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T
he fabrication of nanomaterials of
metals, ceramics, inorganics, and or-
ganic dyes is widely investigated be-

cause these materials possess unusual or
unexpected properties that can be ex-
ploited for a wide range of applications.1�4

There are diverse methods of fabricating
metal nanoparticles including reduction of
the metal salts with reducing agents,5

pyrolysis,6�8 laser ablation,9,10 and
photoreduction.11,12 The average nanoparti-
cle size ranges from a few nanometers to
over 100 nm. The size, shape, and disper-
sity depend on the synthetic methods and
can be controlled by adjusting thermody-
namic as well as kinetic parameters.6

A variety of templates can be employed
in the preparation of nanoparticles to con-
trol the size and spatial distribution. Nano-
structured materials such as carbon nano-
tubes,13 aggregates,14 organic polymers,
biopolymers,15�17 and biological systems
such as viruses18 can be used as a platform
on which nanoparticles can be adsorbed or
synthesized as a means to order the nano-
particles in two or three dimensions. Nano-
particles can be formed and stabilized in a
variety of matrixes such as gels,19,20 poly-
mers,21 and biopolymers,22 which can also
induce specific shapes. Nanoparticles can
be formed inside self-organized biomimetic
rings that control the growth of the nano-
particle, but these rings are formed in low
yields.23 For molding nanomaterials in
nanocavities or templates, the ideal mold
can be made in high yields, is monodis-
persed, and is topologically well defined.

A plasmid is a circular extra-
chromosomal DNA molecule capable of
replicating autonomously in bacterial
hosts24 and can be made in large quanti-

ties using standard molecular biology pro-
cedures.25 Besides being monodispersed
biopolymers, plasmid DNA adopts a variety
of topologies such as relaxed, linear super-
coiled, and toroidal depending on environ-
mental conditions such as temperature, pH,
and ionic strength. A recent report demon-
strated that ionic strength can maximize the
toroidal topology of plasmid DNA.26 Also,
the toroid thickness is a salt-dependent
phenomenon that can be controlled with
the ionic strength and that a given plasmid
will always form the same size toroids under
the same conditions.26 In general, the size
of the toroid depends on the number of
base pairs, the sequence of the plasmid, and
environmental factors. As a proof-of-
principle, we present herein the use of the
toroidal form of pcDNA 3.1(�) plasmid DNA
(Figure 1) as a monodispersed biopolymer
nanocavity mold for the formation of disc-
shaped nanoparticles of several types of
metals.

In addition to being monodispersed
and easy to synthesize in high yields, this
approach exploits several properties of plas-
mid DNA: (1) DNA is well-known to bind cat-
ions at the negatively charged phosphate
backbone with various affinities,27 (2) metal
ion binding favors formation of
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ABSTRACT A new method for synthesizing gold, nickel, and cobalt metal nanoparticles at room temperature

from metal salts employing plasmid DNA in a toroidal topology as a sacrificial mold is presented. The diameter of

the toroidal DNA drives the formation and size of the nanoparticle, and UV light initiates the oxidation of the DNA

and concomitant reduction of the DNA bound metal ions. The nanoparticles were characterized by atomic force

microscopy (AFM), transmission electron microscopy (TEM), and electron diffraction (ED).
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toroidal plasmid DNA structures,26 (3) the size of plas-
mid, therefore the size of the toroid, is easy to vary,18,19

(4) DNA has a well-established UV light initiated oxida-
tion chemistry.28�30

RESULTS AND DISCUSSION
Fabrication of Nanoparticles. Incubation of low concen-

trations of Me3PAuCl, NiCl2 · (H2O)6, or CoCl2 · (H2O)6

with pcDNA 3.1(�) plasmid DNA, which has 5428 base
pairs, does not affect the distribution of the three main
topologies significantly (Supporting Information, Figure
S5). UV irradiation (254 nm) of the plasmid shows a re-
distribution of the conformations and degradation in
the presence of the three metal ions. Photo-oxidation
and degradation of the DNA mold upon exposure of the
sample to 254 nm UV light results in reduction of the
metal ions such that the plasmid DNA acts as a sacrifi-
cial mold and drives the formation of the nanoparticles.

After incubation of the plasmid DNA suspension
(10 �L of a 1 �g/�L original solution) with the gold,

nickel, or cobalt salts (12 mM) overnight in the dark at
4 °C, the nanoparticles were prepared by irradiating the
solution for one hour with UV light (� � 254, 10 �W/
cm2 using a UVGL-25 compact UV lamp by UVP). The so-
lutions were then cast onto AFM or TEM substrates
through a 0.2 �m syringe filter. (See Supporting Infor-
mation, Figure S7, for controls without the plasmid.)

