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In the last decade, numerous kinds of nanoscale materials have been created. Their characteristics are
critically inﬂuenced by their synthetic or fabrication methods. In this review article, we introduce perfect
crystal gold nanowires (Au NWs) synthesized by vapor transport method and summarize their material
properties and biological applications. Single-crystalline Au NWs having no defects or twins show unique
mechanical, electrical, and electrochemical characteristics. Notably, they are exceptionally competent in
penetrating cells or tissues with minimum biological damage and in the electrical analysis and manipulation of biological activities in the cells and/or tissues. It is expected that the Au NWs would give us
technological breakthrough in diverse applications such as nanoscale functional components as well as
new insights in fundamental material science.
Copyright © 2015, The editorial ofﬁce of Journal of Materials Science & Technology. Published by Elsevier
Limited. All rights reserved.

1. Introduction
Last few decades have witnessed giant growth in syntheses and
applications of nanoscale materials featured by unique and superb
material properties compared to their bulk counterparts. Especially,
one dimensional (1D) nanomaterials such as nanowire (NW),
nanotube, or nanopillar have attracted great attention due to their
excellent performances in transporting electronic, optical, and
thermal energy and/or signals[1‒12], which can be seen from the
gradual increase in the number of related publications (Fig. 1).
These nanomaterials have nanoscale diameter, which is kept constant along the whole structure. Consequently, they are recently
employed to penetrate or interface with living cells or tissues and
then to explore and manipulate their biology with high spatial
resolution as well as minimum deterioration of their viability[13,14].
For example, semiconducting nanowires have been fabricated into
nanoscale transistors and inserted into a living cell to measure its
electrical activities[15].
Metallic 1D nanomaterials have great potential in electrical,
electrochemical and optical applications[16,17]. Wide-spread
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research on them, however, has been impeded, to some extent,
due to the difﬁculties in synthesizing and manipulating them. It is
surprising that many of them have been fabricated by depositing
thin metallic layer onto non-metallic 1D nanomaterials such as
boron nitride nanotube due to the lack of facile route to synthesize
them[18]. While diverse semiconducting 1D nanomaterials have
been grown from metal nanoparticles as catalyst by the wellestablished vapor-liquid-solid methods[11], there are no reports
on the synthesis of metallic ones using such methods since it is
hard to ﬁnd proper catalyst particles for them. Solution phase
synthetic methods have successfully produced metallic 1D nanomaterials, which leaves some post-synthetic processes to manipulate them: separating appropriate nanomaterials from their
bundle or removing the stabilizing agents attached on their surface.
Among various metallic 1D nanomaterials, gold (Au) NWs offer
interesting applications with a number of advantages such as
chemical inertness, biocompatibility, and high electrical conductivity. Their utilization has been promoted with the development of
various fabrication methods: chemical reduction of Au precursor[19], electrodeposition of Au in conﬁned space[20‒22],
lithography/lift-off process[23], and slicing thin Au ﬁlm[24]. Nevertheless, there are some limitations to wide usage of them due to the
absence of robust methods for fabricating high-quality Au NWs.
The fabrication methods themselves have critical inﬂuence on the
material properties. In this review, we introduce the defect-free
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red dotted-contour in Fig. 2(b)) or horizontal to the substrate, can
be steered by controlling the atom ﬂux (Fig. 2(b)). The width and
length of Au NWs can be controlled by adjusting reaction time.
Vertical Au NWs (Fig. 2(c)) are highly useful allowing us to pick up
and manipulate a single NW. The synthesized Au NWs are defectfree single-crystalline as conﬁrmed by the electron diffraction
pattern (Fig. 2(d)) and are all enclosed by atomically smooth
surfaces.

