higher.
Some interesting features are found which may be explained
as follows. A strong resonance is seen at 538 nm in both
the CTAB–encapsulated gold nanoparticles and the DNA
molecules conjugated CTAB–encapsulated gold nanoparti-
cles. This resonance peak is due to the excitation of surface
plasmon vibrations in the gold nanoparticles and is responsi-
ble for the wine-red color of the nanoparticle solutions[22].
This resonance peak is clearly absent in the DNA solution

F lver
n rticle
m

(in curve 1) except the peak of 260 nm, which is the
characteristic peak of DNA. Additionally to the resonance
peak at 538 nm, the DNA sample conjugated CTAB–capped
gold nanoparticles shows another resonance peak at 678 nm.
It is well known that aggregation of noble metal nanopar-
ticles such as gold and silver into quasi-two-dimensional
superstructures causes the appearance of a longitudinal
surface plasmon resonance red shifted with respect to the
transverse component (in this case, the 538 nm resonance
peak) [13,14,22]. (It should be noted that in some cases,
the peak at 678 nm can not find and only have a wide
peak which is a convolution peak of the red-shift peak
for the plasmon resonance peak and its original resonance
peak of the gold nanoparticles if the assembled structures
are not close-packed style[1d].) The appearance of the
longitudinal plasmon resonance peak at 678 nm in the DNA-
gold nanoparticle conjugation is thus strongly indicative
of assembly of the CTAB–coated gold nanoparticles in
extended structures driven by the underlying DNA template.
Because the optical properties of colloidal gold solutions
change when the nanoparticles aggregate, the main feature
being the growth of a long wavelength resonance owing to
overlapping of the surface plasmon modes from neighboring
nanoparticles[13,14,22]. Attractively electrostatic interac-
tion between the positive charges in the CTAB–encapsulated
gold nanoparticles and the negative charges on the phosphate
g sem-
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ig. 2. UV–vis spectra of DNA solution (curve 1), CTAB–capped si
anoparticle solution (curve 2) and DNA-CTAB–capped silver nanopa
ixed solution (curve 3).
roups of the DNA template molecules stimulates the as
ly of the gold nanoparticles into close-packed, netw
tructures inferred from the UV–vis measurements.
NA molecules thus act as a bridge interaction and drive
TAB–encapsulated gold nanoparticles with positive ch
ssembling into metallized network superstructures on
ubstrates.

Similarly, the UV–vis spectra obtained are shown inFig. 2
f curves1–3 in the main part of the figure correspon

o spectra recorded from the DNA solution, CTAB–cap
ilver nanoparticles solution and the DNA-Ag capped
TAB complexes solution orderly. In curve 1, a stro
bsorption peak at ca. 260 nm is observed that corresp

o the characteristic peak of DNA solutions. In the spe
f curve 2, a strong absorption at ca. 410 nm is observed
orresponds to the excitation of surface plasmon vibra
n the silver particles[23–25]. The peak at 510 nm in curve
s due to the appearance of a longitudinal plasma reson
eak and is a consequence of the overlap of the d
esonance between neighboring silver particles excep
eaks of both 260 nm and 410 nm. The appearance o

ongitudinal plasmon resonance peak at 510 nm in
NA–Ag nanoparticle complexes is thus strongly indica
f assembly of the CTAB–capped silver nanoparticle
xtended structures driven by the DNA template[23–25].
ecause the optical properties of colloidal silver solut
hange when the nanoparticles aggregate, the main fe
eing the growth of a long wavelength resonance owin

he overlap of the surface plasmon modes from neighbo
anoparticles (it is similar to the gold nanoparticles case
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Fig. 3. (a) AFM images of DNA network, DNA: 200 ng/�L, 6�L. (b)–(d) AFM images of the interaction between different CTAB–encapsulated gold
nanoparticle solutions and DNA. (b) DNA concentration: 130 ng/�L, 3�L, CTAB–encapsulated gold nanoparticle solution 5�L. (c) DNA concentration:
80 ng/�L, 3�L, CTAB–encapsulated gold nanoparticle solution 12�L. (d) DNA concentration: 300 ng/�L, 3�L, CTAB–encapsulated gold nanoparticle
solution 17�L.

