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A plausible mechanism have been proposed here on the formation of chain like structure of
Ni–Au–DNA (deoxyribo nucleic acid) composite which has been synthesized by simple wet-chemical
process. The composite has been designed in such a fashion that it can be easily probed by opti-
cally, electrically and magnetically. In this paper, we are reporting its structural and physical prop-
erties in detail. Optical properties have been probed by Circular Dichroism (CD) which indicates no
denaturization or melting of DNA even after formation of the composite structure. X-ray diffraction
(XRD) study and Fourier transform infrared spectroscopy (FTIR) analysis show the nickel and gold
are fcc in phase and bound to DNA through chemical bond, respectively. The composite shows
room temperature semiconductor behavior. Temperature dependent magnetization and magnetic
hysteresis loops are investigated in detail. The detail study of the composite indicates a possibility
of its capability to be used in bio-devices. Furthermore, the tri-functionality of the composite will
open-up its versatile applications.
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1. INTRODUCTION

Manufacturing of various nanostructures attached with
biological molecules (e.g., protein, DNA, enzymes) are
recently realized to be very useful building block of bio-
sensors, nano-robots, neuro-computations, bio-machines,
etc. as the biological part of such composites are very
active due to their small sizes.1–3 Hence, proper engineer-
ing is necessary of such systems to make them biologically
viable and to incorporate magnetic, electrical as well as
optical properties in the composite. For these, we need to
understand types of interactions2 between bio molecules
and tiny magnetic nanoparticles after formation of com-
posite like structures and how do they play role in inducing
novel properties.
DNA-nanoparticle composites consisting of combined

electrical and magnetic properties have the potentiality
to be used in molecular electronic devices, but its elec-
trical and magnetic properties vary widely with change
of different structures. That is why now-a-days, the cre-
ation of three-dimensional, ordered structures of metal

∗Author to whom correspondence should be addressed.

nanoparticles incorporated into DNA and their studies
are big challenge to the researchers.4–6 Mirkin and co-
workers7 described a method of assembling colloidal gold
nanoparticles into macroscopic aggregates using DNA
as the linking element. Nanowires of noble metals like
gold,7 silver,8 palladium,9 platinum10 and copper11 have
been attached on DNA. It has recently been demonstrated
that metal nanoclusters can be formed through a DNA
templated process that uses the chemical reduction of
DNA-complexed metal ions.12 One-dimensional parallel
and two-dimensional crossed palladium nanowires,13 cop-
per nanowire14 and silver nanorod15 were fabricated on
DNA template with direct reduction of metal ion. Recently,
Wei et al.16 synthesized silver nanoparticles, nanorods,
and nanowires on the surface of DNA network. Syn-
thesis methods, however, required long processing times
and high temperatures with multiple steps. Researchers
have also synthesized conductive gold nanowires on DNA
scaffold.17 Synthesis of DNA templated chain like mag-
netic and optical material will provide new break through
in the nanotechnology research.
We have synthesized an array of wire like gold coated

Ni nanoparticles by DNA templating method. Our results
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indicate that DNA serves as template for the growth of
nanowire. For the first time we have reported the synthesis
of this kind of material in our previous work.18 We report
here a detail analysis of the structural and physical prop-
erties (optical, electrical, magnetic) of the composite. The
study indicates this kind of material can be monitored by
its optical property in one hand and by magnetic property
on the other. More over electrical property of this material
has added some advantages. Application of this kind of
material will also be in versatile fields as mentioned earlier
and in drug delivery, hyperthermia treatment, SERS effect
etc. Hence this article describes a new direction of research
for synthesis of nanomaterials using DNA as template and
explores that, lots of scopes of studies are possible in this
kind of materials.

2. EXPERIMENTAL DETAILS

2.1. Materials

All the reagents used were 99.9% pure and purchased
from Sigma-Aldrich. Source of DNA is herring sperm and
was purchased from Sisco Research Laboratory. DNAse,
RNAse free ultrapure distilled water was used as solvent
during the synthesis.

