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Noble metal nanomaterials with special physical and chemical properties have attracted considerable
attention in the past decades. In particular, Au nanocrystals (NCs), which possess high chemical inertness
and unique surface plasmon resonance (SPR), have attracted extensive research interest. In this study, we
review the properties and preparation of Au NCs with different morphologies as well as their important
applications in biological detection. The preparation of Au NCs with different shapes by many methods
such as seed-mediated growth method, seedless synthesis, polyol process, ultrasonic method, and
hydrothermal treatment has already been introduced. In the seed-mediated growth method, the
influence factors in determining the final shape of Au NCs are discussed. Au NCs, which show significant
size-dependent differences are proposed for preparing biological probes to detect
biomacromolecules such as DNA and protein, while probe conjugate molecules serves as unique
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1. Introduction

Nobel metal nanoparticles (NPs) are widely applied in
numerous fields. Among various noble metal nanomaterials, Au
nanomaterials, which possess high chemical inertness and
unique surface plasmon resonance (SPR) have gained extensive
interest and research.” Au nanocrystals (NCs) are studied
comparatively early and have attracted increasing attention in
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application of biological probes and photothermal cancer therapy compared to Au nanoparticles (NPs).

medical and biological research because of their special phys-
ical and chemical properties and bio-affinity.* It has been
proven that Au NCs can be prepared via a simple preparation
procedure with good control over particle size, stable chemical
properties, good biocompatibility, as well as easy to modify with
biomolecules. Therefore, Au NCs have been proposed for
applications in genomics,®> biosensors,*® clinical chemistry,’
cancer cell photothermal therapy,'*** optical imaging tech-
niques,'¢ targeted delivery of drugs, antigens, peptides, DNA,
and so on."” ™

The interesting optical properties of Au NCs result from the
excitation of free electron plasmons by the electromagnetic
field.***** The plasmon modes of Au NCs are determined by
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shape, composition, size, and surrounding media. The reso-
nance frequency is very sensitive to the shape of the NCs. In
particular, Au nanorods (NRs) are promising systems for optical
studies, as the spectrum is easily tunable by varying the aspect
ratio.>**** As such, it is crucial to have tight control over the size
and crystal structure of Au NCs.***” As a face-centered cubic
(fec) metal, Au NCs with different shapes have been synthesized
successively.”®>* In realistic chemical synthesis, many critical
parameters including thermodynamic and kinetic parameters
are responsible for the final shapes of Au NCs. Shape control
synthesis provides one of the most powerful means to tailor the
properties of Au NCs.**3*

Due to extensive research and the importance of Au NCs,
various reviews related to the preparation and applications of
Au NCs have been published over the years.**** Most of them
provided a specific introduction to various aspects of Au NCs,
such as photosynthesis, modification, functionalization,
toxicity of Au NCs, as well as the application of Au NCs in
therapeutic applications, targeted drug delivery, and energy or
environment.****** A few publications are providing a gener-
alized introduction to the synthesis, properties, and applica-
tions of Au NCs.***** In particular, there is still a lack of detailed
understanding of the synthesis mechanism or the precise
controlling of the reaction parameters, which may prevent us
from realizing the full potential of synthetic approaches and
accurately controlling the growth of Au NCs. The specific
physicochemical and optoelectrical characteristics of Au NCs
are closely related to their size and morphology, which can be
controlled by the selection of a synthetic approach.’*®***” The
understanding of the reaction process and mechanism is
promising to choose the appropriate synthesis route and reac-
tion parameters such as time, temperature, and pH according to
the required characteristics. Due to the frequently reported
publications on Au NCs, this review may be incomplete and
should be regarded as the starting point for understanding the
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basic principles behind the synthesis, properties, and biomed-
ical applications of Au NCs.

In this review, the properties and preparation of Au NCs
with different morphologies as well as their important
applications in biological detection are summarized. The
preparation of Au NCs with different shapes by many methods
such as seed-mediated growth method, seedless synthesis,
the polyol process, ultrasonic method, and hydrothermal
treatment is introduced. For the widely reported seed-
mediated growth method, the influencing factors in deter-
mining the final shape of Au NCs were studied. Some of the
advantages and disadvantages of chemical synthesis methods
are discussed, as well as the green synthesis methods are
highlighted. The main objective of the present work is to
provide a better basis for the synthesis, properties, and
biomedical applications of Au NCs, which is beneficial for the
further development of Au NCs.

2. Properties of Au NCs

Seo et al. reported that surface energy has a strong influence on
the physical and chemical properties of the materials and there
was a significant negative correlation between the ratio of
surface atoms versus total volume and surface energy.> It must
be mentioned that bulk Au has distinct yellowish color, and the
size dependence of the color of colloidal Au is simply the
consequence of how light interacts with matter.**** NCs, typi-
cally in the size range of 1-100 nm, possess size and shape-
dependent properties, which differ from their bulk behavior.
The color of the colloidal dispersions of Au NCs in a fluid,
typically water, varies from red to blue, depending upon the
shape and size of the particles. For example, spherical colloidal
Au NCs with a diameter of around 10 nm produce aqueous
dispersions with a ruby red color, while increasing their size to
nearly 100 nm or changing the morphology to rod-like (length
30 nm, diameter 10 nm) results in making the colloidal
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Fig.1 (a) Photograph of the colloids 3, 4, 6, 9, and 35 nm (from left to
right) of Au NPs. Reproduced from ref. 49 with permission from
Elsevier, copyright [2008]; (b) schematic illustrating a localized surface
plasmon. Reproduced from ref. 50 with permission from Annual
Reviews, copyright [2007].

dispersion appear bluish.* Fig. 1(a) shows the photograph of Au
NPs with sizes 3, 4, 6, 9, and 35 nm (from left to right).*°

The research interest in Au NCs over the past decades has
been stemming from their remarkable optical properties
related to SPR. SPR comes from the excitation of free electron
plasmon by the electromagnetic field.**> When light impinges
on Au NCs, free electrons of Au NCs interact with the incident
light and produce resonance coupling. The oscillation leads to
the charge separation between free electrons and the metal
core, producing a coulomb force, such that the electrons oscil-
late around the surface of the particles.* Fig. 1(b) illustrates the
localized surface plasmon.*® SPR is produced when the vibra-
tion frequency of the incident light and free electrons are equal.
SPR causes a strong absorption peak in UV-vis absorption
spectroscopy. Optical absorption peaks of Au NCs appeared in
the wavelength range of 510-550 nm, and the resonance
frequency is very sensitive to the shape of NPs.