Characterization of the Nanoparticles. The sizes of the
nanoparticles were characterized with both AFM (Fig-
ure 2) and TEM (Figure 3) to get accurate measurements
of the heights and widths of the metal nanoparticles, re-
spectively. The histograms of the AFM-measured
heights and the TEM-measured horizontal dimensions
are presented in Chart 1. The vertical and horizontal di-
mensions of the metal nanoparticles reveal that these
nanoparticles are disc-shaped. The average height of
the nickel and cobalt nanodiscs obtained from pcDNA
3.1(�) templates is 13 � 2 nm, while for gold the aver-
age height is 8 � 2 nm. These nanoparticle heights cor-

respond with the 12�14 nm
vertical dimension of the plas-
mid. The 40�60 diameters of
the metallic nanodiscs corre-
spond to the inner diameter
of the toroidal plasmid (Figure
1), and the differences are dis-
cussed below.

The small differences in
the nanoparticle heights and
widths for the three metals
can be attributed to several
factors. As mentioned before,

Figure 1. (A) AFM height image of the toroidal topology of plasmid pcDNA 3.1(�) on a HOPG substrate. (B) Height analysis
of inset (top right corner). (C) 3-Dimensional AFM image of the plasmid shown in B.

Figure 2. AFM amplitude images of metal nanoparticles obtained from photo-initiated reduction of metal ions bound to
plasmid pcDNA 3.1(�) sacrificial mold: (A) gold; (B) nickel; (C) cobalt particles.

Figure 3. TEM images were used to assay the diameters of metal nanodiscs obtained from photo-
initiated reduction of metal ions bound to plasmid pcDNA 3.1(�) sacrificial mold: (A) gold nanopar-
ticles, (B) nickel nanoparticles, and (C) cobalt nanoparticles.
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the relative distribution of the toroidal/
supercoiled condensation state versus the
linear and relaxed forms does not signifi-
cantly change upon binding of low concen-
trations of these metals (Supporting Infor-
mation, Figure S5) and is in agreement with
a previous study.26 However, the dimensions
of the toroidal condensation state of the
plasmid are sensitive to the binding of the
different metal ions,31�33 and the morphol-
ogy of the plasmid changes during the for-
mation of the nanoparticles as it is degraded
under UV irradiation. Photoinduced metal
coating of linear DNA with concomitant
photo-oxidation of DNA to yield nanowires
has been reported.34,35 In our study, even
though the mechanism of photoreduction
of the metal may occur in a similar fashion,
the circular morphology of the toroidal DNA
clearly drives the formation of nanodisc to-
pologies. The size of the nanodisc is corre-
lated to the inner diameter of the plasmid
and circular DNA but is not exactly the same.
When the plasmid is incubated with the
gold salt or nickel salt and irradiated for
5�20 min with the UV light, there is a signifi-
cant contraction in the plasmid height (Sup-
porting Information, Figure S3). After UV ir-
radiating for 20 min, the forming particle is
still surrounded by filaments of DNA (Sup-
porting Information, Figure S12). To probe
the possible mechanism(s) for the formation
of nanoparticles, we used AFM scans of a
drop of solution containing pcDNA and
NiCl2 on HOPG after UV irradiation for 20,
40, and 60 min. The images suggest that
there is a contraction of the plasmid soon af-
ter irradiation. After 20 and 40 min, fila-
ments of DNA are still visible, whereas after

60 min the photodegradation process is

complete, and only nanoparticles are visible (Support-

ing Information, Figure S11).

Electron diffraction analysis (Figure 4) suggests that

most of the nanodiscs are composed only of the metal

atoms. Some DNA fragments adsorbed to the outside

of the nanoparticle are occasionally observed in both

AFM and TEM images. As noted above, incomplete deg-

radation of the plasmid DNA and DNA decorated with

small metal nanoparticles are observed in experiments

Chart 1. (A) Histograms of the height distribution determined by AFM and (B) histo-
grams of the diameter distribution determined by TEM: nickel (green), cobalt (purple),
and gold (yellow) nanoparticles obtained using a pcDNA 3.1(�) template.

Figure 4. ED patterns in red of the prepared nanodiscs of (A) gold, (B) nickel, and (C) cobalt. The corresponding
standards are superimposed and are in blue.
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with shorter UV irradiation times. Only amorphous clus-

ters of various sizes are observed in control experi-

ments with no plasmid DNA. Chemical reduction of

these metal ions with hydrazine anhydrous results in

similar nanodiscs with similar shapes, but the plasmid

DNA surrounds the nanoparticles or is entrained in the

nanoparticles depending on growth conditions (Sup-

porting Information, Figure S11,12). Taken together,

these data suggest that small changes in the toroid di-

mensions of the plasmid DNA can be induced by the

binding of different metal ions19�22 and that the de-

tailed mechanism and kinetics of nanodisc formation

may be somewhat metal ion dependent. As with other

template methods,23 it is likely that
the increased concentration of the
metal ion inside the toroid relative to
the outside drives the formation of the
nanodiscs. In the case of a sacrificial
mold, the competing rates of nano-
particle formation versus mold degra-
dation, which also may be metal ion
dependent, will also influence the size
and morphology of the products.