3. Material Characterization of Au Nanowires
3.1. Mechanical characteristics
Fig. 1. Number of publications on nanowire, nanotube or nanopillar for 1996‒2015
(Source, ISI).

single-crystalline Au NWs synthesized by a vapor transport
method. Their unique material characteristics and applications,
especially in biological ﬁelds are summarized.
2. Synthesis of Single-crystalline Au Nanowires
The Au NWs can be synthesized by a simple vapor transport
method[25]. In a horizontal quartz tube furnace, Au atoms are
vaporized from the Au slug placed at the middle of a heating zone
and transported via carrier gas to sapphire substrates placed a few
centimeters downstream (Fig. 2(a)). Au vapors are condensed on
the substrates to form nanocrystalline Au seeds and the Au atoms
subsequently supplied are deposited on the seeds to grow into
nanowires. The direction of NW growth, either vertical (marked by

The intrinsic mechanical properties of materials are related to
their atomic movements under mechanical stresses, which is
subject to its crystal quality such as density of defects. Defectless
single-crystalline Au NWs have unique mechanical characteristics
and behavior: superstrong, superplastic and superﬂexible[26‒28].
As a Au NW is pulled and undergoes tensile deformation
(Fig. 3(a)), it shows a yield strength of 1.54 GPa (point P1 in a
stressestrain curve, Fig. 3(b)), which is signiﬁcantly higher than
that of bulk Au (55e200 MPa) and close to a theoretical limit
(1.8 GPa). This superstrength is attributed to the perfectly crystalline nature of Au NWs, making the initial nucleation of dislocations in NWs difﬁcult. Once dislocations are formed in the NWs,
they coherently extend to a long distance via twin propagation
that converts the <110> NW with a rhombic cross section and
{111} side facets to a <100> NW with a rectangular cross section
and {100} side facets, resulting in superplastic elongation (Region
2 in Fig. 3(b)). When compressive stress is applied, the Au NW
ﬂexibly bends even into a U-shape and completely recovers its

Fig. 2. (a) Schematic representation of the experimental set-up for synthesizing single-crystalline Au NWs. (b) Scanning electron microscope (SEM) and molecular dynamics (MD)
images showing the vertical (enclosed by red dotted line) or horizontal growth process of Au NWs. Scale bars in (ii‒vi) are 100 nm. (c) 45 tilted SEM image of vertically grown Au
NWs. (d) Transmission electron microscope (TEM, left) and high-resolution TEM (middle) images and selected area electron diffraction pattern (right) of a Au NW. Reproduced from
ref.[25].
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Fig. 3. (a) SEM images taken during the tensile deformation of a Au NW. Reproduced from ref. [26]. Scale bar is 1 mm. (b) Stress-strain curve of a Au NW under tensile stress.
Reproduced from ref. [26]. (c) SEM images showing U-shape bending and complete recovery of a Au NW while pushed against and withdrawn from a solid surface. Reproduced from
ref.[29].

original shape after the stress is removed as shown in Fig. 3(c) [29].
The combination of these mechanical properties would make the
Au NW an interesting functional element in nanomechanical
devices.
3.2. Electrical characteristics
A single Au NW shows electrical resistance of 52 U as shown in
current‒voltage (IeV) curve (Fig. 4) obtained from a four-probe
device (inset in Fig. 4)[29]. It has electrical resistivity of
2.08  108 Um that is slightly lower than those of bulk Au
(2.21  108 Um). It should be noted that this resistivity is also
lower than those of other kinds of Au NWs; skived from an
insulator-Au thin ﬁlm-insulator block (~8  108 Um)[24], fabricated
by lithography (~6  108 Um)[30] and by electrodeposition
(2.26  108 Um)[31]. This lower electrical resistivity of a Au NW is
ascribed to its single-crystalline feature without defects or grain
boundaries that hinder electron transport.