3. Synthesis of Au NPs

Au NCs, as a face-centered cubic (fcc) metal, are known to have
enclosed by low-index {100}, {111}, and {110} facets. The relative
surface energies are in the order of y{111} < v{100} < y{110}.>
This phenomenon results from the rapid elimination of the
high-index facets with the addition of atoms during the Au NC
formation process.”® The rate of crystal growth in the direction
perpendicular to a high-index facet is generally much faster
than that along the normal direction of a low-index facet, which
results in the rapid elimination of the high-index facets with the
addition of atoms during the formation of NCs.”*** As a result,
in solution chemistry, fcc metal NCs enclosed by low-index
{100}, {111} and {110} facets are more commonly observed
because of their relatively low surface energy.*

The physical and chemical properties were controlled by the
shape of Au NCs.>®?”” Xia et al. mentioned that Au NCs, which
possess high-index facets on their surface, such as trisoctahe-
dral and concave cubic, showed better electro-catalytic activity
in comparison to that possessing only low-index facets.*® This
phenomenon can be explained by the reason that the high-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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index facets of a single crystal possess a high density of low-
coordinated atoms such as steps, edges, and kinks, which can
be served as highly active sites for adsorption and even
catalysis.?”**%°

As a symmetric fcc structure, it is not easy for Au to form
single-crystal multi-armed NCs in isotropic aqueous solutions.
Nevertheless, Chen et al. provided a systematic introduction to
the preparation methods of monopod, bipod, tripod, and
tetrapod Au NCs.”* To date, Au NCs with different shapes as
spheres,**° rods,*~**”® cubes,**”* triangle,* polyhedron®>** and
others®**”® have been synthesized successively. Such as those in
the TEM or SEM images of Au NCs with different morphologies
shown in Fig. 2.

There are many methods to prepare Au NCs, such as
conventional chemical synthesis, polymer-mediated synthesis,
UV-induced photochemical synthesis, ultrasound-assisted
synthesis, laser ablation synthesis, and microbial-mediated
synthesis.”*®* The solution-based chemical route produces
a number of structural architectures, from the quasi-spherical,
triangle, concave cubic, hexagon, truncated tetrahedra, octa-
hedra, rhombic dodecahedra, trisoctahedra, decahedra, icosa-
hedra, rod-like to tetrapod, star-like, and branched structures in
high yield. Fig. 3 shows the general synthetic conditions of
different methods for the preparation of Au NCs with typical
morphologies.

The most typical method for preparing colloidal gold is the
sodium citrate reduction method. Colloidal gold of different
sizes can be prepared by changing the type and concentration of
the reducing agent.*® In general, parameters are responsible for
the final shapes of noble metal NCs. The synthetic method,
reagents used in the growth process, the temperature of
synthesis, reaction time, dimensions, and yield of Au NCs with
different shapes are illustrated in Table 1.

In solution-based chemical synthesis, thermodynamic and
kinetic parameters controlled the growth of NCs.>*** Thermo-
dynamic parameters include temperature and reduction
potential, while kinetic parameters include reactant concen-
tration, diffusion, solubility, and the reaction rate. By control-
ling these parameters, it is possible to tune the nucleation and
growth stages of NCs and achieve crystallographic control.

The seed-mediated growth method is the widely reported
method in conventional chemical synthesis.***® Since its
inception and application, the seed-mediated growth method
has made a revolutionary impact on the majority of the reported
synthesis of shape-controlled Au NCs. It is typical that the seed-
mediated growth process comprises the preparation of small Au
NCs and subsequent growth in reaction solutions.?”*® Both, the
crystallinity of seeds and the growth rates of different crystal-
lographic facets play a vital role in determining the final shape
of the resultant nanostructure.*

The shape of Au NCs could be controlled by tuning nucle-
ation and growth stages in the seed-mediated growth
method.?***** In the solution-phase synthesis of NCs, “nucle-
ation” can be broadly defined as the formation of a small cluster
from atoms in the solution. Small Au seed particles are gener-
ated under conditions of high chemical supersaturation. This
leads to the fastest nucleation rate. Once the nuclei have grown

RSC Adv, 2022, 12, 23057-23073 | 23059
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Fig. 2 (a, b, i, j, k and |) TEM images of Au nanostructures with different shapes: (a) spherical (b) triangle (i) rod-like (j) tetrapod (k) starlike (1)
nanocage. (c—h) SEM images of Au nanostructures with different shapes: (c) concave cubic (d) hexagonal bipyramid (e) octahedral (f) rhombic
dodecahedra (g) decadron (h) icosahedral. (a) Reproduced from ref. 29 with permission from American Chemical Society, copyright [2010]; (b)
reproduced from ref. 56 with permission from American Chemical Society, copyright [2014]; (c) reproduced from ref. 57 with permission from
American Chemical Society, copyright [2010] (d) reproduced from ref. 58 with permission from American Chemical Society, copyright [2013] (e
and f) reproduced from ref. 59 with permission from American Chemical Society, copyright [2008] (g and h) reproduced from ref. 25 with
permission from American Chemical Society, copyright [2008] (i) reproduced from ref. 31 with permission from American Chemical Society,
copyright [2012] (j) reproduced from ref. 60 with permission from American Chemical Society, copyright [2014] (k) reproduced from ref. 61 with
permission from American Chemical Society, copyright [2014] (1) reproduced from ref. 62 with permission from the Royal Society of Chemistry,
copyright [2017].
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Fig. 3 The general synthetic conditions of different approaches for the preparation of Au NCs with different morphologies. (¥*Optional).

past a critical size, they will have relatively stable crystallinity conditions are then altered and more Au ions and the reductant

and well-defined crystallographic facets exposed on their
surface, which can be termed “seeds”. The shape of a seed is
primarily determined by the minimization of the surface
energy.®

After the nucleation stage, each type of seed can still grow
into an NC with several possible shapes. The reaction