2.2. Method

A Stock DNA solution (100 �g/mL) was prepared by mix-
ing appropriate amounts of DNA with Tris-EDTA buffer
(pH 7.4) and was stirred overnight. The buffer solution
helps to prepare a homogeneous DNA solution without any
pop off of A and G bases in DNA and was stored in a refrig-
erator. A stock solution of Nickel sulfate of 3× 10−4 (M)
and a stock solution of 1× 10−4 (M) aqueous gold chlo-
ride (HAuCl4� were made. The stock solution of 50 mL
of Nickel sulfate was mixed with stock solution of DNA
solution at volume ratio 1:1 and the mixture was left for
whole night. Before synthesis it was heated at 60 �C and
stirred for 30 min using a magnetic stirrer under nitro-
gen atmosphere. The resulting solution was then treated by
hydrazine hydrate of ∼10 mL for reduction of metal salts
with initializing the reduction by adding 10 �L of very low
(∼0.01 M) concentrated sodium borohydride. The solution
color was turned to black, which indicates formation of
nickel nanoparticles by the reduction of nickel ion to nickel
metal. The stock 50 mL solution of 1×10−4 (M) aqueous
gold chloride (HAuCl4� solution was then added to this dis-
persion. The formation of gold nanoparticles was indicated
by appearance of a blackish pink coloration of the solution.

3. RESULTS AND DISCUSSION

3.1. Optical and Structural Properties

Structural characterizations of the DNA templated
nanoparticles are done by TEM, FTIR, CD and XRD

Fig. 1. TEM micrographs of Ni (a) and Nicore–Aushell (b) nanoparticles,
both are attached with DNA forming a chain like structure.

measurements. From the TEM study it is evident that DNA
acts as template successfully to grow the Ni and gold
coated Ni particles arrayed in chain like fashion [Figs. 1(a)
and (b)]. The width of the chain like particles are shown
to be ∼40 nm for Ni and ∼65 nm after gold coating on it.

In order to understand the mechanism of the forma-
tion of chain like structure, we perform FTIR analy-
sis by making a pallet of KBr with a pinch of sample.
From FTIR spectra we investigate whether Ni forms any
bond with DNA. Figure 2 shows the FTIR spectra of the
DNA and Ni–DNA composite. These spectra are taken to
probe the interaction between Ni and the DNA molecule.

Fig. 2. FTIR spectra for only DNA and Ni-attached with DNA.
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Fig. 3. Schematic diagram of formation mechanism of DNA templated chain like Nicore–Aushell–DNA tri functional composite structure.

The absorption peak at 534 cm−1 is due to vibration of the
Ni O bond which is formed between the Ni and phos-
phate backbone of DNA chain. The 800 to 1000 cm−1

region of the IR spectrum is the deoxyribose region of
DNA molecule, which is more clearly seen in enlarged
form in the inset of Figure 2. Comparing the spectra of
only DNA and DNA/Ni composite, it can be seen that
some change in peaks appear in the 400 to 800 cm−1 range
which is due to interaction of DNA and the Ni nanopar-
ticles. Vibration energy of the phosphate group lies in the
range of 1000 to 1100 cm−1. Spectral change in this region
also a signature of the DNA-Ni interaction. From the TEM
image and FTIR analysis we assume that nickel ion, being
positively charged, form a bond with the oxygen present
in backbone phosphate buffer of DNA molecule. And after
the addition of gold salt, a layer of gold is formed on Ni.
Thus DNA directs a growth of chain like structure as pro-
posed in the schematic diagram shown in Figure 3, which
is also evident from TEM study (Fig. 1).
Circular Dichroism (CD) spectra taken for solutions

at different stages of synthesis of material are shown in
Figure 4. Where curve ‘a’ is for buffer solution, ‘b’ is
for DNA in buffer solution, ‘c’ is after Ni nanoparticles
formation on DNA chain and the curve ‘d’ is after the
gold coating on Ni nanoparticles attached to DNA chain.
From these spectra it is observed that peak position at
both the positive and negative sides remain at almost same
position with a very slight shifting and change of relative
intensities between positive and negative sides. Therefore
the CD spectra indicate that, no denaturization of DNA
takes place after the attachment of metal nanoparticles
onto DNA and the change in positive and negative relative
intensities in the spectra indicates a change in the num-
ber of base pair per turn of DNA molecules.19 These also
indicate the formation of metal nanoparticles on DNA tem-
plate takes place with some bared portion in DNA string
i.e., the DNA is not fully covered by metal shell. Hence

