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Abstract

This review (with 106 references) summarizes the latest progress in the synthesis, properties and biomedical applications of gold
nanotubes (AuNTs). Following an introduction into the field, a first large section covers two popular AuNTs synthesis methods.
The hard template method introduces anodic alumina oxide template (AAO) and track-etched membranes (TeMs), while the
sacrificial template method based on galvanic replacement introduces bimetallic, trimetallic AuNTs and AuNT-semiconductor
hybrid materials. Then, the factors affecting the morphology of AuNTs are discussed. The next section covers their unique
surface plasmon resonance (SPR), surface-enhanced Raman scattering (SERS) and their catalytic properties. This is followed by
overviews on the applications of AuNTs in biosensors, protein transportation, photothermal therapy and imaging. Several tables
are presented that give an overview on the wealth of synthetic methods, morphology factors and biological application. A
concluding section summarizes the current status, addresses current challenges and gives an outlook on potential applications

of AuNTs in biochemical detection and drug delivery.
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Introduction

Since the discovery of carbon nanotubes in 1991 [1], noble
metal tubular nanostructures have aroused great interest be-
cause of combination of properties from the metal components
and good biocompatibility, especially gold nanomaterials. In
the last decades, different types of gold nanoparticles
(AuNPs) have been reported in the literature due to their count-
less biomedical applications [2], including biosensors [3],
targeted drug delivery [4], catalysis [5], drug release,
photothermal therapy [6] and molecular imaging [7]. These
applications are based on features such as possibility of tuning
of particle size (for desired electrical, optical properties), bio-
compatibility, stability and large surface areas [8]. However,
gold nanotubes have several unique advantages compared with
other gold nanomaterials, such as being easy to functionalize
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with various ligands and drugs, higher surface-to-volume ratios
than their solid counterparts, superior load-carrying ability and
malleable to various sizes and shapes [9].

The synthesis of AuNTs has attracted much enthusiasm be-
cause of their unique electronic and optical properties. Perhaps
the most conceptually simple method to generate gold nano-
tubes is to confine their growth with templates. The nanoscale
channels in track-etched membranes (polycarbonate) and
Anodic Alumina oxide template (AAO) have been widely used
for this reason [10]. But in many cases, the templates have to be
removed in the post-synthesis step so that the nanostructure can
be put into use [11]. In general, hard template-based methods
are not easy to scale up to produce nanostructures for commer-
cial applications quickly and cheaply. This realization lead Xia
and his team to develop template-engaged replacement reac-
tion: a one-step approach to the large-scale synthesis of metal
nanostructures with hollow interiors, including gold nanotubes
[12]. Their porosity and wall thickness can be controlled by
changing experimental conditions [13]. Furthermore, the plas-
mon resonance frequency of gold nanotubes can be tuned in the
range of visible to near infrared by controlling their dimensions
and morphology. For example, the absorption peak of AuNTs
blue-shifts with increasing thickness of wall [14] and red-shifts
with increasing nanotube length [15].

Unique intrinsic features of gold nanotube are fundamental
to major biomedical applications. Up to now, AuNTs have
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been widely applied in catalysis [16], chemical separations
and analysis [17], biosensing [18, 19], photothermal therapy
[15], photoacoustic imaging [20], protein transportation [21]
and so on. The optical properties of AuNTSs present possibil-
ities that can be applied to cell therapies that involve
photothermal ablation and light triggered drug delivery [16].
In this paper, we first summarized different synthesis methods
and properties of AuNTs. Then, the factors which may influ-
ence the morphology and properties of AuNTs were also
discussed. Finally, we reviewed the biomedical application
progress of gold nanotubes in biosensor, protein transport,
photothermal therapy and medical imaging.

Synthesis

The template method of synthesizing AuNTs, as an alternative
to conventional lithography methods, is one of the most ver-
satile, rapid, facile and economic approaches toward hollow
structures. In a typical process, this method is divided into two
steps: template design and synthesis, and “patterning” of de-
sired materials, possibly followed by template removal [22].
Recently, the template synthesis mechanism has been well
understood, such as electrodeposition via voltage control, gal-
vanic replacement and controllable chemical transformation,
enabling a wide range of hollow nanotubes. The synthetic
strategies of gold nanotubes can be divided into hard tem-
plates and sacrificial templates according to their different
structures.

Hard template method

The hard template method is well known for its usefulness and
reliability in controlling the size and shape of hollow struc-
tures. Gold nanotubes are obtained by coating the target ma-
terial on a rigid core with a desired shape to form a shell, and
then removing the core. For example, Dong et al. reported a
method for the fabrication of ordered hollow gold nanotubes
by using a combination of double templates (NCP silica tem-
plate and PS template) and electroless plating [23]. Template
is the prerequisite for preparing nanotubes. The most common
preparation methods of AuNTs by hard template are electro-
chemical deposition and chemical deposition. The universal
hard template materials synthesized AuNTs are divided into
Anodized Alumina oxide template and track-etched mem-
branes (TeMs) depending on the types of template.

Anodic alumina oxide template
Anodic Alumina oxide template (AAO) with uniform and
parallel pores is made by anodic oxidation of aluminium sheet

in solutions of sulphuric, oxalic or phosphoric acids.
According to the oxidation potential added during electrolysis,
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Aluminium oxide films with different pore sizes can be ob-
tained with different electrolyte types and electrolysis time.
The maximum pore diameter is hundreds of nanometres, the
minimum is 5 nm and the density of pore is as high as
10" pores/cm?, pore sizes ranging from 10 nm to 100 um
can be made [24-26]. The porous alumina template has a
single hole diameter, high temperature resistance and high
strength, which is the most widely used template so far [10,
27-29].

The typical method for fabrication of gold nanotube arrays
is summarized in Fig. 1 by AAO template [30-32]. Firstly, a
nanoporous AAO template (Fig. 1a) is fabricated on substrate
by anodizing an aluminium thin film on a thin gold under-
layer. Polypyrrole is deposited into the AAO pores (Fig. 1b)
by electropolymerization. The AAO pores are then chemically
etched using NaOH, creating shells around the polypyrrole
nanorods (Fig. 1c¢). Gold is then electrodeposited into the
shells (Fig. 1d). At the next stage, the polypyrrole is removed
by plasmon etching (Fig. 1e). An outer shell is then formed by
chemical etching as before. If the etch is continued, the AAO
matrix is completely removed to reveal freestanding arrays of
gold nanotubes attached to the substrate (Fig. 1f). The mor-
phology and composition of AuNTSs can be tuned by control-
ling the deposition parameters. For instance, the change of the
wire to tubular structure is by adjusting pH of gold plating
bath. The higher alkalinity is prone to form the tubular struc-
ture owing to the numbers of nuclei are fewer under this con-
dition, while the lower alkalinity is favourable to the forma-
tion of wire structure [33]. The inner diameter of gold nano-
tubes becomes smaller upon the increase in deposition time of
plating bath [34-36].

In another study, Bridges synthesized solution suspendable
gold nanotubes on template-directed electrochemical synthe-
sis (TES) in porous AAO using different sacrificial polymer
core preparations (Fig. 1h). The method based on the hydro-
phobic collapse of a sacrificial poly(3-hexyl) thiophene core
that did not use etching steps [28, 38]. The result revealed that
the wall thickness of the gold nanotubes could be varied by
varying polymer core hydrophobicity (Fig. 2).

Track-etched membranes

Track-etched membranes (TeMs) are obtained by bombarding
a nanoporous polycarbonate sheet with nuclear fission frag-
ments to generate damage tracks, and then chemically etching
these tracks into pores [39]. TeMs can serve as matrices for the
preparation of ordered arrays of metallic micro and nanostruc-
tures with unique physical properties [40-44]. The TeMs
commonly used in the preparation of gold nanotubes are
mainly polycarbonate template (PC) [45] and polyethylene
terephthalate (PET) [16, 46]. The method of fabricating
AuNTs on nanoporous polycarbonate template by electrode-
position method illustrated in Fig. 1g [37]. In general, the
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Fig. 1 a—e Summary of the fabrication process for gold nanotube arrays,
where i is the inner diameter, o is the outer diameter and p is the pitch. f
Plane view SEM image of the final structure. Reprinted with permission
from ref. [31]. Copyright 2011 IOP science. g The schematic illustration
of the AuNTs synthesis on nanoporous polycarbonate template.

length of gold nanotubes was determined by the membrane
thickness, but Pyo and co-workers prepared gold nanotube of
various lengths and pore sizes controlled by adjusting plating
temperatures and solution compositions [47]. They found that
the length of nanotubes and the thickness of gold film de-
crease with the increase in plating temperature. Long nano-
tubes can be obtained by depositing Au at the interface at
relatively low temperature (4 °C) and these nanotubes run
through the whole film thickness with small openings. In
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Reprinted with permission from ref. [37]. Copyright 2019 Elsevier B.V.
h Scheme and proposed mechanism of gold nanotube synthesis.
Reprinted with permission from ref. [38]. Copyright 2013 Royal
Society of Chemistry

N

addition, AuNTs were synthesized by the electroless template
approach in the pores of ion track membranes based on poly-
ethylene terephthalate(PET). The wall thickness of Au and
Ag/Au NTs was determined to be 35.8+£9.0 and 77.8 +
6.1 nm respectively [41]. Moreover, the morphology and met-
al components of AuNTs can be also changed. For instance,
Mollamahale et al. introduced a novel and highly sensitive
nanoelectrode through electrodeposition of gold nanotubes
inside polycarbonate (PC) membrane and then developing
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three-dimensional gold nanoelectrode ensembles [45]. Tao’s  aligned nanotube arrays. The disadvantage with AAO is to
group reported Pt-Au alloy nanotube array which was pro-  completely remove the template after the growth of nanotube.
duced by electrodepositing strategy using nanopore polycar-

bonate (PC) membrane at —0.35 V [48]. Siwy and co-workers  Sacrificial templates method based on galvanic
described a single conically shaped gold nanotube embedded  replacement

within 12-pm-thick polyethylene terephthalate (PET) [49].