3.3. Electrochemical characteristics
Nanoscale materials have been utilized as nanoelectrodes that
can provide important electrochemical applications such as precise
electrochemical imaging, highly active catalysis, or single molecule/
nanoparticle research which are hardly obtainable from macroscopic electrodes. To use a single Au NW as a nanoelectrode, it is
necessary to acquire its fundamental electrochemical characteristics. A Au NW electrode can be fabricated by attaching the single
NW to a macroscopic tungsten tip for facile handling (Fig. 5(a))[32].
Then the tungsten tip should be completely insulated to avoid the
unwanted reaction or noise from the tungsten surface (Fig. 5(a)). In
the cyclic voltammogram (CV) measured in a sulfuric acid solution,
sharp single peaks for electrochemical oxidation and reduction of a
Au NW are shown at ~0.9 and ~0.4 V, respectively, conﬁrming that
the Au NW is enclosed by well-deﬁned single-crystalline surfaces
(Fig. 5(b)). The sigmoidal CV measured from a Au NW electrode in a
ferricyanide solution indicates that mass transport toward the Au
NW occurs fast via convergent diffusion rather than linear one due
to its small dimension (Fig. 5(c)). The average impedance of Au NW
electrodes measured at 1 kHz in phosphate buffered saline solution
is 5.6 MU (Fig. 5(d))[29].
4. Biological Application of Au Nanowires

Fig. 4. IeV curve measured from a single Au NW. Inset shows the SEM image of fourprobe Au NW device for IeV measurement. Reproduced from ref.[29].

Au NWs have several features, which make them one of the
ideal tools for penetrating cell or tissue to analyze and manipulate
their biological activities as follows. First, they have a well-deﬁned
chisel-like sharp tip that facilitates perforating the cell membrane
or going through the tissue by reducing cutting force[33]. Second,
their cylindrical geometry with signiﬁcantly small diameter minimizes the invasiveness of their insertion. Third, they are not only
strong enough to penetrate into cells or tissue but also highly
ﬂexible to deﬂect around harder region and pass through softer
one, which minimizes deformation of cells or tissue[34,35]. The
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Fig. 5. (a) Schematic representation and optical images showing the process of fabricating a Au NW electrode. (b) CV of a Au NW electrode measured in a 50 mmol/L sulfuric acid
solution at a scan rate of 50 mV/s. (c) CV of a Au NW electrode in a 20 mmol/L K3Fe(CN)6 solution without supporting electrolyte at a scan rate of 200 mV/s. (d) The electrical
impedances of Au NW electrodes (n ¼ 7) measured at 1 kHz. The error bar (magenta line) represents standard deviation. Reproduced from ref.[32].

Table 1
Characteristics of various nanoinjectors
Nanoinjector material

How to release payload

Site of delivery

Payload material

Ref.

Carbon nanotube
BN nanotube
BN nanotube
SnO2 nanowire
Si nanowire

pH-dependent chemical cleavage of disulﬁde bond
pH-dependent chemical cleavage of disulﬁde bond
Electrochemical cleavage of AueS bond
Light-induced cleavage of photocleavable linkage
Diffusion

Not controlled
Cytoplasm or nucleus
Cytoplasm or nucleus
Cytoplasm or nucleus
Not controlled

[38]

Au nanowire

Electrochemical cleavage of AueS bond, electrophoretic
detachment of electrostatically attached payloads

Cytoplasm or nucleus

Quantum dot
Quantum dot
Quantum dot
Quantum dot
Nucleic acids, protein,
peptide, small molecule
Nucleic acids

[39]
[40]
[41]
[42]

[32]