we can say that the DNA without melting or denaturiza-
tion successfully acts as template to grow the particles in
a string like fashion. To prevent the melting of DNA, here
the synthesis temperature was maintained near about 70 �C
(∼65 to 69 �C).
The XRD patterns are shown in Figures 5(a)–(c) re-

corded for pure DNA, Ni nanoparticles attached to DNA
and Nicore–Aushell attached to DNA respectively. All the
peaks are indexed and are investigated. We observe a broad
peak in Figure 5(a) at about 2� ∼ 13�5 in case of pure
DNA, which indicates amorphous nature of DNA. This
peak is also present in the diffraction patterns of other two
samples (Figs. 5(b) and (c)) indicating presence of DNA
in all the cases. As Ni nanoparticles are attached on DNA,
the characteristic diffraction peaks for Ni with fcc phase is
shown in Figure 5(b). Similarly, in Figure 5(c) we obtain
fcc crystalline phase of gold coated on the Ni core, which
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Fig. 4. Circular dichroism spectra taken for solution at different stage
(a) buffer solution (b) DNA in buffer solution (c) after Ni nanoparticles
formation on DNA chain (d) after gold coating on Ni nano attached to
DNA chain.



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

DNA Engineered Tri-Functional Ni–Au Nano-Chain: Understanding of Its Formation and Novel Magnetic Properties Das et al.

20 40 60 80 100

a
Only DNA

(111)
In

te
ns

ity
 (

a.
u.

)

2θ (degree)

b
(111) Ni nano attached on DNA

c
(200)

(220) (311)

Nicore-Aushell on DNA chain

Fig. 5. XRD pattern of (a) pure DNA (b) Ni-nanoparticles attached on
DNA and (c) NicoreAushell-DNA.

is attached to DNA. Using Scherrer equation we calcu-
late the crystallite size (i.e., the grain size) of Ni nanopar-
ticles is ∼2 nm and the crystallite size of Nicore–Aushell
nanoparticles is ∼17.6 nm. However, the width of chain
like particles that is shown in TEM image differ from the
size calculated from XRD pattern because the smaller par-
ticles arranged on DNA make them larger together. XRD
measurements of the nanoparticles attached to DNA are
carried out again after six months of the synthesis of the
composites and we found no extra peak of nickel oxides
for gold coated particles. This indicates the coating of gold
prevent aerial oxidation.

3.2. Electrical Property

The Figure 6 shows the I–V curve of gold coated Ni–
DNA sample. The conductivity of the DNA templated
gold coated Ni nanoparticles is measured using four probe
methods to avoid the contact resistance between sample
and the connecting leads. A pallet of the DNA templated
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Fig. 6. I–V curve for NicoreAushell attached on DNA chain.

particles is made using a palletizer. The diameter and the
thickness of the pallet are 10 mm and 0.6 mm respec-
tively. The behaviour of I–V curve is Ohmic and has low
resistance (∼89.05 ohm). The resistivity (�) of the sample
is found to be ∼26.72× 10−2 ohm-m and the equivalent
conductivity � = 3�74 S/m which is in the semiconduct-
ing range (10−6 to 105 S/m). The conductivity of the DNA
templated Ni/Au nanoparticles is found to be three orders
of magnitude larger than that for the nickel nanochain but
much less than the conductivity of DNA templated gold
nanochain as reported by others.20�21 This may be due to
formation of gold coating on Ni. But the observed con-
ductivity is less than that for bulk gold (Au) and bulk
nickel (Ni) (4�52×107 for Au and 1�43×107 for Ni). The
decrease in conductivity here is perhaps due to high inter-
particle resistance in nano chains. No hysteresis in the I–V
curve indicates good contacts and continuous arrangement
of particles on DNA chain which indicates particles are
in contact to each other. This type of conducting nanopar-
ticles string may have great possibility of application for
fabrication of connection leads in biodevices.