AAO templates and TeMs are most commonly used forthe ~ Compared with the hard template method, the sacrificial tem-
synthesis of AuNT arrays. Both templates are very convenient  plates method is preferred in practical applications. Usually,
to use during the growth of AuNTs by various growth mech-  the templates can be completely oxidized in solution during
anisms, but each type of template also has a few disadvan-  the formation of the hollow structure. Therefore, the compli-
tages. Take PC membrane for example, the advantage of using  cated removal steps can be avoided, lowering the production
PC as template is that it is easy to be pyrolyzed and removed at  cost and heightening the possibility of scaling-up [22].
high temperature, but the flexibility of PC is easier to distort ~ Galvanic replacement is a redox process, which can be broken
during the heating process, and the template is removed before ~ down into two half reactions: the oxidation (loss of electrons)
the nanotubes are completely densified. These factors canlead  and corrosion of the first metal at the anode and the reduction
to breakage and deformation of nanotubes. However, the ad-  (gain of electrons) of the ions of the second metal, and subse-
vantage of using AAO as template is its rigidity and high-  quent deposition, of this metal at the cathode. The driving
temperature resistance, which makes the nanorods densified  force for this reaction comes from the difference in reduction
completely before removal. This would result in a much larger ~ potentials of the two metals involved, with the potential of the
surface area of relatively freestanding and unidirectionally ~ second metal necessarily being higher than that of the first
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metal. To date, based on the mechanism of galvanic replace-
ment, there are many precursor templates for the synthesis of
gold nanotubes, including silver nanowires [9], silver nano-
rods [15], core—shell Au@Ag nanorods [50], copper nano-
wires [51], MgO Nanowires [52], sodium sulfate (Na,SO,)
nanowires [53], SiOx nanowires [54], cobalt Nanoparticles
[55], Au@Ag bimetallic nanowires [56], CdSe nanotube array
templating [57] etc.

Bimetallic AuNTs

Nowadays, silver nanowires have been the hottest point in the
field of gold nanotubes in the various routes. Because of the
perfect crystallographic match, and no additional procedures
are required to remove the template after the reaction is com-
pleted. Different synthetic approaches could lead to the dis-
covery of different silver nanowires with new properties. For
example, there are high purity cylindrical silver nanowires
selectively prepared by kinetic control of hydrothermal con-
ditions [58], Ag nanowire arrays grown on nanograted silicon
structures [59], pentagonal Ag nanowires prepared by the
polyol process and so on. For the synthesis of silver nano-
wires, a large number of routes have been developed in recent
years. However, pentagonal silver nanowires synthesized
from soft solutions have become the most popular. Because
it is the most feasible way to realize large-scale production of
silver nanowires. Xia et al. first proposed the synthesis of gold
nanotubes using silver nanowires prepared by PVP (polyvi-
nylpyrrolidone)-assisted polyol method as templates [12]. The
standard reduction potential of Ag*/Ag pair (0.80 V, vs SHE)
is lower than that of AuCly /Au pair (0.99 V, vs SHE). After
the AuCl, ions are added into solution of Ag nanowires, Ag
nanowires are oxidized at the anode (Fig. 3g (a). The electrons
released from the oxidation reduce AuCl, ions into Au atoms
(cathode reaction). The deposition leads to the formation of an
essentially complete, thin layer of Au with only several holes
at the initial reaction sites (Fig. 3g (b)); The Au coating pre-
vents the underneath Ag from directly contacting and reacting
with AuCl, ions. As a result, the etching of Ag nanowire
continues at the newly formed surfaces as shown in the illus-
tration of cross section and the resulting Ag* ions continue to
diffuse out of the cavities through the small holes. When the
concentration of AuCly  is high enough, the dissolution of Ag
transforms each Ag nanowire into a structure characterized by
a hollow interior; Fig. 3g(c) begins the dealloying process and
the formation of small pinholes in the nanotube wall; Fig. 3g
(d) dealloying continues, forming square holes in the wall;
Fig. 3g (e), fragmentation of the porous nanotube into Au
nanoparticles with irregular shapes triggered by complete
dealloying [12]. Figure 3 a—f represents a typical SAED pat-
tern taken from an individual nanotube synthesis process.
Based on the single-walled gold nanotubes, subsequently, a
thin layer of Ag was coated on the nanotube through

reduction, followed by another round of galvanic replacement
with HAuCly, resulting in the formation of double-walled
nanotubes (Fig. 3h). Repeating this cycle once, more yielded
the triple-walled Au-Ag nanotubes. Theoretically, these pro-
cesses can be further repeated to generate nanotubes with
multiple walls [50].

In addition to gold-silver bimetallic nanotubes, there are
many other materials as precursor templates for the synthesis
of gold nanotubes. For example, Au Porous nanotubes were
synthesized by chemical synthesis of Ag nanowire precursors.
Subsequently, [PtCls]*~ was added to form Pt-Au porous
nanotubes by galvanic substitution reaction with residual Ag
(Fig. 4a) [61]. In another study, Luo’s research [51] reported
one-pot method for the facile synthesis of Cu nanowires in
high purity, together with ultrathin diameters well below
20 nm, and as sacrificial templates for the synthesis of Au
nanotubes through the galvanic replacement process. Kim
and co-workers [52] prepared MgO nanowires coated with a
conformal layer of Au via sputtering. By etching away the
MgO core of aqueous (NH3),SO4 solution, hollow
nanotube-like structures of Au were obtained.

Trimetallic AuNTs

Galvanic replacement can be easily extended to the three-
metal system by changing the reaction conditions, which can
be used to produce a variety of unique nanotube structures.
Furthermore, the use of more than one metal greatly increases
the functional diversity of nanostructures, along with more
different properties and new applications. Xia et al. [50] syn-
thesized three-walled nanotubes composed of Au/Ag alloy in
the inner wall and Pd/Ag alloy in the outer wall, based on the
gold-silver bimetallic nanotubes. Sun et al. [62] chose core-
shell structure of Au@Ag nanorods as templates and added
K,PtCl, solution to prepare PtAgAu nanotubes by galvanic
displacement replacement. The bimetallic nanorod template
experienced the structural evolution from nanorod to tip hol-
low nanorod and finally to porous nanotube. What is interest-
ing is that Au is involved in the displacement reaction in this
process (Fig. 4c). The result indicated the selection of self-
sacrificed templates for galvanic replacement is not limited
to single metal templates. The gold nanotubes synthesized
by polymetallic components have broad and potential appli-
cation prospects.

AuNT-semiconductor hybrid materials

Depositing semiconductor nanostructures on the surface of
gold nanotubes not only can improve the stability and dura-
bility of metal nanostructures but also improve light absorp-
tion and faster transfer of photo-induced charge carriers. For
example, Guan et al. [63] synthesized AuAg@CdS double-
walled nanotubes (DWNTSs) through a three-steps
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Fig.3 a TEM images taken from Ag nanowires and b—f after they reacted
with different volumes of 1 mM HAuCl, aqueous solution at 100 °C: b
0.3,¢0.6,d 1.5, e 2.3 and f 3.0 mL. g Schematic illustration the major
steps involved in the galvanic reaction between Ag nanowires and
HAuCly. NW, NT, and NPs represent nanowire, nanotube, and
nanoparticles, respectively. Reprinted with permission from ref. [60].

solvothermal method, which is presented schematically in Fig.
4d. Ag nanowires exhibited a major peak around 405 nm
originated from the transverse mode of SPR, after reacting
with HAuCly, the peak of Ag NWs disappeared. AuAg
alloyed nanotubes (AuAg ANTSs) transformed by Ag NWs
exhibited a major absorption centered at around 675 nm and
a weak shoulder at around 550 nm. After the coating of CdS,
the longer peak displayed a wide absorption and red-shifted to
805 nm (Fig. 4b) [64].

Most semiconductors have weak interactions with the vis-
ible light because of their small optical cross sections.
Semiconductor coating is expected to generate a protective
layer to prevent the metal from corrosion or oxidation. On
the contrary, the presence of metallic ingredients may increase
light-harvesting efficiency or photocatalytic by improving the
charge separation at the metal-semiconductor interfaces and
enhancing the light absorption [65]. Semiconductor nano-
structures can be used to detect volatile organic compounds,
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Copyright 2010 Royal Society of Chemistry. h Chemical
transformation of Ag nanowires to metal nanotubes with multiple walls
through combination of galvanic displacement reaction and electroless
plating of Ag. Reprinted with permission from ref. [50]. Copyright
2004 Wiley-VCH Verlag GmbH & Co. KGaA.Weinheim

so metal-semiconductor interface is expected to be actively
explored for the detection of a variety of compounds.
Moreover, the sensitivity, selectivity, and operational condi-
tions of the sensors prepared by AuNTs/semiconductor mate-
rials could all be greatly improved, while enhancing its prop-
erties and applications.