Fig. 6. (a) Schematic representation of electrically triggered gene delivery into the nucleus of a living cell using a Au NW nanoinjector. (b) Schematic representation of the
experimental set-up for Au NW nanoinjector-based intracellular delivery system. (c) Optical images showing the insertion of a Au NW nanoinjector into cytoplasm (c-i) and nucleus
(c-ii). (d) Optical images showing the ﬂexible insertion of a Au NW nanoinjector (from d-i to d-ii). Reproduced from ref.[32].
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combination of these unique properties makes the insertion of Au
NWs into biological components highly biocompatible.
4.1. Nanoinjector for intracellular delivery
Delivering exogenous materials into a cell is of great importance
in fundamental cell biology and advanced applications such as drug
development or cell engineering. Among diverse types of delivery
methods, direct intracellular injection of exogenous materials is
superior in terms of delivery efﬁciency and universal applicability
regardless of cell type[36]. One of the most important features
required for intracellular injectors, which are inserted inside the
cell, is their small dimension so as to minimize damage to the living
cells. In addition, as their dimension is reduced, the spatial resolution of delivery is increased, which could be beneﬁcial to the
function of delivered materials by properly releasing them at the
site of action[37]. In this sense, there have been developed diverse
nanoscale intracellular injectors (nanoinjectors) using 1D nanomaterials as listed in Table 1[32,3842]. They can maintain cellular
integrity during and after the delivery.
Material characteristics of the nanoinjectors have inﬂuence on
the important processes in delivery such as loading and releasing
exogenous materials and getting access to speciﬁc intracellular
region. A Au NW nanoinjector can deliver various exogenous materials attached on the NW via AueS covalent bond to the speciﬁc
site of a living cell by electrical triggering that electrochemically
cleaves the AueS bond[32]. For example, DNA can be delivered into a
cell nucleus as illustrated in Fig. 6(a). The delivery system is
composed of a Au NW nanoinjector (working electrode), a saturated calomel electrode (reference electrode), and a Pt wire
(counter electrode) for three-electrode conﬁguration; of a nanomanipulator for controlling the position of the nanoinjector; and of
an optical microscope for monitoring whole delivery process
(Fig. 6(b)). The Au NW nanoinjector can be precisely inserted into a
speciﬁc intracellular position, for example, either cytoplasm
(Fig. 6(c-i)) or nucleus (Fig. 6(c-ii)). This insertion is mechanically
compliant with cells as shown in Fig. 6(d), where the Au NW
ﬂexibly bends upon entering the cell to deﬂect around relatively
rigid intracellular structures, which minimizes cellular
deformation.
For efﬁcient and biocompatible DNA delivery via electrical
triggering, voltage and duration of electrical pulse were optimized
as follows. Thiolated DNA with ﬂuorescent dye intercalated was
attached on the Au NW nanoinjectors via AueS bond (Fig. 7(a)) and
an electric pulse with different voltage and duration was applied to
each of the nanoinjector to reductively cleave the AueS bond. The
extent of DNA detachment was examined by observing ﬂuorescence from remaining dye-intercalated DNA on the nanoinjector
(Fig. 7(b)). The most benign electrical pulse that induces almost
complete detachment of DNA was found to be 0.8 V pulse applied
for 2 min (Fig. 7(c)).
Successful intracellular DNA delivery and the expression of the
delivered DNA can be veriﬁed with green ﬂuorescent protein (GFP)coding DNA. The thiolated linear DNA that coded for GFP was
directly attached on Au NW nanoinjectors via AueS bond and the
plasmid that coded for GFP was attached via electrostatic attraction
after modifying the surface of the Au NW with thiolated cationic
molecules. Each of these nanoinjectors was inserted into a cell
nucleus and then the optimized electric pulse was applied to the
nanoinjectors. In both cases, green ﬂuorescence was observed from
the cell where GFP-coding DNA was injected, indicating successful
expression of the delivered DNA (Fig. 8). This implies that Au NW
nanoinjectors can deliver various exogenous materials due to their
abilities in diverse surface modiﬁcation without deteriorating
cellular function.

Fig. 7. (a) Optical (left) and ﬂuorescence (right) images of the Au NW on which ﬂuorescent dye-intercalated DNA is attached. (b) Fluorescence images of Au NWs where
ﬂuorescent dye-labeled DNA is ﬁrstly attached and then detached by electric pulses of
different potential and duration as written in the images. (c) Fluorescence intensities
remaining on the Au NW nanoinjectors after detaching ﬂuorescent dye-intercalated
DNA by electric pulses of different potential and duration. Reproduced from ref.[32].