3.3. Magnetic Properties of Ni Nanoparticles
Attached to DNA Chain

Magnetic hysteresis curve measured at 7 K for the Ni
nanoparticles attached to DNA are shown in Figure 7.
It shows ferromagnetic (FM) state of the Ni–DNA com-
posite with a coercive field value ∼510 Oe. The S-shaped
magnetic hysteresis loop measured at 300 K shows zero
coercivity and zero remanence (inset of Fig. 7) which indi-
cates superparamagnetic (SPM) state of the Ni nanopar-
ticles at 300 K. We know for the particles with cubic
crystal structure the critical single domain radius is Rc =
9/2�

√
	AK�/Ms .

21�22 Where ‘A’ and ‘K’ are exchange
and anisotropy constants and Ms is the saturation mag-
netization. The calculated value of Rc for fcc phase Ni
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Fig. 7. Magnetic hysteresis loop of Ni nanoparticles attached to DNA
at 7 K. Hysteresis loop of the same at room temperature 300 K (inset).
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Fig. 8. ZFC–FC curves of the Ni nanoparticles attached to DNA mea-
sured at 500 Oe external magnetic field. ZFC–FC curves of the same
measured in the presence of magnetic field 16 kOe (inset).

is about 21 nm by taking the value of A, K, Ms as
2�45× 10−6 erg/cm, 0�5× 105 erg/cc and 484.1 emu/cc
respectively.23 Hence the critical single domain size (2Rc�
is about 42 nm. In our study, the particle size of the Ni
nanoparticles attached to the DNA is about 40 nm con-
firmed by TEM image. Hence we conclude that the par-
ticles are single domain particles. In order to understand
the transition from FM to SPM state upon increasing the
temperature, we have studied their temperature dependent
magnetization.
We have measured the magnetization of the samples

under zero field cooling (ZFC) and field cooling (FC) con-
dition and the resultant curves are shown in Figure 8.
ZFC–FC curves measured in the presence of two external
magnetic fields ∼500 and 16000 Oe. The ZFC–FC curves
measured at high magnetic field (∼16 kOe) merge totally
on each other and are shown in inset of Figure 8 and the
ZFC–FC curves measured at a low field ∼500 Oe are
shown in Figure 8. Here, the curves follow the same path
and the moment value increases substantially starting from
300 K to ∼198.3 K. They start to bifurcate below 198.3 K.
We observe a maximum value of moment at ∼134 K (the
Blocking temperature, TB� in the ZFC curve and below
this temperature, the moment decreases.
The particles are single domain with an anisotropic

(magnetocrystalline) field direction along the domain mag-
netization. Moreover, the particles are attached to the
DNA and form a chainlike structure. Hence the parti-
cles in a particular chain interact with each other mag-
netostatically. In an ideal, the magnetostatic interaction
among single domain nanoparticles present on one dimen-
sional chain tries to align the domain magnetization of
the particles along the axial direction of the string. In our
present case, the strings are not perfectly one dimensional
and hence the anisotropy due to magnetostatic interac-
tion reduces.23 Within the nanoparticles thermal fluctuation

and the magnetic anisotropies oppose each other. Under
low external field (∼500 Oe) ZFC and FC curves bifur-
cate at ∼134 K below which the magnetization increases
sharply in FC but remains significantly small in ZFC. It is
because during cooling in case of ZFC the spins within
the particles freeze randomly whereas in case of FC they
try to freeze along the external field direction resulting
some higher moment. But at sufficiently high external field
(∼16 kOe) ZFC and FC curves merge. This is because;
the spins are aligned along the external field tending to sat-
urate the magnetization irrespective of cooling processes
during ZFC and FC.
At 500 Oe during ZFC, the thermal fluctuation dom-

inates over the anisotropy above TB. As a result, the
magnetic hysteresis within this temperature range has no
coercivity or remanence and the magnetic state is then
superparamagnetic. The increase in magnetization along
the external field with decrease in temperature is due to the
decrease in thermal fluctuation. Below TB, thermal energy
is low compared to the anisotropy field. Hence it is hard
to orient the domain magnetization along the low exter-
nal magnetic field as they more like to orient along their
own high anisotropy field direction. The Ni–DNA com-
posite is therefore behaves ferromagnetically in this tem-
perature range with a significant coercivity in hysteresis
loop. At very low temperature again a small increase in
moment observed after which the moment value decreases
sharply. This may be due to the diamagnetic contribution
of the DNA attached to the nanoparticles.