According to the synthesis methods of gold nanotubes de-
scribed above, including the hard template method and sacrifi-
cial template method. We found that the hard template method
mainly used for synthesizing gold nanotube arrays by physical
or chemical growth or deposition of nanomaterials into
nanopores of the template. The morphology of AuNTs synthe-
sized by hard template can be controlled according to TeMs
thickness and the deposition time or PH. However, for the
sacrificial template method, we mainly introduced the synthesis
of gold nanotubes by galvanic replacement. The factors that
may affect the morphology of gold nanotubes including precur-
sor template, temperature, capping agent, reactant concentration
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Fig. 4 a Preparation procedure of Pt/Au PNTs. Reprinted with permis-
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KGaA, Weinheim. b UV-vis-NIR extinction spectra of the Ag NWs,
AuAg ANTs, AuAg@CdS DWNTs and CdS NWs (dispersed in etha-
nol). Reprinted with permission from ref. [64] Copyright 2017 Elsevier
B.V. ¢ (a) SEM image; (b) and (c) TEM images; (d) HRTEM image; (e)
EDS spectra of PtAgAu nanotubes. The inset of (d) is the SAED pattern.
(f) HAADF STEM image of a single nanorod and the corresponding

etc. Table 1 illustrates the comparison between the two synthe-
sis methods. The hard template method has a great advantage in
the adjustable pore structure and morphology. The samples
prepared by this method have good dispersion and uniform
pore diameter, but the hard template method also has the disad-
vantages that partially filled samples discontinuous structure
defects in the pores. The limited sources of template materials
restrict the wide use of the hard template method. On the other
hand, there are different types of sacrificial template materials.
The sacrificial template method has the advantages of mass
production, and equipment simply, good reproducibility during
the process of synthesis. However, the sacrificial template
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elemental maps. (g) cartoon of the product at different times during the
formation of the PtAgAu hollow nanotubes. Reprinted with permission
from ref. [62]. Copyright 2016 Springer Nature. d (a) Schematic of the
procedure for preparing the AuAg@CdS DWNTs. typical SEM images
of (b) Ag NWs, (¢) AuAg ANTs and (d) AuAg@CdS DWNTs.
Reprinted with permission from ref. [63]. Copyright 2017 Royal
Society of Chemistry

method has also some disadvantages. The precursor itself must
be capable to form a polymer structure with certain mechanical
strength to ensure that the structure will not collapse after the
removal of the template.

Despite the impressive development of AuNTs, there are
still some challenges in further realizing its use in practical
applications. For example, how to scale up the synthesis of
AuNTs? To date, gold nanotubes have been prepared using
the template methods, which means that the production is
somewhat determined by the production of templates and mild
reaction conditions. The use of the hard template—assisted
electrodeposition method to realize large-scale synthesis is
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Table 1 Comparison of

sacrificing template method and Methods

Hard template

Sacrificial templates

hard template method
Template

Mechanism of action

Factors affecting

AAO template/TeMs

Physical or chemical growth or
deposition
(1) Deposit time

(2) Deposit temperature

(1) Easily cause damage to the structure
(2) Sample only shows order for smaller

(3) Limited sources of template material

AgNWs/AgNTs/MgO NWs

Galvanic replacement

(1) Precursor template

(2) The amount of HAuCl,
(3) Surfactant

(4) Reaction time

(5) Reaction temperature

(1) Easier to build and remove than the
hard template

(2) Good reproducibility
(3) Mass production
(1) The precursor itself must be

able to form a polymer structure with
mechanical strength

Various sizes, sharp structure of AuNTs

Morphology
(3) TeMs thickness
Advantages (1) Good dispersion
(2) Uniform pore size
Disadvantages
of nanotubes
particle size
Mainly used to AuNTs array
prepared style

difficult due to the limited electrode area and the extra tem-
plate removal steps required. For sacrificial template methods,
although the frequently used templates, Cu and Ag nanowires
can be synthesized on a large scale; a high temperature is
usually needed. This requires the exploration of more facile
methods to prepare these templates. Therefore, the lack of
high-quality and large-quantity production methods for de-
sired catalysts limits their commercialization. However, we
believe that research on gold nanotubes will continue to ex-
pand in terms of synthesis methods and stability mechanisms
to meet practical application needs in the foreseeable future.
We also needed to combine theoretical research with practical
applications more, not only to explore its synthesis mecha-
nism but also to achieve the establishment of a large number
of gold nanotube synthesis methods with good performance.

Factors affecting morphology
Precursor template

Generally, the morphology of gold nanotubes determined by
the precursor template, such as length and wall thickness. To
date, the most common precursor templates for the synthesis
of gold nanotubes by galvanic replacement reaction are silver
nanowires or nanorods, while the polyol method has been
successfully synthesized Ag nanowires in many laboratories.
Xia’s team first pointed out that the change in the quality of
silver nanowires is related to the purity of the chemicals used
in the synthesis. Quantitative analysis shows that the main
impurities Fe and Cl in ethylene glycol will affect the yield
and quality of Ag nanowires with different batches [66].

@ Springer

However, a comprehensive understanding of the effects of
impurities (i.e. Fe and Cl species) has also aroused re-
searchers’ interest in the effect of ionic additives on the mor-
phology of silver nanoparticles and opened up a new way for
shape-controlled synthesis of metal nanoparticles.

In another study, Ye’s group [15] synthesized silver nano-
rods of controlled length, which were further prepared AuNTs
over the range of 300—700 nm. The length of silver nanorods
can be controlled by the number of seeds and growth temper-
ature. It was found that the length of AgNRs varied inversely
with seed amount and non-monotonically as a function of
temperature. The growth rate of AgNRs accelerated with the
increase in temperature, which leads to more disorder. The
combined role of temperature and seed amount on AgNRs
length was shown in Fig. 5a—e. In addition, the author reported
that the absorption peak red-shifts with the increase in the
length of gold nanotubes but the transverse mode is not sen-
sitive to NT length. Furthermore, when a thin layer of Ag was
coated on the nanotube through reduction and used as precur-
sor templates, followed by another round of galvanic replace-
ment with HAuCly, resulting in the formation of double-
walled nanotubes. Repeating this cycle once, yielded more
triple-walled Au-Ag nanotubes [50].

Raw material

As shown in Fig. 3g, with the increase in HAuCly, the silver
nanowires are gradually etched into gold-silver bimetallic
nanotubes with different morphology. Au-Ag bimetallic
nanotubes also lead to the formation of needles on the surface,
and the pore size depends to a certain extent on the volume of
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Ag nanowires

25°C

AUCl; o / PVP

Fig. 5 a—e SEM images of Ag nanorods synthesized at 25 °C with
different seed amounts, the number in brackets refer to the mean length
and standard deviation; a 20 puL (670+179) nm; b 50 pL (533 +126)
nm. SEM images of AgNRs synthesized with 100 pL seeds at different
temperatures ¢ 20 °C (429+116) nm; d 40 °C (305+78) nm. e The
length of Ag NRs as a function of seed amount and growth
temperature. All the lengths were determined by examining SEM
images of the resultant Ag NRs and represent the average (and the
variance) of 300 NRs. (Scale bar =200 nm). Reprinted with permission
from ref. [15]. Copyright 2015 WILEY-VCH Verlag GmbH & Co.

chloroauric acid added to the Ag dispersion [68]. The corre-
sponding spectrum can also be changed (Fig. 6). When Ag
nanowires react with a small amount (< 0.6 mL) of HAuCly,
Ag nanowires firstly exhibit a major peak around 380 nm
originated from the transverse mode of SPR, the peak firstly
red-shifts then blue-shifts, finally disappeared, implying that
the Ag nanowires are completely transformed into nanotubes.
And additional peak appeared in 600 nm firstly red-shifts then
blue-shifts back to 655 nm, indicating that the wall thickness
of the nanotube increases as the displacement reaction con-
tinues (Fig. 6a). When they react with HAuCly solution more

AgAu nanotubes

100 °C )
T T T T L)
400 500 600 700 800
Wavelength / nm

——Ag ——AgAu 25 —+— AgAu 100

Extinction

KGaA, Weinheim. f Approach for the synthesis of AgAu nanotubes
displaying controlled surface morphologies by galvanic replacement re-
action between Ag nanowires and AuCly (aq) in the presence of PVP at
different temperatures 25 °C and 100 °C. g UV-Vis extinction spectra
recorded from aqueous suspensions containing Ag nanowires (black
trace), AgAu 25 (blue trace), and AgAu 100 (red trace) nanotubes. The
inset depicts a zoom in the 430—850-nm range for AgAu and AgAu 100
nanotubes (colour figure online). Reprinted with permission from ref.
[67]. Copyright 2017 Sociedade Brasileira de Quimica

than 0.7 to 2 mL, the peak at longer wavelength keeps red-
shift to 930 nm. At this time, the dealloying process occurs
and some small pinholes are formed on the wall of the nano-
tube (Fig. 6 b and c¢). When the amount of HAuCl, is more
than 2.3 mL, the peak at 520 nm occurred, due to the nano-
tubes collapsing into pure Au nanoparticles. Reacting with
more HAuCl, (> 2.5 mL), eventually destroying all nanotubes
to form Au nanoparticles. In this process, the SPR peak of
nanotubes can be tuned in the range of 655 to 930 nm, and
then collapse into gold nanoparticles with increasing of
HAuCly. In another study, for AuNTs of ~370 nm length
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(Fig. 6), the peak tuned 775~880-nm range by changing
HAuCl, amount from 20 to 50 uL [15]. Similar trends have
been shown for Au nanocages [69], long Au nanotubes (of
micrometres in length) [60]. Hunyadi et.al [56] made pre-
formed silver nanowires in the seed-mediated growth method
and used them as a sacrificial template to make silver-gold
bimetallic nanoparticles that depended on the relative thick-
ness of the metal, to ultimately hollow gold nanotubes. They
reported that a variety of visible colours can occur in the vis-
ible with the increase in AuCl, ion. The Au nanotube diam-
eter depends on the AuCl, ion concentration added to the
system and increases when the AuCl; concentration
increases.