This Au NW nanoinjector-based delivery system does not limit
the types of cells and delivered exogenous materials. It is expected
that the Au NW nanoinjector would be widely used in various
applications such as the development of therapeutic agents that act

Fig. 8. (a) Fluorescence (a-i) and merged ﬂuorescence/optical (a-ii) images of the cell
into which GFP-coding plasmid was delivered. (b) Fluorescence (b-i) and merged
ﬂuorescence/optical (b-ii) images of the cell into which GFP-coding linear DNA was
delivered. Reproduced from ref.[32].
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inside cells as well as the fundamental biological studies on cellular
response to the speciﬁc exogenous materials.
4.2. Nanoprobe for neural recording
Understanding neural activity is essential to treat many diseases
caused by degeneration and malfunction occurring in nervous
system. To record neural signal, electrodes implanted in brain have
been developed with various materials such as metal, silicon, and
metal oxide[43‒50]. Although there have been continuous efforts to
increase the spatial resolution of neural recording by reducing the
size of the conventional electrodes, it is difﬁcult to avoid the
deterioration of their mechanical strength and electrical conductivity, which are important for implanting the electrode and collecting neural signal, respectively. Recently, nanomaterials such as
carbon nanotubes, silicon nanowires, or gold nanoparticles were
employed to fabricate neural electrodes, allowing the successful
miniaturization of the electrode without sacriﬁcing material
properties[15,51‒61]. Single-crystalline Au NWs possessing

superﬂexibility as well as superstrength, high electrical conductivity, and well-deﬁned geometry with sharp tip can potentially be
ideal neural electrode materials.
Neural signals in the brain of a freely moving mouse were
measured from two Au NW electrodes (diameter: 100 nm, length:
5 mm) implanted separately within 1 mm (Fig. 9(a)). Representative
neural signals distinctly show characteristic neural spikes (Fig. 9(bi)). It should be noted that the two signals are clearly different,
implying that Au NW electrodes can distinguish neural signals of
1 mm-separated regions. Their interdependence can be quantiﬁed
by cross-correlation analysis, which gives higher correlation coefﬁcient as the similarity of two signals increases (Fig. 9(b-ii)). In
comparison, two tungsten electrodes having a tapered shape
(diameter in the middle part: 1 mm, length: 5 mm) were implanted
as the same as Au NW ones. They recorded similar baseline oscillation as Au NW electrodes but hardly captured neural spikes
(Fig. 9(c-i)). Signals measured from two tungsten electrodes are
quite similar as indicated by cross-correlation analysis (Fig. 9(c-ii)).
Signiﬁcant difference in the averaged ﬁrst-peak values of

Fig. 9. (a) Photograph of a mouse with Au NW electrodes implanted in its brain (left). Post-mortem histology of the recording regions and a brain slice showing the positions
(arrows) of the electrodes (right). (b) Representative traces of neural signals recorded by two Au NW electrodes implanted within 1 mm apart (b-i) and the corresponding crosscorrelation analysis (b-ii, ﬁrst-peak value: 0.20). (c) Representative traces of neural signals recorded by two tungsten electrodes implanted within 1 mm apart (cei) and the
corresponding cross-correlation analysis (c-ii, ﬁrst-peak value: 0.80). (d) Average ﬁrst-peak values of the correlation coefﬁcient for Au NW (n ¼ 6) and tungsten (n ¼ 8) electrodes.
Reproduced from ref.[29].