23060 | RSC Adv, 2022, 12, 23057-23073

are added, together with some form of a shape-templating
surfactant or molecule, and the seeds are grown into larger
particles of particular morphologies or habits. The final shape is
controlled by the growth rates of different facets.* As the seed
grows into a nanocrystal, the growth rates of different facets can
be altered with capping agents to control the final shape.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesis of Au NCs with different morphologies®
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Temp. Reaction Yield
Morphology Synthetic method Reagents (°C) time Dimension (nm) (%) Ref.
Sphere Seedless method HAuCl,, AA, NaBH,, CTAC 28 Overnight ~7-27 100 53
Triangle Seed-mediated, growth ~ CTAB, HAuCl,, AA RT N/A 35 80 63
method
Concave cubic Seedless method NaBH,, HAuCl,, AA, CTAC, HCI, 28 Overnight ~62.3-173 95 53
AgNO;
Cube Seed-mediated, growth ~ CTAB, HAuCl,, AA, (AgNO;) RT N/A 85 (70) 85 63
method
Seed-mediated, growth ~ KBr, HAuCl,, CPC-capped seed, 30 120 h 55.7 96.1 59
method CPC
Seedless method CTAB, HAuCl,, AA, NaBH, 28 Overnight ~10-65 N/A 53
Thermal method AuCl;, DDAB, NaBH,, 100 a few ~10 N/A 64
dodecylthiol, octyl ether minutes
Hexagon Seed-mediated, growth ~ CTAB, HAuCl,, AA RT N/A 70 90 63
method
Tetrahedral Polyol process PVP, HAuCl,, DEG 200 25 min ~210-290 60 25
Octahedral Seed-mediated, growth ~ HAuCl,, AA, CPC-capped seed, 30 120 min  53.4 97.2 59
method CPC
Hydrothermal method  CTAB, HAuCl, 160 600 min 50 90 65
Rhombic Seed-mediated, growth ~ HAuCl,, AA, CPC-capped seed, 30 120 min  53.4 100 59
dodecahedral method CPC
Seed-mediated, growth ~ HAuCl,, NaBH,, CTAB, AA, 4-ATP 30 120 min 120 72 27
method
Trisoctahedral Seedless method CTAC, HAuCl,, AA, NaBH, 28 180 min  ~50-250 95 53
Seed-mediated, growth ~ CTAC, HAuCl,, AAs 28 N/A ~55-120 90 63 and 66
method
Decahedral Polyol process PVP, HAuCl,, DEG 245 10 min ~48-90 80 25
Ultrasonic method HAuCl,, PVP, Au seed RT N/A ~35-65 80-90 67 and 68
Icosahedral Polyol process PVP, HAuCl,, DEG 245 10 min 94 N/A 25
Rod-like Seed-mediated, growth ~ CTAB, HAuCl,, AA 25 180 min  Width: 6~42, length: 97 63, 69 and
method 22~475 70
Seedless method CTAB, HAuCl,, AA, NaBH,, 28 180 min ~ Width: ~11, length: 98 53
AgNO; ~46
Tetrapod Seed-mediated, growth ~ CTAB, HAuCl,, AA, (AgNO;) RT N/A 293(30) 75(70) 63
method
Star-like Seed-mediated, growth ~ CTAB, HAuCl,, AA 30 720 min 66 95 63, 71 and
method 72

“RT: room temp.; N/A: unmentioned. 4-ATP: 4-aminothiophenol; DDAB: didodecyldimethylammonian bromide; PVP: poly(vinylpyrrolidone);
CTAB: cetyltrimethylammonium bromide; CTAC: cetyltrimethylammonium chloride; DEG: diethylene glycol; AA: ascorbic acid.

Typically, the growth stage is much slower and proceeds under
milder reducing conditions than those at the nucleation stage.*
The shaping of these nanostructures can be analyzed by the
deposition of metal atoms on the seed surface under reductive
environments.”® Grzelczak et al. proclaimed that in comparison
to the nucleation stage, the growth stage was under a milder
reducing process and the reaction rate was much slower.*>*
Some chemical stabilizers such as poly(vinyl pyrrolidone)
(PVP), poly(vinyl alcohol), and sodium dodecyl sulfate are added
to reaction mixtures to control the growth of Au NCs.***® Poly-
hedral Au NCs with decahedral, icosahedral, and truncated
tetrahedral shapes are synthesized by a simple one-pot polyol
process in the presence of PVP.°”%® A high PVP concentration of
up to 360 equivalent of the Au precursor, HAuCly, effectively
stabilizes decahedral seeds to yield uniform decahedra with
various edge sizes. Decreased PVP concentration subsequently
leads to selective formation of icosahedral and truncated
tetrahedral.”>*° At relatively low PVP concentration, the internal

© 2022 The Author(s). Published by the Royal Society of Chemistry

surface energy of the crystals becomes more important than the
interaction energy between surface atoms and PVP, and the
particles prefer more rounded shapes to reduce the total surface
area. The icosahedral structure is close to spherical and has
stable {111} facets on the surface. The edge truncation of the
icosahedron helps to diminish its structural strain energy.*

Typical reducing agents such as citric acid, borohydride,
tetrafluoroborate, AA are used during the preparation of Au
NCs.2#19%1%1 AA js a commonly used reducing agent during the
preparation of Au NCs. However, it has been reported that Au
NCs can be obtained in large quantities by the aspartate
reduction of Au ions. Suri et al. put forward amines as an
attractive class of reducing agents because of their universal
presence in biology and the environment.'”* Dong et al
described that amino acids can control the size and morphology
of the Au NCs. They mentioned that amino acid moieties could
form an organic matrix to have an influence on the biomole-
cules and inorganic materials.**

RSC Adv, 2022, 12, 23057-23073 | 23061
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Conventional synthesis techniques involving the seed-
mediated growth method, seedless method, polyol process,
hydrothermal method, and ultrasonic method have been
developed for the synthesis of Au NCs with different sizes and
shapes. Chemical methods can generate Au NCs at a low cost
and provide repeatable results using various chemicals.
Although the chemical synthesis methods described above are
effective, many of them suffer from some drawbacks such as
high temperature, harsh reaction conditions, long reaction
times, the use of toxic and aggressive chemicals as reducing
and/or capping agents to control the size and composition of Au
NCs, resulting in the environmental pollution caused by the use
of organic solvents.'**%” Besides, the toxic capping agents or
chemicals used in the synthesis process tend to adsorb on the
surface of Au NCs, which may cause severe threats to living cells
while using Au NCs for drug delivery and diagnostic applica-
tions.'®®** Consideration of the environmental problems,
Firdhouse et al. summarized the detailed advantages and
disadvantages of conventional synthesis techniques for Au NPs
synthesis."*®