In addition, some experimental studies have shown that the
addition of reducing agents may affect the stability of the
system. In the experiments of synthesizing Au-Ag alloy po-
rous nanotubes, most of the Au atoms are deposited through
the redox reaction between HAuCly, and reducing agent (such
as ascorbic acid), when gold was solely produced via the gal-
vanic replacement between HAuCl, and Ag nanowires, the
system was unstable for the following two reasons: (i) a large
amount of AgCl precipitate is formed, which further affects
the reaction; (ii) when there is no other reduction in the case of
an agent, when the volume of HAuCl, increases to more than
4 mL, the one-dimensional nanostructure decomposes into
gold nanoparticles. On the contrary, when the reducing agent
is added, even if the amount of HAuCl, is increased to more
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than 16 mL, the shape of the Ag nanowire template still retains
well [70].

Temperature

Temperature is regarded as a key parameter in controlling the
morphology of the AuNTs. By controlling the temperature of
the galvanic substitution reaction between Ag nanowires and
AuCly (aq), the synthesis of AgAu nanotubes with smooth or
branched surfaces was developed, which have been demon-
strated by Xia [12, 50, 60, 71]. The diffusion rate of Ag and
Au atoms is relatively high at 100 °C, and the uniform Au-Ag
alloy is more stable than pure Au or Ag, so spontaneous
alloying occurs between the deposited Au layer and the un-
derlying Ag surface. Rodrigues et al. [67] found that Au/Ag
nanotubes presented branched walls and surface plasmon res-
onance (SPR) band with low intensities in the visible were
obtained at 25 °C. However, at 100 °C, the Au/Ag nanotubes
presented smooth surfaces and SPR bands that closely
matched the emission spectra of a commercial halogen-
tungsten lamp (Fig. 51, g).

Surfactant
As we all know, capping agents can change the surface

energy of different facets of crystal nuclei and induce aniso-
tropic growth. Silver nanowires synthesized by the polyol
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method have a pentagonal cross section, five straight edges
parallel to its long axis, five flat sides surrounded by [72]
planes, ten {111} end faces and a five-fold symmetrical twin
structure. In this process, the exposed faces of the decahe-
dron of polytetragonal crystals are {111} faces with lower
energy. Therefore, as long as the concentration of the pre-
cursor AgNOs; is low enough, it will form a decahedron
rather than a single crystal seed. Because the twin defect is
the position with the highest energy in the seed, and it is
also the position where the Ag atom tends to grow, the axis
of the decahedron elongates and becomes a pentagonal rod,
in which the side of the pentagonal rod is {100} crystal
plane. When the pentagonal rod is formed, the PVP tends
to adhere to the {100} crystal plane, that is to the side of the
pentagonal rod, rather than to the end, which further leads to
the formation of nanowires [11, 60]. In another study, Bi
et al. [9] synthesized a large number of pentagonal gold
nanotubes at room temperature by reducing chloroauric acid
with silver nanowires in hexadecyltrimethylammonium bro-
mide (CTAB) aqueous solution. They found that in the ab-
sence of CTAB, loose and hollow gold structures are usually
prepared, and bundled gold nanotubes with rough surfaces
can be obtained by replacing CTAB with polyvinylpyrroli-
done (PVP) (Fig. 7a—d). The participation of CTAB is very
important for the shape-controlled synthesis of pentagonal
gold nanotubes. CTAB is not only an inducer to control
the growth of gold nanotubes, but also a stabilizer for nano-
particles. There are Br ions in CTAB, which leads to the
formation of AgBr precipitation in the displacement reaction
at the same time. In the presence of AgBr, the interdiffusion
rate between Ag and Au is greatly increased, which may
lead to the heterogeneous structure of the product. Except
for CTAB and PVP, 3.4-dihydroxyphenylalanine (DOPA)
has been considered to be an efficient reducer and capping
agent for the preparation of AuNTs at room temperature.
Yang et al. [73] prepared caterpillar-like (CL) Au/Ag nano-
tubes and DOPA was used as a reducing and capping agent
(Fig. 7e).

Reaction time

The incubation time also affects the morphology of gold nano-
tubes [9]. Yin et al. [74] prepared gold nanotubes with differ-
ent morphology according to the different incubation times of
precursor template and salt solution. The Ag nanowires are
incubated with an aqueous solution of Au (SCN), , resulting
in the galvanic substitution of silver and gold. The nanotubes
were quantum matured in Au (SCN), solution, then centri-
fuged at 1500 rpm for 5 min, the precipitates were collected,
washed with ultra-pure deionized water for three times and
finally re-dispersed in acetone. When the incubation time is
10 min, smooth gold nanotubes can be synthesized. When the

incubation time is 24 h, rough porous gold nanotubes are
formed (Fig. 7f, g).

Surface modification

Although gold nanomaterials have their unique advan-
tages, there are also some disadvantages that hinder their
applications. Nanomaterials have a high surface area and
are easy to agglomerate, so they need to be modified to
maintain their stability. There are many biocompatible
polymers that can be capable of coupling to noble metal
nanostructures, such as p(N-isopropylacrylamide),
polydopamine [75], beta-cyclodextrin (3-CD) [76],
aminothiols [77] and so on. The modified nanomaterials
have a wide application prospect in the field of biomedi-
cine. In addition, surface modification can greatly im-
prove the biocompatibility. For instance, nanoparticles
modified with hydrophobic organic ligands (such as oleic
acid) cannot be straight used due to their poor hydrophi-
licity and lack of functional groups. In this respect, it is
indispensable to chemically modify the surface of nano-
particles to make them hydrophilic and biocompatible. Ye
et al. synthesized AuNTs modified by PSS (poly (sodium
4-styrenesulfonate)), which imparted colloid stability and
low cytotoxicity [15]. PSS-AuNTs showed strong photo-
acoustic signal in vivo and accumulated in SW620 tu-
mour, so it can be used as an effective photoacoustic
imaging (PAI) contrast agent [15].

The surface modification of metal nanomaterials cannot
only change the local dielectric environment of metal mate-
rials but also greatly affect their optical properties. In another
study, Liu and co-workers [78] prepared cysteine-modified
Au/Ag alloy nanotubes. By coupling cysteine with Au/Ag
alloy nanotube, which produced a strong chiral response in
the range from ultraviolet (UV) to visible spectrum.
Compared with Ag- or Au-cysteine chiral hybrid nanorods,
cysteine-modified Au/Ag nanotubes exhibit higher chiral re-
sponses due to stronger local electromagnetic fields. The rea-
son is that the near-field enhancement effect of plasmonic
nanotubes and the coupling between cysteine and Au/Ag
ANTSs induced by Coulomb interaction form an extended spi-
ral network on the surface of Au/Ag ANTs (Fig. 8). Surface
modification is an effective method to regulate the interaction
between materials and cells, and even determine the functions
and properties of materials in the life system. Because most
nanoparticles are hydrophobic which is not suitable for clini-
cal use.

Morphology, as an important parameter for characteriza-
tion of material properties, together with length, specific sur-
face area and pore structure, determines the properties of gold
nanotubes, consequently, pinpoints their application. For the
hard template method, the length of gold nanotubes is con-
trolled by thickness of template. In addition, the deposition
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Ag Nanowires

Au(SCN),
—

Room temperature

Fig.7 aand b SEM and FE-SEM images of the gold nanotubes prepared
in the absence of CTAB; ¢ and d SEM and FE-SEM images of the gold
nanotubes prepared in the presence of PVP. Reprinted with permission
from ref. [9]. Copyright 2008 IOP science. e FE-SEM images of Ag wire
(a), caterpillar-like Au nanotubes (b), CLGNs nanotubes (¢) and XRD
images of the as-prepared material (d, e), TEM image of Cu,O-CLGNs.
Reprinted with permission from ref. [73]. Copyright 2014 Royal Society

time, deposition potential and concentration of solution are
also important factors to control the morphology of gold nano-
tubes [42]. For example, the inner diameter of gold nanotubes
becomes smaller as depositing time increased on the AAO
template. The length of nanotubes and the thickness of gold
film decrease with the increase in plating temperature on
TeMs [47]. For the sacrificial template method, the morphol-
ogy of gold nanotube control mainly relies on the synthesis of
the template under certain conditions. Additionally, the inner
diameter of gold nanotubes is controlled by the amount of
HAuCl,. Capping agent is also regarded as a key factor.
Table. 2 summarizes and compares the different functions of
different factors in the morphology control. We can synthesize
the gold nanotubes we need by controlling the parameters of
the raw materials. For example, we can prepare gold nano-
tubes of different thickness and different porosity by
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of Chemistry. f Scheme depicting the synthesis process, starting from Ag
NWs, which transform into porous Au nanotubes upon incubation with
gold thiocyanate. g Scanning electron microscopy (SEM) images of the
starting Ag NWs (i), Au nanotubes formed after 10 min of incubation
with Au (SCN), (i), and 24 h of incubation (iii). Reprinted with permis-
sion from ref. [74]. Copyright 2017 WILEY-VCH Verlag GmbH & Co.
KGaA.Weinheim

controlling the volume of chloroauric acid and reducing agent;
we can determine the length and diameter of gold nanotubes
by controlling the length and diameter of the precursor tem-
plate; capping agents are added to increase the stability of
morphology.