Use of Different Plasmids. Other plas-
mids with different numbers of base
pairs and sequences can adopt simi-
lar structures but with different sizes,
though the size of the toroidal con-
densation state does not linearly scale
with the number of base pairs. The
plasmid pRc/CMV-(HA)-pVHL, abbrevi-
ated as pVHL, has ca. 8000 bp and
also adopts toroidal conformations
(Supporting Information, Figure S9).
The same procedures as above using
the larger pVHL plasmid result in
larger gold, nickel, and cobalt nano-
discs with different heights (Support-
ing Information, Figure S2). A much
smaller circular DNA containing 70
base pairs is able to mold the forma-
tion of 3 � 0.5 nm high by 13 � 5 nm
wide nanoparticles of nickel (Support-
ing Information, Figure S10). Note that
the AFM error for these smallest nano-
particles is greater due to convolu-
tion with the 10 nm tip curvature so
that the actual diameter is less than
observed. Chart 2 shows the histo-
gram of the height as well as the diam-
eter distribution of nanoparticles us-
ing the two different plasmids and
p70.

CONCLUSIONS
In conclusion, we have synthe-

sized narrowly dispersed nanodiscs at
room temperature using UV light and a biological sacri-
ficial toroidal plasmid DNA mold. Toroidal plasmids are
readily available in large quantities, easy to purify, rigid,
and monodispersed. The size of the particles is dic-
tated by the topology of the template, metal ion bind-
ing, and the mechanism of formation. The method is
quite general and may be applicable to DNA/RNA struc-
tures with more complex topologies. Future studies
will investigate the formation of other types of nanopar-
ticle; e.g., this work suggests that it may be possible to
form nanorings by controlling the synthetic conditions.
The method uses materials and equipment found in
most undergraduate teaching laboratories.

Chart 2. (A) Histograms of the height and (B) histogram of the diameter distribution deter-
mined by AFM of nickel nanoparticles using p70 (olive green), pcDNA (light blue), and pVHL
(pink) as molds. The diameter measurements were estimated from the AFM height im-
ages; a 10 nm ultra-sharp tip was utilized to minimize the error due to the tip convolution ef-
fect.
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EXPERIMENTAL SECTION
Materials. Me3PAuCl and Co(II)Cl2 · 6H2O were purchased from

Sigma Aldrich, and Ni(II)Cl2 · 6H2O was purchased from Fisher Sci-
entific. The pcDNA3.1(�) plasmid was obtained from Invitro-
gen. The 12 mM stock solutions of metal chlorides were pre-
pared in nanopure water. The gold solution was prepared by
adding an equal portion of deionized water to 100 mL of a 24
mM stock solution of Me3PAuCl dissolved in acetone.

Instrumentation. Atomic Force Microscopy (AFM) was con-
ducted utilizing a Veeco Multimode SPM. All the images were ac-
quired in tapping mode using a rectangular cantilever from Mik-
romasch NSC15 series AlBS (nominal radius of curvature, RC �
10 nm, 325 kHz, and a spring constant � 40 N/m); its backside
is aluminum-coated. The Veeco SPM is equipped with software
for processing the data which has been used together with Nan-
otech WSxM 4.0 Develop 12.36 While the height measurements
are accurate and reproducible from AFM experiments, the effect
of the tip convolution (10 nm RC) is known to alter the lateral di-
mensions of the objects scanned.37

Transmission electron microscopy (TEM) was performed us-
ing carbon-coated copper grids (EMS). The samples were im-
aged at 80 and 120 kV using a Tecnai G2 Biotwin (FEI). ED pat-
terns were collected at 120 kV. The TEM images have been
processed using Image J.

Synthesis of the Nanoparticles. Three 1 mL Eppendorf tubes con-
taining 10 �L of a suspension of plasmid pcDNA 3.1(�) (5428
base pairs, stored in TE buffer at �20 °C, concentration: 1 �g/
�L) were incubated overnight at 4 °C in the dark after adding 50
�L of a 12 mM solution of Me3PAuCl, Ni(II)Cl2, or Co(II)Cl2, respec-
tively, with a final salt concentration of 10 mM. The solutions
were then irradiated by UV light for a total of 60 min (� � 254
nm, 10 �W/cm2 using a UVGL-25 compact UV lamp by UVP). The
solutions were finally filtered through a 0.2 �m syringe filter (Nal-
gene).

The samples for AFM experiments were prepared by slow
evaporation of 5 �L of solution on mica or highly ordered pyro-
lytic graphite (HOPG, SPI supplies). Images were collected from
several different batches, and the distribution of diameters and
heights was averaged between them. Samples for TEM were pre-
pared similarly on the carbon-coated copper grids. We have ob-
served that TEM analysis can transform metal salts deposited on
the TEM grid into metallic materials.

The standard reduction potentials (at 25 °C) of the three
metal ions used are: � 1.69 V for Au(s) (from Au1�

(aq) � 1e�1),
�0.25 V for Ni(s) (from Ni2�

(aq) � 2e�1), and �0.28V for Co(s)

(Co2�
(aq) � 2e�1).38
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