In view of the environmental impact, eco-friendly green
synthesis methods have currently become popular.*****°
Current strategies of ‘“‘green’” concern include the use of
nontoxic chemicals, biodegradable polymers, and environ-
mentally benign solvents.'* In the green synthesis methods,
the extracts from living organisms such as leaves, stems,
roots, seeds, flowers, fruit, whole plant, fungi, and algae are
available as reducing and capping agents."*"**> The synthesis
of Au NCs via green routes has the advantages of simplicity,
economical friendliness, low cost, moderate reaction
conditions, and application of non-toxic chemicals.''*23124
This technique provides a wide range of applications for
functional nanomaterials because ascorbic acid, terpenes,
alkaloids, phenols, polyphenols, and flavonoids are coated
on the surface of NCs, resulting in Au NCs with lower toxicity
than chemically synthesized counterparts. Not only that, Au
NCs showed enhanced solubility and stability due to coating
with biomolecules.” Nevertheless, the green synthesis
methods are possibly related to some major operational
obstacles, such as the need for a longer time, critical down-
stream processing to purify nanoparticles in high yields, and
difficulty to optimize the process parameters and expand the
scale.'?®1?7

4. Synthesis of Au NRs

One-dimensional Au nanostructures have received considerable
attention due to their size-dependent optical, catalytic, and
electronic properties.'”®**® The research interest in Au NRs over
the past decades has stemmed from their anisotropic configu-
ration and unique optical properties. Since its inception and
commercialization, Au NRs have made a revolutionary impact
in the field of bioanalysis and have become a powerful tool for
bioanalytical chemistry.

Shape control provides one of the most powerful tools to
tailor the properties of noble metal nanostructures. In Fig. 4(a),
L/D is the aspect ratio. Fig. 4(b) is the photograph of the
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Fig. 4 (a) Au NRs possess two separate plasmon absorbances, one
corresponding to the short (“transverse”) axis and the one corre-
sponding to the longitudinal axis. L/D is the aspect ratio. Reproduced
from ref. 24 with permission from American Chemical Society, copy-
right [2013]; (b) photograph of colloidal Au prepared in water. Aspect
ratios are 2.6, 4.1, 5.6, and 7.4 (from the left), respectively. Reproduced
from ref. 20 with permission from Elsevier, copyright [2009]; (c)
schematic representation of transverse and longitudinal plasmon
absorbances in Au NRs. Reproduced from ref. 24 with permission from
American Chemical Society, copyright [2013].

colloidal solution of Au NRs. The color of the colloidal solution
is related to the aspect ratios of Au NRs. There are distinct
differences between the spherical Au NPs and Au NRs. The
distinct difference from spherical NPs is that Au NRs possess
two distinct surface plasmon resonances; a transverse SPR
corresponding to the short axis of the rod, and a longitudinal
SPR corresponding to the long axis (Fig. 4(c)). The energy of the
longitudinal SPR can be tuned from the middle of the visible
region of the electromagnetic spectrum (~600 nm) to the
infrared region (~1800 nm), simply by changing the aspect ratio
of the Au NRs.>***

Au NRs have been prepared by conventional wet chemistry,
photochemical and electrochemical methods.*® Among the
reported procedures, the seed-mediated growth has been by
far the most efficient and popular approach. Au NRs are
prepared by a seed-mediated growth approach, which uses
~4 nm Au nanoclusters as seeds and subsequent reduction of
a metal salt with a weak reducing agent in the presence of
a directing surfactant to produce NRs.'”® Besides the seed-
mediated growth method, seedless synthesis is the other
typical synthetic method to prepare Au NRs. The difference
between the seed-mediated growth method and seedless
synthesis is that the sizes of in situ seeds grown using NaBH,
are about 1.5 nm, while the sizes of the seeds used in the seed-
mediated growth method are about 3.5 nm. The seedless
method with a size of about 1.5 nm is in favor of the synthesis
of anisotropic Au NCs.*** The dimension of Au NRs prepared
by the seedless synthesis method is about 25 x 6 nm, while
about 60 x 15 nm by the seed-mediated growth method.*** The
size of Au NRs produced by seedless synthesis is much smaller
than that prepared by the seed-mediated growth method."***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The seed-mediated growth method is discussed in detail in the
following part.

The seed-mediated growth method is a typical growth process
that involves the preparation of Au NRs. Many factors affect the
growth of Au NRs, such as the concentration of reagents, the pH
of the growth solution, and the type of the directing surfactant.
Table 2 lists the influencing factors on the growth of Au NRs. In
the solution-phase synthesis, impurities or capping agents can
change the order of free energies of different facets through their
interaction with a metal surface. As a result, the facet with
a slower growth rate will be exposed more on the surface.*

4.1 There are many factors affecting the growth of Au NRs

4.1.1 Directing surfactant. A surfactant such as CTAB plays
a crucial role in the growth process of Au NRs. It seems that the
growth of an NR takes place simultaneously in all directions.
Once the seed grows to a critical size, the facets become large
enough for significant surfactant binding. The growth rate of
different facets in the presence of the surfactant determines the
final shape of the nanoparticle. The slower growth in the width
of the NR is an example of better protection of {110} facets by
CTAB. The growth and the final size of Au NRs depend on the Au
supply and the surfactant concentration. In general, the
surfactant is much higher in concentration; this process
continues until the Au supply depletes.*

The original idea was to use micelles formed by the cationic
surfactant CTAB as a “soft template” to direct NR formation.*®
Previous studies suggested that CTAB formed a bilayer on the
surface of NR.™***” Compared to the ends, the assembly of
CTAB bilayers along the long faces of Au NRs is preferred.
Besides, CTAB assists in the fine-tuning of the shape because
CTAB preferentially binds to the middle of the NRs. This
property makes it possible to form Au NRs with a dog-bone
shape.’®
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It has been demonstrated that decreasing the concentration
of CTAB yielded the NRs with shorter aspect ratios (1 to 6).'*> On
the contrary, employing a surfactant with a longer aliphatic
surfactant and smaller seed solution obtained longer NRs."* In
2005, citrate-capped Au NPs were chosen as seeds for Au NRs
growth." Then, Liu and Guyot-Sionnest observed differences
between the crystalline structures of citrate and CTAB-stabilized
seeds, confirming the multiply-twinned structure of citrate-
capped seeds."

A careful choice of the experimental conditions allows the
growth of the seeds into NRs. Factors including temperature,*
pH, 4146149150 crystallinity of seed particles,*** concentration of
reactants,”*"***! single-component surfactants other than
CTAB,"” binary surfactant mixtures,* aromatic additives,*' and
the presence of iodide ions in the growth solution'**'*"*® have
been carefully evaluated by several research groups.