Properties
Surface plasmon resonance

As we all know, the free electrons of precious metal
nanomaterials can be regarded as a plasmon. The incident
light illuminates the nanomaterial; the surface plasmon reso-
nance (SPR) is formed when the collective oscillation fre-
quency of the surface electrons matches the frequency of the
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Fig. 8 Schematic illustration of the formation process for cysteine-
modified Au/Ag ANTs. Reprinted with permission from ref. [78].
Copyright 2019 Royal Society of Chemistry

incident light. Gold nanoparticles have unique spectral prop-
erties because of the active SPR vibrational band, such as
absorption and Rayleigh scattering. This resonance makes ef-
fective absorption, scattering and near-field enhancement pos-
sible; the frequencies depend on the size, shape and surround-
ing medium of nanoparticles. Gold nanotubes have rich opti-
cal properties due to their controllable structures, such as
length, wall thickness, inner diameter and element composi-
tion etc.

Zhu et al. [79] found that light scattering of gold nanotubes
is greatly affected by wall thickness. Reducing the wall

thickness of gold nanotubes will lead to the decrease of plas-
mon band energy and the loss of surface electron coherence.
The red-shift of light-scattering peak is nonlinear and broad-
ened. For gold nanotubes, the effective average free path is
equal to the length of the wall chord, which has an important
effect on the scattering bandwidth. When the effective aver-
age free path is equal to the length of the golden wall chord,
the full width at half maximum (FWHM) of the light scatter-
ing peak is inversely proportional to the effective mean free
path. He also [14] studied theoretically the transverse surface
plasmon resonance in Au-Ag alloy nanotubes by the Drude
model and quasi-static approximation (Fig. 9a). He found that
both symmetric and antisymmetric SPR in Au-Ag alloy
nanotubes can be adjusted by changing the alloy composition
and shell thickness. The symmetrical SPR led to red-shift in
the infrared region by increasing the gold composition or
decreasing the shell thickness (Fig. 9b). However, the anti-
symmetric SPR is more sensitive to the change of gold com-
position and only red-shift in the visible region. Due to the
local electric field corresponding to the antisymmetric cou-
pling is parallel to the incident polarization, the thin shell
enhances the electron scattering and reduces the energy of
the plasmon, resulting in a strong red-shift of the SPR.
Murphy’s team also found extinction peak of AuNTs becomes
blue-shift and more absorbing with the wall thickness was
increased by experimentally and finite element modelling
(Fig. 9c, d). Both of their observations are in good agreement
with the experimental findings. In addition, the extinction
peaks of AuNTs showed red-shift with diameter in strength
increasing (Fig. 9e, f) [31].

In another study, Zhao et al. found that the scattering spectra
of dielectric Au-Ag double nanotubes have at most three pro-
nounced resonance light-scattering (RLS) peaks in the visible
region, which are respectively attributed to the antisymmetric

Table 2 Different factors

affecting the morphology of gold Hard template Sacrificial template
nanotubes
AAO TeMs
length (1) Tailor the puttering (1) Deposit temperature (1) Precursor length
conditions (2) TeMs thickness
(2) AAO thickness (3) Deposition potential
(4) Solution concentration
Wall thickness (1) Polymer core (1) Pore diameter of template (1) HAuCly
hydrophobicity (2) Precursor
Inner diameter (1) Deposition time (1) Temperature (1) HAuCl,

(2) Precursor

Surface (1) Tailor the puttering (1) Form of formwork (1) Reaction
roughness conditions removal temperature
(2) AAO template (2) Capping agents

(3) Electrodeposition approach

(3) Incubation time
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Fig. 9 Schematic for AuNTs absorption spectra. a Absorption spectra of
Au-Ag alloy nanotube with different molar composition of gold, r1)
17.5 nm and r2) 25 nm. b Resonance wavelength of surface plasmon in
Au-Ag alloy nanotube as a function of gold molar composition. Reprinted
with permission from ref. [14]. Copyright 2009 American Chemical
Society. ¢ Measured and d simulated normal incidence (6 = 0°) extinction
(—Ln(T)) spectra of gold nanotube arrays with varying wall thickness.
The nanotubes have constant inner diameters and lengths. e Measured

plasmon coupling of the outer Ag wall, the symmetric coupling
of the inner Au wall and the cavity plasmon on the inner surface
of Au wall [80]. The outer dielectric surrounding has a great
influence on the intensity and wavelength position of the RLS.
The longest wavelength RLS (Peak 3) is always enhanced with
the increase in outer surrounding dielectric constant, i.e.&q.
When the thickness of the Ag coating is much smaller than that
of the Au wall, the change of ¢4-dependent scattering intensity
of mid-wavelength RLS becomes non-monotonic. On the con-
trary, when the thickness of Ag coating is much larger than that
of the Au wall, the change of RLS scattering intensity depen-
dent on ¢4 becomes non-monotonic at a shorter wavelength.
The number of RLS bands can be fine-tuned by changing the
dielectric constant of the inner dielectric wire. Velichko and co-
workers [81] studied the scattering and absorption of H-
polarized light by circular gold nanotubes and found that the
second quadrupole resonance peak appears in the absorption
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and f simulated normal incidence (6 = 0°) extinction (—Ln (T)) spectra of
gold nanotube arrays with varying inner core diameters. The nanotubes
have constant wall thicknesses and lengths. Reprinted with permission
from ref. [32]. Copyright 2011 IOP science. g Surface-enhanced Raman
spectra of 4-MBA using Au nanotubes with various shell thickness: (a) 9

+1nm, (b) 11+1nm,(c) 13+1nm, (d) 16+ 1 nm, (¢) 18+ 1 nm, (f) 21

+2 nm, (g) 25+3 nm. Reprinted with permission from ref. [56].
Copyright 2006 Royal Society of Chemistry

spectrum when the thickness of gold nanotubes is less than
5 nm. This kind of quadrupole hybrid plasmon resonance has
a larger value of quality factor and is more likely to be used to
the sensing of the refractive index changes of the host medium
than dipole resonance. By studying the coaxial gold nanotubes,
Xu’s team [82] found that the transmission spectrum can be
controlled by adjusting the thickness and spacing of the nano-
tubes and the dielectric constant between the inner and outer
nanotubes. The formant near the left band gap is closely related
to the dielectric constant, the distance between the two tubes
and the thickness of the inner and outer tubes.

The surface plasmon resonance of gold nanotubes relies
sensitively on the nanoparticle geometry and its environ-
ment. The shape of Au nanotubes is an important parame-
ter in governing their properties. Their SPR properties can
be tailored by synthetically tuning their sizes, shapes and
composition. Compared with other nanocrystals, Au
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nanotubes provide significant advantages in this aspect.
The optical properties of gold nanotubes are controlled
by many factors, such as length, wall thickness and the
ratio of gold composition, etc. Gold nanotubes with sym-
metry usually exhibit two plasmon modes. One is the lon-
gitudinal SPR mode associated with the electron oscilla-
tions along the length axis, and the other is the transverse
SPR mode excited by light polarized along the transverse
direction of the nanotube. The plasmon wavelength of the
longitudinal mode can be synthetically tuned across a wide
spectral range, covering the visible and near-infrared re-
gions by adjusting its length or gold composition. For ex-
ample, the absorption peak red-shifts with the increase in
the length of gold nanotubes but the transverse mode is not
sensitive to NT length. In addition, symmetric and anti-
symmetric SPR in Au-Ag alloy nanotubes can be tuned
by changing the alloy composition and shell thickness.
The symmetrical SPR led to red-shift in the infrared region
by increasing the gold composition or decreasing the shell
thickness.

Surface-enhanced Raman scattering

Surface-enhanced Raman scattering (SERS) spectroscopy can
uniquely identify the structure information of molecular and
have been extensively applied in molecular detection, so more
and more researchers are interested in it. Gold nanotube pro-
vides more sites for analyte adsorption because of increasing
surface area compared with solid equivalents [19]. This indi-
cates that nanotube provides an additional advantage for mea-
suring low concentrations of analyte by SERS. Hunyadi et al.
[56] compared the surface-enhanced Raman spectra of 4-
MBA on silver nanowires, silver-gold bimetallic nanowires
and gold nanotubes, and calculated their enhancement factors
(Fig. 9g). They found the enhancement factors are 6 to 7
orders of magnitude compared with the analyte alone and a
intermediate amount of Au gave the best SERS enhancement.
Bimetallic nanowires provided more SERS signals than Ag
nanowires and a factor of 40 at best, 5 at the least. Gold
nanotubes are better than solid gold nanorods in similar col-
loidal SERS experiments. In another study, Yang et al. [-
73]studied the SERS signals at different sites on a single
caterpillar-like Au/Ag NTs by R6G molecules as the adsor-
bate and found that surface enhancement factors of the NTs
with and without spines were around 10° and 10* respectively,
which can be attributed to induce the antenna effects on the
entire surface of the NTs. Costa’s research [83] reported that
the SERS properties of the Ag-Au NTs displayed more supe-
rior relative to Ag NWs and are enable to the detection crystal
violet in the 10™'® M regime, as well as 9-nitroanthracene and
benzo[a]pyrene at 3.3 x 107" M.