3.4. Magnetic Measurement for Nicore–Aushell

Attached to DNA Chain

The particle size of the core–shell particles are ∼65 nm.
Hysteresis loop of the NiAu core–shell nanoparticles
attached to the DNA at 7 K is shown in the Figure 9.
It shows the particles have a FM character with a switching
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Fig. 9. Magnetic hysteresis loop of NiAu core–shell nano-particles
attached to DNA at 7 K. Hysteresis loop of the same at room temperature
300 K (inset).
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field or coercive field value about ∼720 Oe. The coer-
civity of the core–shell nanoparticles enhanced compared
to the bare Ni nanoparticle (∼510 Oe). This is perhaps
due to the development of stress anisotropy on the Ni core
induced by the Au shell. The inset of Figure 9 shows the
hysteresis loop of the core–shell nanoparticles at 300 K.
The hysteresis has zero coercivity and remanence same as
obtained for Ni–DNA composite at 300 K. Perhaps, we
have got a strong paramagnetic trace unlike the nature of
bare Ni nanoparticle (inset of Fig. 9). Here the Ni core is
superparamagnetic at 300 K. So, such strong paramagnetic
trace is solely due to the paramagnetic gold shell. At low
temperature, the ferromagnetic contribution of Ni domi-
nates over the paramagnetic contribution of Au. In our
previous report we have shown that after gold coating on
Ni, a paramagnetic character is raised.18 Actually the effect
of Au is to pin the spins of Ni core at the Ni–Au interface
that prevents the SPM Ni core from saturation at lower
magnetic field as in the case of bare Ni–DNA nanoparticle.
The coupling of Au shell and Ni core is not well known
till now. Due to the covalent bonding of Au shell with Ni
core, the surface anisotropy of Ni core reduces.24 But, the
increase in coercivity at 7 K indicates the increment of
overall anisotropy of the FM Ni core.
The ZFC–FC curves measured for the core–shell nano-

particles in presence of ∼500 Oe external magnetic field
are shown in Figure 10 and at ∼16 kOe in the inset of
Figure 10. The FC and ZFC curves follow the same path
at high magnetic field (16 kOe). At 500 Oe external fields,
the SPM to FM transition upon decreasing temperature
is reflected in ZFC–FC curves. However, the ZFC curve
show an abnormal increase and then sudden decrease in
moment at very low temperature range (∼28 to 7 K) may
be due to the combined response of Ni core, paramagnetic
Au shell and diamagnetic contribution of DNA on which
the particles are attached. Therefore, it is difficult to deter-
mine the Blocking temperature from the ZFC curve.
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Fig. 10. ZFC–FC curves of the NiAu core–shell nanoparticles attached
to DNA measured at 500 Oe external magnetic field and ZFC–FC curves
of the same measured in the presence of magnetic field 16 k Oe (inset).

4. CONCLUSIONS

We have synthesized nano-string of Nicore–Aushell–DNA
by simple chemical process where DNA acts as template.
Structural characterizations are pointing toward the possi-
ble use of DNA as a successful templating agent to syn-
thesize nano chains or nano-strings of various materials.
Here Au is conductive and Ni is superparamagnetic and
DNA is optically active. So in this case we are getting
more diverse properties in our material in a very simple
way of synthesis. More over bared Ni nanoparticle is not
so stable. It is prone to be oxidized by air. But Au is noble
and very stable. Here, the gold coating makes the mate-
rial very stable. This kind of stable bio-material with both
superparamagnetic and electrically conducting properties
attached with biomolecule DNA may have great poten-
tiality in medical application and bio-computer devices.
Moreover by exploiting the optical property of this mate-
rial we may use this as biosensor with proper engineering.
There are lots of scopes of studies on this kind of material.
Our next goal is to fabricate medical nano-devices with
this material.
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