4.1.2 Seed. The amount added and the size of the seed
impact the aspect ratio of Au NRs. The aspect ratio of Au NRs
could be precisely controlled through the careful variation of
the added amount of the seed into the growth solution. For
a constant concentration of reagents, increasing the size of the
seed decreased the aspect ratio of Au NRs."*

4.1.3 Reducing agent. AA as a mild reducing agent has
been widely used in the seed-mediated growth method. Vivek
Sharma et al.*® introduced that the reduction process of the Au
ion by AA that can be described as:

First reduction:

Av’t - Aut

CTA*AUBI‘4 + C6H8O6 - CTA*AUBI'2+C6H()06 + 2HJr + 2Br—

Second reduction:

Table 2 The impact of factors on Au NRs in the seed-mediated growth method®

Parameter Influence factors Mechanism Effect on products Reference
Directing CTAB: concentration Growth rate in different facets Morphology, AR, morphology 20 and 136-138
surfactant A binary surfactant mixture Growth rate in different facets Uniformity, yield, AR, width 23
Au ions Concentration Growth rate Length 23
Ag ions Concentration Interact with surfactant Length, AR, yield 23 and 139-141
Seed Amount Growth rate Size, AR 131

Crystallinity Binding with surfactant Morphology, dimension, crystallinity, yield, 1 and 92

AR

(Citrate-capped: multiply-

twinned)

(CTAB-capped: single crystal)

Size Growth rate Size, shape, AR 131 and 142
Reducing agent ~ The molar ratio of AA to Au Reaction rate AR, yield 20
(AA) Temperature Reduction rate Morphology, AR 20

pH Reduction rate, reducing Morphology, yield, AR 20, 87 and

power 142-146

Halide ions Molar ratio Growth rate in different facets Morphology 142, 147 and 148
Aromatic additives Cationic CTAB micelles CTAB-aromatic additive AR, yield, monodispersity 31

systems

“ AR: aspect ratio.
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Au" — AW

CTA*AUBI'z + C(,HgO(, — 2Au + C(,H(,O(, + 2CTA+ + 2H+ +
4Br~

The overall reaction is:

2CTA7A11BI'4 + 3C6H806 — 2Au + 3C6H606 + 2CTA+ + 6H+ +
8Br~

The first reduction is confined to the metal micelles. The
second reduction starts only after the addition of the seed
solution. The study on the effect of the concentration of AA on
the growth of Au NRs indicated that the reaction rate becomes
faster with the increasing in the concentration of the reducing
agent. The decrease in the reaction rate was in favor of the
isotropic growth, thereby increasing the yield of NRs. The
reduction rate affects the morphology of NRs. For example, an
insufficient amount of AA yielded fatter Au NRs.*

4.1.4 Temperature and pH. Apart from the reducing agent,
both the temperature and pH are also able to change the
morphology of Au NRs by controlling the reduction rate. The
former report demonstrated that the aspect ratio of Au NRs
increased with the decrease in the temperature.” It is worth
noting that the increase in the aspect ratio is due to a decrease
in the diameter of NRs. The decrease in the diameter resulted
from the effective confinement of the growth in the short axis at
low temperature.*

The pH value affects the reduction rate and reduces the
power of the reducing agent. AA has a much weaker reducing
power in a strongly acidic solution than in a weakly acidic
solution.?”'** Adding a small amount of the HCI solution to the
growth solution could decrease the whole reduction rate and
increase the aspect ratio.’*®*** The feasible formation of Au
nanoprisms with an addition of a small amount of NaOH has
been observed in a previous report by Mirkin et al.*** This is
because the reducing power of AA can be enhanced by elimi-
nating the proton produced by the reduction.'** Therefore, the
formation of nanoprisms can be promoted at higher pH values.
In other words, the chemical potential of AA is maintained at
a higher state after the addition of NaOH.**

4.1.5 Au and Ag ions. Increasing the aspect ratio of Au NR
with the increase in the Au atom content of the growth solution
indicates that the higher the concentration of the Au former the
longer the NRs. However, a further increase in the concentra-
tion of the Au ions caused the decrease in the length of the NRs
because of the formation of Au-Br-surfactant.*

The effect of the silver ion content does not always increase
the aspect ratio of Au NRs. The negative effects of higher
concentrations of silver ions may be due to their interaction
with the bromide-resistant ions of the surfactant monomer.*
Babak et al. explored the role of silver in the growth process of
Au NRs and reported that Ag" could first increase and then
decrease the length of Au NRs, similar to the effect of
Au ions.*
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Liu and Guyot-Sionnest proposed an elaborate explanation
for the role of Ag'.* They suggested that the under-potential
deposition (UPD) of metallic silver occurs on different crystal
facets of Au NCs, leading to symmetry breaking and rod
formation. UPD is an important process that occurs during the
formation of metallic layers on metallic substrates.”® It is
widely observed that when a metal working electrode is slowly
cathodically polarized, a second noble metal ion can be
deposited on the substrate to form a thin film."*” Crucially, the
initial deposition of metal monolayers with potentials much
higher than the Nernst potential of the deposited metal is often
observed. This deposition of the first and sometimes the second
monolayer is called UPD. Ag" UPD does occur on Au {111} and
the UPD process is influenced by the presence of chloride ions.*
In the presence of Cl~, the UPD offset becomes stronger.

The above mechanism does not work in the growth of Au
NRs using surfactant templates because the added silver ions
are not reduced to atomic silver. Both silver ions and Au ions
were contained in the growth solution, and AA as a reducing
agent can only reduce the Au ions. Only under a basic pH, AA
has the ability to reduce silver ions."*® The deposition of silver
on the surface of Au NRs only happens at pH = 8 in the CTAB
solution, with AA as the reducing agent.*® Jana et al. reported
that the preparation of Au NRs in the absence of silver ions can
only obtain Au NPs.**® This result confirmed that Ag" adsorbed
on the surface of Au NPs in the form of AgBr restricts the growth
and stabilizes the NR surface.

The question that remains unresolved is why the addition of
AgNO; during the growth of Au NRs leads to an increase in the
yield and greatly improves the control of the aspect ratio of Au
NRs. If the silver ion has catalytic activity and promotes the
formation of NRs, the length should not be improved and only
the number of NRs would increase. In fact, Ag" could combine
with the headgroups of the capping material such as CTAB to
form Ag-Br pairs. Ag' as a complexing agent between the
monomers assists the template elongation.'*' Ag-Br pairs,
which are formed between AgNO; and CTAB adsorbed in the
facets of Au NPs cause restriction, limiting their growth, and
obtaining Au NRs.” This combination decreases the charge
density on the bromine ion, resulting in less repulsion between
adjacent head groups on the gold surface. The repulsion
between the neighboring headgroups results in CTAB template
elongation.