SERS can detect the molecules of interest with low abun-
dance quickly and reliably because it can generate many

orders of magnitude enhanced Raman signals on the surface
of adsorbed molecules. The SERS sensitivity largely relied on
electromagnetic “hotspots” where local electric field is fairly
intense. In addition, it is important to mention that molecules
must be located close to the surface of the Ag or Au nano-
structures for the SERS effect to take place in the visible
range, according to the electromagnetic mechanism of en-
hancement. Compared with solid gold counterparts, porous
gold nanotubes generated more hot spots the increase in spe-
cific surface area, which were responsible for a higher SERS
performance. Furthermore, the 124-fold increase in the area of
the CV band at 1172 cm ™' relative to Ag NWs was estimated
assuming that each Ag NW was converted to a Ag-Au NT
during the synthesis [83].

Catalytic properties

AuNTs are characterized by large surface-to-volume ratio,
high porosity, open tube structures and more active sites,
which are available for more target molecules compared
with solid counterparts. Thus, gold nanotubes can further
enhance electrochemical characteristics, improve capabili-
ty of catalyst and high faradaic current density so that be-
come a promising candidate for preparation of sensitive
modified electrodes [45]. Recently, a variety of electrode
modified electrocatalysts (AuNTs) have been used as mi-
croelectrodes and probes and for the determination of elec-
trochemically active compounds [34-36]. Mashentseva
et al. compared the catalytic activity of PET track-etched
membranes embedded with silver and gold nanotubes. The
result found Ag/PET composites rate constant was en-
hanced with increasing temperature and the activation en-
ergy 42.13 kJ/mol. More powerful catalytic activity was
demonstrated for Au/PET composites [16]. Gu and co-
workers synthesized platinum-decorated Au porous nano-
tubes, which mitigate the “poisoning effect” of Pt suffered
from CO-like species generated during the electrochemical
process [61]. In Sun’s research, PtAgAu nanotubes exhib-
ited good catalytic activity in the electrooxidation reaction
of formic acid [62].

Biomedical application
Biosensing

Biosensors consist of a biological recognition element,
generally called the bioreceptor, the transducer compo-
nent, and the electronic system (often combined with the
transducer). Depending on the bioreceptor type used, bio-
sensors can broadly be classified into four classes: nucleic
acid/DNA, enzymes, antibody-antigen and cells. One of
the major roles of gold nanotube as sensors is to detect
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biomarkers and improve the sensitivity and accuracy of
diagnosis. Many researches have indicated that gold nano-
tube has a larger surface area, faster electron transfer rate,
more active sites and easier immobilization for enzyme;
AuNTs have a wide application in biosensors such as
DNA sensor, immunosensors, enzyme sensor, aptasensors
and so on [84]. The relevant literatures of AuNTs’ appli-
cation in the field of sensing are summarized in Table 3.
According to the current literature on the application of
gold nanotubes in biosensing, we mainly introduce DNA
sensors, immunosensor, protein sensor and some other
gold nanotube-related sensing applications.

DNA sensors

Deoxyribonucleic acid (DNA) is a two-chain molecule that
carries genetic information about the development, growth
and reproduction of all known organisms and many viruses.
DNA can be important biomarkers of disease diagnosis [85].
Traditionally, the technology of PCR detection of DNA has
the characteristics of complexity, easy pollution, high cost and
lack of portability, while the rapid, simple, cheap and quanti-
tative sensor detection of specific genes has a huge potential
market [86]. Tuberculosis is a common infectious disease
caused by Mycobacterium tuberculosis [87]. In general,

Table 3 An overview on AuNT-

based biosensors, with data on No.  Analyte Features Ref.
analytes, methods and LOD
1 HCG PC membrane + electrodepositing; immunosensor [48]
Linear range, 25~400 mIU/ml; LOD, 12 mIU/ml
2 HCG AAO template + electrodeposition; immunosensor [34]
Linear range, 0.1~100 mlIUmL'; LOD, 0.08 mIU/mL
3 Morphine AAO template + electrodeposition; electrochemical [35]
sensor

4 AA and UA

5 AA
6 Glucose
7 Glucose

9 Mycobacterium tuberculosis DNA

10 aflatoxin B1

11 PRRSV

12 HPV

13 Biotin/streptavidin;

immunoglobulin; ricin protein

antibody

Linear range, 1.22 x 1077~7.44 x 10~* mol/L; LOD,
4.06 % 10 mol/LL

AAO template and PC membrane; electrochemical sensor  [36]

AA: linear range, 1.02 x 1077-5.23 x 10~* moIL™"; LOD,
1.12x 107 mol/L

UA: linear range, 1.43 x 107'—4.64 x 10™* mol/L; LOD,
2.24x 10" mol/L

Replacement reaction with AgNWs templates; [3]
electrochemical sensor

Linear range, 5~2000 uM; LOD, 2 uM

Replacement reaction with AgNWs templates; [18]
nonenzymatic glucose electrochemical biosensors

Linear range, 0.1-5 mM; LOD, 1.83 uM

AAO template + electrodeposition; electrochemical [33]
sensor

Linear range, 5 uM~16.4 mM; LOD, 2.1 uM

PC membrane + electrodepositing; electrochemical DNA  [88]
biosensor

Linear range: 0.01~100 ng/mL; LOD: 0.05 ng/uL

track-etched polycarbonate membrane; electrochemical [89]
immunoassay

Linear range: 4 x 107'%~6 x 107 g/mL;
LOD:1 x 107" g/mL

TeNWs templates; electrochemical immunoassay; [76]
Linear range: 1:10%~1:10° (dilution ratio); LOD:
10.8 pg/mL
PC membrane + electrodepositing; electrochemical DNA  [37]
biosensor.

Linear range: 0.01 pM~1 mM; LOD: 1 fM
PET membrane + deposition; Molecular recognition and ~ [49]
specific interaction

Immunoglobulin: Linear range: 10-100 nM

HCG: human serum chorionic gonadotrophin; PC: nanopore polycarbonate; AA: ascorbic acid; UA: uric acid;
PRRSV: porcine reproductive and respiratory syndrome virus; HPV: human papilloma virus; PET: poly (ethylene

terephthalate) membrane
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diagnostic methods for TB include polymerase chain reaction
(PCR), immunoassay and Southern hybridization. However,
these methods are commonly expensive, time-consuming and
limited in the use of hazardous materials.

Many researches have demonstrated that the ordered,
rough porous modified and other electrodes with high surface
areas can enhance electrochemical characteristics. Compared
with nanowire array electrode and nanorod electrodes, highly
ordered gold nanotube array electrodes have outstanding abil-
ity to improve capability of catalyst and signal-to-noise ratio
due to their hollow nanostructures which can provide more
surface and electroactive sites. Torati et al. [88] developed a
gold nanotube array (AuNTsA) with a length of about 1.5 pm
and a diameter of about 200 nm by template-assisted electro-
chemical deposition technology (Fig. 10a). They found that
AuNTsA had better electron transfer surface than bare Au
electrode. Therefore, DNA hybridization biosensor was

—_—
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20 ops powreds Wy
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prepared for detection of Mycobacterium tuberculosis DNA
using AuNTSsA as electrode. The biosensor has a good linear
range of 0.01~100 ng/puL and 0.05 ng/pL as the detection
limit. Human papilloma virus is a type of human papilloma-
virus (HPV). Cancer caused by HPV infection is the second
leading cause of cancer deterioration in women in developing
countries and one of the leading causes of death worldwide.
Shariati’s group [37] designed an impedance human papillo-
ma virus (HPV) DNA biosensor by covalently immobilizing
single-stranded DNA (ss-DNA) probe on AuNT-PC electrode
without labelling detection (Fig. 10b). The AuNTs decorated
PC not only amplify the electrochemical impedance spectros-
copy (EIS) signal under applied electrical field but also en-
hance the detection sensitivity to the HPV DNA sequences
because of high sensitivity of the AuNTs surface.
Meanwhile, the biosensor can distinguish complementary,
mismatched and non-complementary DNA sequences, which

EIS DNA Sensing

Probe Immobilization

Target Hybridization Non-Complementary and Mismatch

A
{ : Ly —)
C
chitosan epory resin
————— — ———]
. A The edge of AAO
s 2 SRS e oot (a) Self-assembly
SPA/3DTNEs
NaOH A Y4
1 1 I (b) Immobilization M/
H202 YY? ?YY anti-AFB;
H20 m ——— f— e
HRP-Ab-hCG Ag-hCG Ab-hCG

Fig. 10 a Schematic drawing of Synthesis of AUNTSsA and fabrication of
the DNA hybridization biosensor based on AuNTSsA electrodes. (WE—
working electrode, RE—reference electrode, CE—counter electrode).
Reprinted with permission from ref. [88]. Copyright 2015 Elsevier B.V.
b The modifications of the AuNTs surface. The schematic image for
probe immobilization and hybridization of the HPV DNA target

(d) Immunoreaction

(¢) Blocking

sequences on the AuNTs PC surface. Reprinted with permission from
ref. [37]. Copyright 2019 Elsevier B.V. ¢ The schematic diagram of the
stepwise procedure of the immunosensor. Reprinted with permission
from ref. [34]. Copyright 2011 IOP science. d Schematic diagram of
the stepwise fabrication process of the immunosensor. Reprinted with
permission from ref. [89]. Copyright 2017 Elsevier B.V
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can detect human papilloma virus with high selectivity, low
limit of detection (LOD) of 1 fM and widely linear range at
0.01 pM~1 mM.