Direct evidence of the formation of network assemblies
of CTAB–coated gold and silver nanoparticles driven by the
DNA template and indirectly inferred from UV–vis results
was acquired from the atomic force microscopy (AFM) mea-
surements. The AFM image obtained from the as-prepared
DNA network is shown inFig. 3a. It is shown that the
DNA networks have formed orderly. The DNA networks are
extremely stable and do not cause the movement of the DNA
strands on the substrates, even if they are repeatedly scanned
many times.Fig. 3b–d show the AFM images of the interac-
tions both the different concentrations of the DNA solutions
and the distinct quantitative of 18 nm CTAB–encapsulated
gold nanoparticles.

These images clearly confirm that CTAB–encapsulated
gold nanoparticles are highly specific assembled by DNA
network template. It is found that the nanoparticles, which
are assembled on the DNA network, become more and more

dense along the fringe of DNA network on mica substrates
with the increasing of the quantitative of gold nanoparticles.
It proves that the CATB-encapsulated gold nanoparticles are
assembled by the DNA network template due to electrostatic
attractive interaction.Fig. 4shows the image of the interac-
tion between DNA and silver nanoparticles, which further
validates nanoparticles to be specially assembled by DNA
template. InFig. 4, the measured sizes of silver nanoparticles
and DNA strands are larger than their contour sizes due to
the convoluted interaction of AFM tip and the samples. We
think it is the widened effect of AFM tips. The matter of
fact, the measured total height of the silver and DNA strands
is 3.9–5.3 nm, which is consistent with their contour total
height 5.5 nm. There are similar results in CTAB–capped
gold nanoparticles conjugating DNA system, which the
CTAB–capped gold nanoparticles are also widened by
AFM tips.
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Fig. 4. AFM images of the interaction between DNA solution and
CTAB–capped silver nanoparticle solution: DNA concentration, 90 ng/�L,
5�L; CTAB–capped silver nanoparticle solution, 8�L.

A chemical analysis of these metallized DNA networks
were done using XPS and the Au 4f, Ag 3d and C 1s core level
spectra were recorded (shown inFig. 5a–c).Fig. 5a showed
the Au 4f core level spectrum, which could be satisfactorily
fit to a single spin-orbit pair. The binding energy (BE) of the
4f component is recorded to be 83.8 eV and is characteristic
of metallic Au [26]. Fig. 5b shows the Ag3d core level
spectrum, which can be satisfied, fit to a single spin-orbit
pair. The binding energy (BE) of the Ag 3d component
is recorded to be 368.2 and 371.2 eV is characteristic of
metallic Ag [24]. The C 1s spectrum can be resolved into
two chemically different components at 285.2 and 288.3 eV
(shown inFig. 5c). The lower BE component in the C 1s
spectrum is assigned to carbons in the DNA sugars and bases
while the higher BE component arises owing to electron
emission from carbons coordinated to the functional groups
in the gold or silver surface adsorbed CTAB molecules
[14].

These results indicate that this approach is suitable to con-
trolling the two-dimensional arrangement of metal nanopar-
ticles on a large scale on solid substrates. It is noted that this

F
s

ig. 5. XPS spectra of the Au 4f, Ag 3d and C 1s core level recorded from the D
ilver–DNA solutions: (a) Au 4f; (b) Ag 3d; (c) C 1s.
NA and CTAB–encapsulated gold nanoparticle mixed solutions and CTAB–capped
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fabricated approach to the nanoparticle network can be
extended to other systems for example Pt, Pd, Cu, CdS,
CdSe, ZnO, ZnS, ZnSe and CdTe so on[27]. The nanopar-
ticles network can be adjusted by controlling the DNA
network template because the DNA network can be covered
over the whole solid supports and formed on various solid
substrates such as mica, glass, sapphire, HOPG and SiO2/Si
[17–19]. Moreover, some improvements in the methodology,
in particular, the binding strength of DNA and the CTAB
modified nanoparticles and the mesh diameter of the DNA
network template, are necessary for this method to be used
in widely applicable fields. If the condition is controlled,
the positively modified nanoparticles in conjugation with
DNA network templates will allow us to assemble them into
large-scale integration and different types of circuits with a
defined suprastructure[17–19].

The nanoparticle networks or superstructures assembled
on various solid substrates are expected to produce systems
of electronically and optical properties. Nanoparticulate
gold or silver monolayer network/superstructures assembled
on all kinds of solid supports have been widely used for
a photoelectrochemical sensor, for the electrochemical
sensing of hydroquinones by their preconcentration in
some receptor binding sites, for a sensory application in the
ion-sensitive field-effect transistors (ISFET) to provide inter-
esting transducers and for an optical application as a SERS
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