4.1.6 Halide ions. Halide ions influence the growth of Au
NPs during the seed-mediated growth using CTAB as a cationic
surfactant. The presence of distinct halide ions and their molar
ratios resulted in the formation of diverse morphologies, such
as spheroid, nanoplates, or NRs." The dramatic change of the
morphology is related to the adsorption of halide on different
surfaces.'® Chung et al. showed that a small amount of iodide
ion resulted in the triangular nanoprisms in the presence of
excessive bromide ion, in its absence, NRs were the main
products.*”* The main effect of iodide ions is to decrease the
overall rate of crystal growth, and iodide adsorption appears to
inhibit crystal growth along the Au (111) direction, resulting in
triangular nanoprisms.™ In addition, a minuscule amount of
iodide ion is crucial for the formation of a triangular disk

© 2022 The Author(s). Published by the Royal Society of Chemistry
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instead of NRs. All halide ions are specifically adsorbed on low-
index Au surfaces such as (111), (110), and (100).**> Robert et al.
demonstrated that Cl ions are important for shape controlling
of Ag NPs.**!

4.1.7 Binary surfactant mixture. Using a binary surfactant
mixture consisting of CTAB and benzyldimethylhex-
adecylammonium chloride (BDAC) in a seed-mediated method
resulted in Au NRs with good uniformity, higher yield, and
fewer by-products.”®'**'® However, this effect was not observed
in pure BDAC or large ratios of BDAC/CTAB mixture.'** The
growth solution only containing BDAC caused the formation of
the nanosphere. This indicates that the CTAB monomer is
necessary for the growth of NRs, and these monomers are more
affected by silver ions.” This could be attributed to the smaller
size and polarizability of chloride ions than bromine ions.
Therefore, compared with Ag-Br, the bond in Ag-Cl is expected
to be weak. As the contribution of BDAC increases, the average
width of NR decreases.

5. Biomedical applications

Metal and semiconductor NCs show different characteristics,
which are usually different from their corresponding bulk
materials. NCs with a high surface area can enter cells and
interact with intracellular substances. In recent years, metal
and semiconductor NCs with new or improved optical, electrical
and magnetic properties have attracted wide interest in basic
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research and biomedical applications.***™% Semiconductor NPs
consist of a few atoms up to several thousand atoms. The
electronic energy level will be quantized when its size is small
enough (typically less than 10 nm), in this case, they are also
named quantum dots (QDs).'* Yang et al. mentioned that QDs
possess high photoluminescence efficiency and have unique
applications in biological and light-emitting devices.””® QDs
have attracted significant interest due to their small size and
high fluorescence quantum yield."”* However, possible appli-
cations in biomedical fields are limited by their toxicity.

Compared to toxic QDs, Au NCs have good biological appli-
cations in single cell research due to their good stability, cell
permeability, and easy coupling with biological macromole-
cules. Besides, the diameter of Au NCs is in the range of 1-
100 nm, and most biological molecules (such as proteins and
nucleic acids) are in this size range.'”” Milkin et al. mentioned
that nanomaterials are attractive probe candidates because of
the following four reasons. First, they have a small size (1-100
nm) and a large specific surface area. Second, physical and
chemical properties can be adjusted by controlling the size,
composition, and shape of NCs. Then, they unusually target
binding properties. Finally, they have overall structural
robustness.”® Based on the above properties, Au NCs can be
used as probes to detect the physiological functions of biolog-
ical molecules and reveal the life process at the molecular level.
The typically biomedical applications of Au NCs in sensing,
imaging, therapy, and immunology are presented in Fig. 5.
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5.1 Biomedical applications of Au NPs

The electronic energy levels of Au NPs are split owing to their
small size. The distance between the energy levels is related to
the size of NPs. Specific wavelength light absorption occurs
when the electron transition from a low band gap to a high band
gap, resulting in the solution presenting different colors."”” The
color of colloidal Au is related to the size of Au NPs."”'”? The
color changes from pale orange-yellow, wine red, deep red, blue,
and purple with the increase in the particle size. Its unique color
change is the basis of biochemical applications."””'*®

The properties of colloidal Au mainly depend on the diam-
eter and surface characteristics of Au NPs. They have control-
lable surface chemical properties for modification with various
chemical and biologically active molecules.’ It has been re-
ported that the affinity of Au NPs with various sizes and shapes
to thiols, disulfides, dithiocarbamates, and amines allows bio-
conjugation with many kinds of biological molecules.*® The
above characteristics provide the possibility for the detection of
specific DNA and proteins.'® Due to the good biocompatibility
of Au, colloidal Au can be used for biological labels and the
determination of protein concentration.

The SPR of Au NPs is extremely sensitive to the environment,
size and shape.'®*"'*> The aggregation degree, particle size range,
and morphology of Au NPs can be determined by UV-visible
absorption spectroscopy. The characteristic absorption peaks
of Au NPs appeared at 510-550 nm. Under normal conditions,
the surface of Au NPs is negatively charged, and the electrostatic
repulsion between particles is greater than the van der Waals
force. Therefore, a certain distance between the particles is
maintained and the solution remains stable. When the external
conditions change, such as lowering the temperature or adding
the electrolyte solution, it would lead to aggregation between
particles, resulting in the SPR absorption peak red shift.'** For
example, the color of colloidal Au changes, and the absorption
spectrum red-shifts while Au NPs are absorbed by bio-
macromolecules and the distances between the particles are
smaller than their diameters.'**® These are the principles for the
detection of DNA and proteins."®

With the discovery of immune Au labelling, Au NPs began to
be used in biomedical applications in the 1970s.'** All the nano
gold probes mentioned here were based on citrate-stabilized
anionic Au NPs. Since the 1980s, Au NPs, which are connected
with biomacro-molecules, have been used for various analytical
methods.*® In 1980, the sol particle immunoassay was proposed
by Leuvering et al.*® In 1996, Mirkin et al. proposed to use the
assembled Au NPs with thiol-modified oligonucleotides as
biological probes to detect DNA.'*'® Subsequently, a large
number of reports using colorimetric assay methods to detect
DNA, antigen and biological molecules, using Au nanoprobes
decorated with oligonucleotides, antibodies, peptides have
appeared.