Immunosensors

The level of human chorionic gonadotropin (HCG) in serum or
urine has become an important biomarker for the diagnosis of
early pregnancy and many diseases related to the seminal system,
such as orchic teratoma and the trophoblastic carcinoma.
Metallic alloy nanomaterials often present better catalytic prop-
erties than monometallic counterparts. Au has low reactivity and
favourable biocompatibility compared with platinum, which can
be used to immobilize biomolecules. Au-Pt alloys may have
unique effects on catalysis, optical properties, selective oxidation
and selective sensors. Tao et al. [48] synthesized Pt-Au alloy
nanotube array with polycarbonate (PC) template by means of
direct electrodeposition technique at —0.35 V. The
immunosensor was based on the obstruction of HCG antigen
to the electrocatalytic reduction of H,O, by Pt-Au alloy after
binding to the surface of electrode through immunoreactions,
which can detect the concentration of HCG ranging from 25 to
400 mIU/mL and low limit of detection at 12 mIU/mL.
Similarly, the author’s group [34] also designed an amperometric
immunosensor for determination of HCG by immobilizing HCG
antibody onto gold nanotube array (Fig. 10c). The
immunosensor can detect human chorionic gonadotropin in se-
rum samples with satisfactory regeneration, stability and selec-
tivity, low limit of detection (LOD) of 0.08 mIU mL ™! and
widely linear range at 0.1 to 100 mIU mL™". In another study,
Fig. 10d, Li and co-workers developed a type of immunosensor
based on orientated staphylococcus protein A (SPA) modified
gold three-dimensional nanotube ensembles (3DTNEEs), which
was detected aflatoxin BI(AFB1) [89]. The detection concentra-
tion of AFB; linear range from 4 x 10'% to 6 x 10~ g/mL and
low limit of detection at 1.0 x 10> g/mL.

Protein biosensors

There are many methods for protein quantification, such as the
Kjeldahl method, near-infrared spectroscopy, ultraviolet absorp-
tion method, Biuret method, etc. In recent years, new protein
detection methods have been developed, such as biosensors.
The biosensor has great advantages because of its fast, cost,
simplicity, portability and easy mass production. In particular,
nanomaterials maximize improved the performance of protein
biosensors by nanomaterials interact with specific proteins.
Nanomaterials have been the driving force for the development
of precision biosensors in recent years. The use of metal nano-
particles has been widely observed in the literature, such as Au
and Pt [84, 90]. Au has good biocompatibility to protein, which
can be used to immobilize biomolecules. The ion current Conical
gold nanotube can be orders of magnitude higher than that in a
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cylindrical tube/pore of the same diameter. The protein analyte
can bind to a biochemical molecular recognition agent
immobilized at the small diameter opening of the conical nano-
tube and be detected. Sexton et al. [91] prepared poly (ethylene
glycol) (PEG)-functionalized conical gold nanotube in poly (eth-
ylene terephthalate) (PET) membrane by track etching
(Fig. 11a, b). The nanotube current pulse sensors can be used
to detect protein analytes and that selectivity can be obtained by
adding antibodies to the target protein to the analyte solution. In
another study, Siwy and co-workers developed a new type of
protein biosensor that the protein analyte is combined with a
biochemical molecular recognizer fixed to a small diameter
(5~9 nm) opening of a conical nanotube [49]. The biosensor is
based on a single conical AuNTs embedded within a mechanical
and chemically robust polymeric membrane. Finally, the author
detected three different molecular recognition agents in this sen-
sor: biotin/streptavidin [92], protein-G/immunoglobulin (IgG)
[93] and an antibody to the protein ricin [94] as the MRA and
ricin.

Other biosensors

There are other examples of gold nanotubes used as elec-
trodes to detect other biomolecules due to their excellent
catalytic properties. For instance, Yang and co-workers
synthesized gold nanotube arrays (using AAO) during
short time and fabricated an electrochemical sensor for
determination of morphine [35]. Furthermore, they simul-
taneously detected ascorbic acid (AA) and uric acid (UA)
in real human urine and serum samples with satisfying
results by differential pulse voltammetry in this sensor
[36]. Tian et al. [33] found that Au-NTA electrode exhibit
better electrocatalytic activity than Au-NW. Au-NTAs
were grown in alumina oxide templates by galvanostatic
deposition and utilized for glucose determination in serum
samples. The linear range from 5 pM to 16.4 mM glucose
concentration, the sensitivity of 44.2 uAmmfl cm 2 and
the detection limit of 2.1 uM.

In a word, biosensors have been classified according to the
bioreceptor type above. In addition, we need to note that
aptamer-based sensors have been the research hotspot in re-
cent years. An aptasensor is a particular class of biosensor
where the biological recognition element is a DNA or RNA
aptamer. Aptamers are favourably used in biosensors as sen-
sitive and selective bioreceptors coupled with a variety of
transducer principles such as optical, mass-sensitive and elec-
trochemical detection. The analytes cover a wide range from
small molecules, like nucleotides, cofactors, amino acids, or-
ganic molecules over peptides, polysaccharides and proteins,
to complex structures like whole cells, viruses and single-cell
organisms [95]. The aptamer biosensor not only has strong
specificity but also improves sensitivity. The unique and
strong host-guest recognition between cyclodextrin and
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Fig. 11 a Schematic of the PEG-functionalized conical gold nanotube
sensor element, showing the base-opening and tip-opening diameters
used in these studies. Not to scale. b Electron micrograph of such a sensor
element after removal from the PET membrane. Note that in the sensing
experiment, the nanotube is left embedded in the PET membrane, but it
was removed here so that it could be imaged. Reprinted with permission
from ref. [91]. Copyright 2007 American Chemical Society. ¢, d In vitro
cell viability of SW480 cells and RAW 264.7 cells with increasing con-
centrations of PSS-coated Au NTs (~370 nm in length, Au mass frac-
tion =73.9%). Results are shown as mean +SD (n=3) as determined
using CCK-8 assays [15]. e In vivo non-background-corrected orthogonal

adamantine was chosen as the linker to assemble the porous
Au/PtAu bimetallic heterojunction nanotube (PtAuBNTSs) cat-
alysts onto porcine reproductive and respiratory syndrome
virus (PRRSV) antibody by Shao’s group, which clearly
surpassed the unstable electrostatic assembly between cationic
surfactant and biosamples. The formed supramolecular
“bridge” could extend the space to accommodate more
PtAuBNTs catalysts and reduce the blocking effect. The fab-
ricated sandwich immunosensor exhibited excellent analytical
performance for PRRSV with a better linear detection range
from 1:103 to 1:106 (dilution ratio) and a sensitive detection
limit (10.8 pg/mL) [76]. However, there is not much research
on gold nanotubes in this area. Aptasensors offer great poten-
tial to measure substances in clinical diagnostics, environmen-
tal analytics, food and biotechnology industries, process engi-
neering and others. We look forward to the tremendous devel-
opment of gold nanotube aptamer sensors in the future.
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images of HCT tumour-bearing mice at varied time points after tail-vein
injection of PSS-Au NTs. (The cartoon in the inset shows the 3D coor-
dinate system defining the orientations of the orthogonal views), (liver
(L), intestine (I), spleen (S), aorta (A), tumour (T)) and quantifications of
the MSOT signal intensity in aorta, different organs and tumour at differ-
ent time points post-injection. Reprinted with permission from ref. [15].
Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f
Effect of PEG-modified gold nanotube pore size on myoglobin depth
distribution inside the pores (mean + SD, n = 3). Reprinted with permis-
sion from ref. [21]. Copyright 2012 Elsevier B.V

Photothermal therapy

Photothermal therapy (PPT) is a formidable candidate for
cancer treatment because it can rely on laser-induced hy-
perthermia to kill cancer cells in the tumour area [96]. For
clinical treatment, the penetration of near-infrared laser to
human tissue is higher, and the damage is least [97].
Therefore, PPT as a minimally invasive treatment of cancer
has been widely developed. Gold nanoparticles are partic-
ularly attractive for PPT because they have low cytotoxic-
ity, biocompatibility and optical resonance wavelengths
can be tuned over a broad range by controlling their sizes
and shapes [97, 98], which open a treatment window for
clinical oncology. For instance, Gold nanoparticles (~
40 nm) convert light irradiation (514 nm) into heat energy
that can kill cancer cells [99]. The SPR peak of gold nano-
tubes can be tuned in the range of 655 to 930 nm in the
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Fig. 12 Bright-field and dark-

SW480 cells

RAW264.7 cells

field microscopy images of ~-
SW480 and RAW 264.7 cells af-
ter incubation overnight in a me-
dium containing Au NTs (~

370 nm in length, Au mass frac-
tion =73.9%). All dark-field mi-
croscopy images are presented
using the same brightness and
contrast conditions. Reprinted
with permission from ref. [16].
Copyright 2015 WILEY-VCH
Verlag GmbH & Co. KGaA.
Weinheim

50 pg/mL

Control

Bright field

near-infrared region, which offers potential advantages
over their solid counterparts. Ye et al. [15] synthesized
gold nanotube with controllable length, well-defined
shape, high crystallinity and tunable near-infrared surface
plasmon resonance. The AuNTs coated with poly (4-
phenylene) improved the stability of the colloid and re-
duced the cytotoxicity. Cellular studies in vitro have
shown that PSS-AuNTs not only uptake cancer cells
(SW480 cells) and macrophages (RAW 264.7)
(Fig. 11c, d), but also have biocompatibility (Fig. 12).
Near-infrared laser irradiation can cause photothermal ab-
lation of cancer cells internalizing PSS-AuNTs.