M. Kang et al. / Journal of Materials Science & Technology 31 (2015) 573e580

correlation coefﬁcient means that Au NW electrodes could provide
much higher spatial resolution than tungsten electrodes.
One of the most interesting features of Au NW electrodes is that
they can record high-quality neural signals from ~1 h after the
implantation while general neural electrodes require a few days to
begin recording[62]. This could be attributed to the reduced neural
damage around the Au NW owing to their small dimension and
mechanical compliance with soft brain tissues, which would
dramatically shorten the post-implantation recovery period.
The high-quality neural recording from Au NW electrodes
facilitate the extraction of more biological information from the
signals as following two exemplary demonstrations. First, a mouse
with recording electrodes, either Au NW electrodes or tungsten
ones, was confronted with an unfamiliar mouse in its conﬁned
territory and the neural signals before (Fig. 10(a)) and after
(Fig. 10(b)) the encounter were compared. Au NW electrodes
captured the increase in neural spikes after the encounter, which
indicates the excited status of the mouse. With the tungsten electrodes, it was difﬁcult to sense discernible changes in neural
signals.
Second, the spatial resolution of localizing the seizure focus
using Au NW and tungsten electrodes was compared. The mouse
with three Au NW electrodes implanted separately by 1 mm was
given pilocarpine, which induces epilepsy. Epilepsy is one of the
most common neurological diseases and characterized by seizure
episodes generated from a speciﬁc seizure focus. Three Au NW
electrodes recorded different neural activities and one of them
captured distinct spike activities (middle trace in Fig. 10(c)). The
same experiment was conducted with three tungsten electrodes
and it is difﬁcult to ﬁnd difference in the signals from them
(Fig. 10(d)). These results indicated that Au NW electrodes distinguish three separated local region and, therefore, could locate
seizure focus with much enhanced spatial resolution than microscopic tungsten electrodes.
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The signiﬁcantly small size of Au NW electrodes would open the
doorway for much better understanding of brain functions and
consequently, for the improvement of the treatment strategies for
nervous diseases. It is also anticipated that the Au NW electrodes
could be employed for diverse bio/medical/chemical studies
including neural signal recordings, neural stimulation, and in vivo
monitoring of brain chemistry and electrochemistry.
5. Conclusions and Perspectives
In this review, we introduced the Au NWs synthesized by vapor
transport method and summarized their unique material characteristics originating from the defectless single-crystalline nature
and their applications on cell and tissue biology. Perfect cylindrical
structure with highly small diameter and mechanically strong as
well as ﬂexible nature of Au NWs allow them to penetrate cells and
tissue with minimum invasiveness and their high electrical conductivity facilitates the transmission of electrical energy and the
detection of electrical signal. By virtue of these features, Au NWs
can deliver exogenous materials into speciﬁc subcellular organelles
of a cell upon electrical triggering and record electrical neural
signal in the animal brain with high sensitivity and spatial
resolution.
The Au NWs can play key functional roles in other interesting
applications regarding the analysis and control of various biological phenomena. For example, it is possible to harvest solar energy
from plant cells by inserting the NW electrodes into the cells and
directly extracting the electron produced during their photosynthesis[63]. Au NWs could be excellent extractors due to their
biocompatibility and minimum invasiveness. Au NW electrodes
can detect redox-active biomolecules inside and outside cells.
They can monitor exocytosis of redox-active signaling molecules
released from a secretory cell with signiﬁcantly high spatial resolution[64]. Surface modiﬁcation of Au NWs would enlarge the

Fig. 10. (a) Representative traces of neural signals recorded from Au NW (upper) and tungsten (lower) electrodes implanted in the mouse moving alone as shown in the photograph.
(b) Representative traces of neural signals recorded from Au NW (upper) and tungsten (lower) electrodes implanted in the mouse faced with an unfamiliar mouse as shown in the
photograph. (c) Pilocarpine-induced seizure signals recorded by three Au NW electrodes separately implanted by 1 mm in the mouse brain. (d) Pilocarpine-induced seizure signals
recorded by three tungsten electrodes separately implanted by 1 mm in the mouse brain. Reproduced from ref.[29].
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realm of their applications. Redox-inactive biomolecules also can
be detected by the Au NW electrode, of which surface is modiﬁed
with the capture agent that recognizes target biomolecules and
with the signaling agent that transduces the capture event into the
electrochemical signal[65]. Insulating the side wall of a Au NW
could result in the nanoscale patch clamp that enables cytocompatible physiological studies[66]. Such nanoscale patch clamp can
give us long-term monitoring of cell physiology unlike microscale
couterparts that easily harm the cellular integrity within half an
hour. It is anticipated that Au NWs would signiﬁcantly contribute
to revealing the mechanisms of various biological phenomena and
developing the tools and technologies for cellular/tissue
engineering.
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