The colorimetric assay method has become an attractive
choice for biological detection because it does not require the
use of advanced equipment and is easy to operate in many
applications. When particles aggregate to a certain extent, the
color of the solution changes dramatically. Plasmon resonance
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absorption peak red-shifts when the target molecule hybridizes
with functional groups to cause the colorimetric response,
indicating the presence of the target molecule.*®**® Colorimetric
methods have high selectivity and sensitivity for particle size,
shape, and structure.*>*’*

In the colorimetric assay method, the surface of Au NPs was
functionalized. Glomm W. R. and Khlebtsov et al. referred to
“functionalization” as defined as biomacromolecules attached
to the surface of Au NPs."®'° Physical adsorption and coordi-
nation bond coupling are the two main methods to combine Au
NPs with biological macromolecules, such as single-stranded
oligonucleotides, antibodies, peptides, and carbohy-
drates.'®'84186191 Ay NPs are used as optical markers, as well as
probe-conjugated molecules for coupling with the target.
Functionalization is the basis of biological applications.'® In
general, Au NPs were decorated with intermediate linkers so
that they could be functionalized. The most commonly used
intermediate linkers are thiol or thiolated derivatives, which are
connected by the Au-S bond. In addition to alkylthiols, other
ligands such as phosphine, amino, and carboxyl groups can
also be used as linkers.">'%*

Genetic testing contains two contents including gene
sequence identification and point mutation determination.
Gene sequence identification may be used for genetic diagnosis.
Point mutation determination is of great importance in the
diagnosis of genetic diseases and drug resistance.' There are
two strategies for detecting DNA using the colorimetric method:
one is based on the conjugation of 10-30 nm Au NPs with thiol-
modified single-stranded oligonucleotides (ssDNA), and the
other uses the unmodified Au NPs as Au nanoprobes.'®*'51%%
The main process of preparing Au NPs for DNA detection is as
follows: first, a thiol-modified oligonucleotide is synthesized.
Then, oligonucleotides are added to the Au solution to form
a solid connection with the surface of Au NPs through an Au-S
covalent bond. Finally, buffer solution with an appropriate
concentration should be added. After centrifugation, the nano-
gold probe is obtained.'®'** The complex process is time-
consuming. It is unstable in the presence of a buffer solution
because of the aggregating effect of salt ions, but Au NPs are
readily stabilized by functionalization.'® Rothberg et al
designed a gene detection method without the surface modifi-
cation of Au NPs."*** Colloidal Au remains stable due to elec-
trostatic repulsion between particles. When a small amount of
electrolyte solution, such as NaCl solution, is added, the elec-
trostatic repulsion between nanoparticles is shielded by the
electrolyte solution, resulting in particle aggregation and color
change. There are some different propensities between ssDNA
and double-stranded oligonucleotides (dsDNA). Due to van der
Waals force, ssDNA can be adsorbed on the surface of Au NPs
and remain stable at relatively high electrolyte concentrations.
However, dsDNA presents a negatively charged phosphate
skeleton, so dsDNA does not adsorb on the surface of negatively
charged Au NPs.*” Therefore, after adding ssDNA or dsDNA and
a certain concentration of salt solution to nano-gold solution,
the color of adding ssDNA remained red, while the color
changed from red to blue in the presence of dsDNA."%>*
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In addition, nano gold probes can be used to detect the
mismatch of base pairs.*****> Taton et al. created a solid-phase
detection mode based on the gold nanoprobe to identify
target genes.””® In colorimetric analysis, the solution color
changed from red to blue when the growth solution contained
the target gene. After the formation of the three-dimensional
network structure, the system temperature gradually
increased. When the temperature increases to a certain extent,
the mismatched base pairs degenerated. As a result, the
distance between particles returned to the distance before
aggregation, and the color of the solution gradually returned to
red. On the contrary, the completely complementary ssDNA
remained stable, and the solution color did not change at this
temperature. Therefore, this method can be used to detect point
mutation.

Nanogold probes can be used for the detection of
proteins.>**** Au NPs were easily decorated using thiolate
chemistry and their optical properties depend on the size.**®
Citrate-protected Au NPs, which are conjugated with proteins
such as antibodies are used in biomolecular detection.**”
However, in a salt environment, citrate-protected Au NPs tend to
aggregate. It is surprising that they are not easy to aggregate
after being connected with the protein layer. This method can
be used to confirm the successful connection between Au NPs
and proteins.*”® Au NPs have strong adsorption with proteins
and other biological macromolecules. As a consequence, there
is a good prospect in the immune analysis.

5.2 Biomedical applications of Au NRs

In addition to Au NPs, Au NRs also have been used in biological
fields due to their strong light scattering efficiency, stable
optical characteristics and are easy to process, and they are
a good molecular probe because of the polarized light. Because
of their anisotropic configuration and unique optical proper-
ties, Au NRs have great potential in chemical and biochemical
sensing such as for metal ions, amino acids, antibodies, cancer
cell imaging, and photothermal therapy.'*®'°%19>20921 In addi-
tion, Au NRs have the advantages of strong optical signals, high
photostability and can be easily synthesized and engineered so
that they can be used as single-molecule optical probes. More
importantly, Au NRs whose light absorption and scattering are
polarized are suitable for probe orientations.

A typical Au nano-solution is hydrophobic and thermody-
namically unstable, which requires surfactant stability."® Au
NPs synthesized by reducing HAuCl, usually have negative
charges on their surface. In contrast, Au NRs synthesized by the
seed-mediated growth method are stabilized by CTAB, which is
a widely used cationic surfactant and has a positive charge on
its surface. In contrast to Au NPs, it is difficult for Au NRs to be
functionalized due to the presence of CTAB surfactant mole-
cules serving as stabilizers. Nevertheless, Dujardin et al. ob-
tained a specific organization of short Au-NRs into anisotropic
three-dimensional (3D) aggregates by DNA hybridization, but in
this approach, it is needed to remove excess surfactant after the
synthesis of Au NRs.**® Although CTAB bilayers hinder the
formation of the Au-S bond between thiol-modified DNA and
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Au NRs, there exists electrostatic interaction between the posi-
tively charged ammonium of CTAB and the phosphate back-
bone of the DNA.”*® Since the Au NR surface has a positive
charge, it can connect with the negatively charged un-modified
ssDNA and dsDNA through electrostatic interactions.”” This is
the most fundamental difference between Au NPs and Au
NRs.>'®