Imaging

Photoacoustic imaging (PAI) is a non-invasive and non-
ionizing imaging method that combines the spectral selec-
tivity of laser excitation with the high resolution of ultra-
sound imaging [100]. Considerable efforts have been
made so far. For example, gold nanostructures such as
gold nanorods, gold nanoshells, hollow gold nanospheres
and gold nanocages have been developed. Gold nanotubes
can exhibit exceptional surface-enhanced Raman scatter-
ing (SERS) and surface plasmon resonance (SPR) proper-
ties by modulating morphology. Near-infrared region can
provide deeper radiation penetration through tissue and
blood, which allowed the use of AuNTs for photothermal
therapy and in vivo imaging with different techniques.
Gold nanostructures in near-infrared absorbing have been
developed to integrate targeting, imaging and therapy
(chemotherapy through drug delivery and photothermal
therapy) into one platform [101, 102]. The development
of Au nanotubes as contrast agents is relied on the ability
to tune their optical properties via control over the local-
ized surface plasmon modes. Ye and co-workers synthe-
sized gold nanotubes with controlled length and NIR
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Dark field

Bright field Dark field

absorption for the application as in vivo multispectral
optoacoustic tomography (MSOT) contrast agents [15].
The gold nanotubes were subject to the surface modifica-
tion of PSS coating, which offer colloidal stability and
low cytotoxicity. In addition, PSS-AuNTs showed strong
photoacoustic signal in vivo and accumulated in SW620
tumour, so it can be used as an effective photoacoustic
imaging (PAI) contrast agent. In addition, the study on the
biodistribution of PSS-AuNTs in vivo showed that PSS-
AuNTSs could clear the liver and gallbladder within 72 h,
indicating that PSS-AuNTs was suitable for clinical trans-
plantation. This work showed the effectiveness of gold
nanotubes as a new reagent for photoacoustic imaging,
in order to achieve image-guided chemical-photothermal
combined therapy (Fig. 1le). As a promising contrast
agent for biomedical and clinical applications, the hollow
core of gold nanotube can reduce not only the heat capac-
ity to allow better pulse heating but also the slender shape
of gold nanotube that can improve the targeting efficien-
cy. The PAI can also combine the therapeutic functions of
AuNTs (such as photothermal therapy and drug delivery)
to form a therapeutic nano platform for monitoring and
treating diseases in a light controlled manner.

The rapid development of medical imaging technology has
increased the accuracy and rapidity of disease diagnosis.
Especially, optical imaging has made great progress. From
X-ray to nuclear magnetic resonance, PET, E-PET, Raman
imaging, fluorescence imaging, etc. Gold nanotubes can ex-
hibit exceptional surface-enhanced Raman scattering (SERS)
and surface plasmon resonance (SPR) properties by modulat-
ing morphology. Which means that gold nanotubes have
strong potential in optical imaging. At present, the research
on the combination of gold nanotube optical properties and
imaging technology has a lot of space. In the future research,
we look forward to the further development of gold nanotubes
in Raman imaging and other fields.
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Protein transport

Gold nanotubes are an ideal model system for protein trans-
port because of unique tube structure. The gold nanotubes can
act as a transport tool for ionic and molecular. Cai and co-
workers studied adsorbate and defect effects on electronic and
transport properties of gold nanotubes [103]. Ma et al. [21]
demonstrated transport of single protein molecules inside gold
nanotubes. They found that diffusion within PEG-coated gold
nanotubes was two orders of magnitude faster than in previ-
ously reported and first demonstrated the influence of pore
size on solo protein depth distribution. The result found that
the number of protein molecules inside the pores were de-
creased with the depth increasing (Fig. 11f). Furthermore,
protein transport can be finely controlled by gold nanotubes
modified self-assembled monolayer.

Conclusion and outlook

In summary, we provide an update and in-depth review of
some of the most exciting and important developments in
the synthesis, properties and applications of gold nanotubes.
We compared the two methods for the synthesis of gold nano-
tubes, which found that the hard template method is suitable
for the synthesis of gold nanotubes array. The morphology of
gold nanotubes arrays is fairly fixed, which have good disper-
sion and uniform pore diameter, but sources of template ma-
terials are relatively limited. The hard template method mainly
be controlled by deposition time and gold plating solution.
Nevertheless, the sacrificial template method is relatively flex-
ible and easy to operate, which can achieve large-scale syn-
thesis and be controlled by many factors, such as precursor
template, the amount of chloroauric acid, reaction tempera-
ture, time and surfactant. At present, there are few systematic
experimental studies on the precise control of the size, shape,
wall thickness and the formation of pores of gold nanotubes
by the sacrificial template method. The ultimate goal of pro-
ducing gold nanotubes in a reliable, controllable and safe way
is to develop a larger produced method, which is the basic
requirement to promote the strong clinical application of gold
nanotubes. Therefore, the preparation of gold nanotubes by
the sacrificial template method deserves further study.

The SPR tunability and photophysical properties of gold
nanoparticles make them an ideal candidate for many devel-
opments in a wide range of biological applications. Hollow
gold nanoparticles prepared by using silver nanoparticles as
templates have a variety of colours, such as light yellow, or-
ange, burgundy, fuchsia, blue and even cyan. Xia’s group
demonstrated that the SPR peak shift of gold nanoshells ex-
hibited higher sensitivity than solid gold nanoparticles with
roughly the same sizes, which greatly improved sensitivity
in optical response [104]. Based on this notation, AuNTs have

great potentiality to be explored to optically detect binding
events on their surfaces. Unfortunately, there are few applica-
tions of hollow AuNTs in biochemical detection. In the past,
there has been a great surge in biosensor research base on
AuNTs prepared by the hard template method. Much of these
works have focused on electrochemical application. The sur-
face area of the gold nanotube array electrode is much larger
than that of the conventional electrode, which should be main-
ly responsible for the high sensitivity. However, optical sen-
sors offer a combination of fast response, high sensitivity and
immunity to electromagnetic interference and provide addi-
tional options for signal retrieval, such as optical intensity,
spectrum and polarization compared with electrochemical
sensors [105]. Plasmonics has been attracting increasing at-
tention for the development of optical sensors due to the abil-
ity to confine and enhance electromagnetic fields. The bio-
medical application of optical sensor made with gold nano-
tube is just the tip of the iceberg.

The applications of photothermal properties of gold solid
nanoparticles, hollow gold nanoshells and gold nanocages in
nanomedicine were compared with experiments and computer
simulation [106]. Researchers found that gold nanocages pro-
duced the highest temperature under 808 nm CW laser irradi-
ation. For hollow, non-porous or microporous gold nano-
shells, there is a certain range of wall thickness. Computer
simulation predicted that increasing the porosity of the nano-
shells wall leads to the overall improvement of its
photothermal efficiency. In the hollow gold nanostructures
synthesized by galvanic replacement reaction, the residual sil-
ver is the possible reason that limits the movement of SPR to
the near-infrared spectrum region. Therefore, it is necessary to
gradually simulate the optical properties of gold nanostruc-
tures during the preparation process, and optimize the corre-
sponding production process of Gold nanotubes. This is very
important for the application of nanomedicine. In addition,
surface functional modification is another key point.
Biocompatibility of gold nanotubes, the ability to uptake can-
cer cells and macrophages, the ability to transport proteins,
and the ability to deliver drugs depend on their functional
types.

As indicated above, on the one hand, looking for cheap,
nontoxic and stable template is the research hotspot of tem-
plate method. It is of practical value to further study the reac-
tion mechanism of templates by selecting appropriate soft or
hard templates and changing reaction conditions. On the other
hand, the gold nanotubes provide not only larger active areas
and more electroactive sites for immobilizing biomolecules,
but also good biocompatibility. At present, the applications of
gold nanotube mainly focus on catalysis, contrast agents,
photothermal therapy and electrochemical sensing.
However, there are few studies using them as surface plasmon
resonance (SPR), fluorescence and surface-enhanced Raman
scattering (SERS) probes. As researchers continue to explore
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this promising material, we believe the unique features of
AuNTs and numerous ways in which the properties can be
tuned will likely lead to the development of further exciting
techniques and powerful combinations of existing ones.
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