There are mainly three methods to displace CTAB from the
surfaces of Au NRs or harness the electrostatic interactions
between CTAB and DNA.”*® One approach is to control the
electrostatic interactions between DNA and positively charged
surfaces.'*'*>?'* The second approach is through packing the
NRs with a thin film of silica. The outer silica layers were
modified with DNA functionalized by amine or thiol. The third
approach is using the ligand exchange process to decorate Au
NRs with ss-DNA.>%22°

CTAB-coated Au NRs were able to withstand high salt
concentrations even without decorations and deposits.**"***> He
et al. described the use of un-modified CTAB-coated Au NRs for
colorimetric assay. In this approach, it is not necessary to
remove the excess CTAB from the solution by centrifugation.'*
It only needs the addition of target DNA to the mixture of the Au
NRs without any modification and the label-free probe DNA in
certain buffer salt solutions. The SPR absorption band will red-
shift in a high ionic strength buffer after mixing the NR probe
and target ssDNA, indicating the aggregation of Au NRs. This
phenomenon is ascribed to the formation of dsDNA from
hybridization between the target DNA and probe DNA. In
contrast, the addition of noncomplementary targets will not
cause any spectral changes.'®** This protocol only experiences
one step and is very simple for detecting hybridization. More-
over, it is easy to detect single-base-pair mismatches without
temperature control, providing promising applications in the
detection of single-nucleotide polymorphisms (SNPs) and
disease diagnosis.’*®****** Although Au NRs have unique
advantages in biological application, few studies applied Au
NRs as orientation probes. The reason may come from the
following reasons. First, there is a lack of good preparation and
processing methods to obtain the desired size. Broader func-
tionalities and applications can be achieved by tuning the
longitudinal plasmon band of Au NRs.”* Second, there is no
suitable imaging technique to decipher its three dimensions.

Au NRs have shown potential in photothermal cancer
therapy and optoelectronic technology.******?*” In 2004, O'Neill
et al. demonstrated that Au NRs with SPR absorption in the
near-infrared (NIR) region can target tumors in vivo. After
excitation with a NIR laser, Au NRs released heat into the tumor
environment, resulting in the rupture of the tumor cell
membrane.”® After that, Huang et al. reported that Au NRs with
a low aspect ratio can be used as a simultaneous imaging and
therapeutic agent to promote tumor cell recognition and pho-
tothermal removal in vitro due to their strong scattering and
absorption properties in NIR spectroscopy.”* The demonstra-
tion greatly increases the interest in the treatment and diag-
nosis of certain cancers using Au NRs. Compared with
traditional chemotherapy, photothermal therapy may become
an effective and specific cancer treatment option. Ideally, cell
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death can only be induced in the region where Au NRs are
excited by laser with appropriate wavelengths.>**** Photo-
thermal therapy has attracted tremendous attention in killing
cancer cells, making it a promising biomedical candidate for
the treatment of cancer. In recent years, using assembled Au
NRs for the photothermal killing of bacteria has also shown
promising prospects.**>

6. Conclusions and outlook
6.1 Conclusions

In this study, we focused on the properties and preparation of
Au NCs with different morphologies as well as their important
applications in biological detection. The ability to carefully
tailor the physical properties of Au NCs such as sizes, shapes,
and composition is essential for their biomedical applications.
As a face-centered cubic (fcc) metal, Au NCs can take a variety of
geometrical shapes. In realistic chemical synthesis, particularly
in the solution phase, many critical parameters, which can be
divided into thermodynamic and kinetic parameters are
responsible for the final morphologies of Au NCs. The seed-
mediated growth method is the widely reported method, both
the crystallinity of seeds and the growth rates of different crys-
tallographic facets play a vital role in determining the final
shape of a resultant nanostructure.

The colorimetric assay method has become an attractive
choice for biological detection because it does not require the
use of advanced equipment and is easy to operate in many
applications. Nanogold probes including citrate-coated Au NPs
and CTAB-coated Au NRs are being used for biological detec-
tion, such as oligonucleotides, proteins, and enzymes. Citrate-
protected Au NPs can be easily decorated via thiolate chem-
istry and their optical properties depend on their size. In
addition to Au NPs, Au NRs also have been used in biological
fields. Since the Au NR surface has a positive charge, it can
connect with the negatively charged un-modified ssDNA and
dsDNA through electrostatic interactions. There are some
disadvantages while using Au NCs in the colorimetric assay
method. For example, it requires complex experimental proce-
dures and cannot monitor the hybridization process real-time.
In addition, it could not be achieved for absolute quantitative
analysis. Therefore, it is important to find a simple, real-time,
and quantification system.

6.2 Perspective and challenge

The chemical method can generate Au NCs at a low cost and
provide repeatable results using various chemicals. Gold NPs
are considered an important research field due to their unique
and tunable SPR and their application in biomedical science,
including drug delivery, tissue/tumor imaging, photothermal
therapy, and immunochromatography identification of patho-
gens in clinical specimens. The synthesis of Au NCs with such
extended medical applications should be free from toxic
chemicals used during the synthesis process. It is promising to
develop a green, effective, simple, air-stable, and cost-effective
technique for the synthesis of Au NCs. The tendency of the
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presented approach is: (i) without the usage of a surfactant,
capping agent, or template; (ii) the selection of an environ-
mentally acceptable solvent with the use of eco-friendly
reducing and stabilizing agents, for example, replacing toxic
chemicals with extracts from living organisms for the synthesis
of Au NCs; (iii) excellent yield of the products; (iv) simple
maintenance and reuse of the Au NCs. For Au NCs synthesized
using chemical methods, functionalizing the surface with more
peculiar ligands to regulate and detoxify, which is caused by the
toxic capping agents, is encouraged. These are the few future
aspects for the generation of NCs via green synthesis and many
more are yet to be explored by researchers.

As for the application, gold nanoprobes are facing many
challenges, such as selectivity and sensitivity decrease, reduc-
tion of the catalytic activity, and potential biohazard, in the
practical application. To address these challenges, the existing
detection technology should be further improved, and new
functional nanoprobes should be developed on the basis of
practical problems. In addition, more sensitive and easier
methods of analysis should be designed. Along with further
research, it is our ultimate goal to achieve automatic and
intelligent sample testing. While using Au NRs as probes,
developing a suitable imaging technique to decipher its three
dimensions is expected. We hope that our research efforts in
this review will contribute to a better understanding of the
synthesis, optical properties, shape tuning, and applications of
Au NCs.
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