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Abstract: With recent advances in nanotechnology, various nanomaterials have been used as drug
carriers in molecular imaging for the treatment of cancer. The unique physiochemical properties and
biocompatibility of gold nanoparticles have developed a breakthrough in molecular imaging, which
allows exploration of gold nanoparticles in drug delivery for diagnostic purpose. The conventional
gold nanoparticles synthetisation methods have limitations with chemical contaminations during the
synthesisation process and the use of higher energy. Thus, various innovative approaches in gold
nanoparticles synthetisation are under development. Recently, studies have been focused on the
development of eco-friendly, non-toxic, cost-effective and simple gold nanoparticle synthesisation.
The pulsed laser ablation in liquid (PLAL) technique is a versatile synthetic and convincing technique
due to its high efficiency, eco-friendly and facile method to produce gold nanoparticle. Therefore,
this study aimed to review the eco-friendly gold nanoparticle synthesisation method via the PLAL
method and to characterise the gold nanoparticles properties for molecular imaging. This review
paper provides new insight to understand the PLAL technique in producing gold nanoparticles
and the PLAL parameters that affect gold nanoparticle properties to meet the desired needs in
molecular imaging.

Keywords: gold nanoparticle; synthesisation; pulsed laser ablation in liquid; characterisation; molecular

imaging

1. Introduction

Recent advances in nanotechnology and nanomaterials offer many possibilities to ex-
plore the nanoparticles as a theranostic function in molecular imaging. Gold nanoparticles
have been extensively developed as contrast agent and drug delivery in molecular imaging.
This is due to remarkable properties of gold nanoparticles including excellent biocompati-
bility with human cells, easy bioconjugation with various molecules and chemical stability.
Gold nanoparticles can be produced through various methods including conventional
chemical synthesis, radiation technologies, electrochemical, biosynthesising and pulsed
laser ablation in liquid (PLAL) [1,2].

Despite various methods in gold nanoparticle synthetisation, each method has its
own advantages and limitations. Table 1 summarises the gold nanoparticles synthetisation,
advantages and limitation. Recently, environmentally friendly method became more
popular in gold nanoparticles synthetisation because people are more conscious about
various environmental issues.

Moreover, the PLAL technique is gaining more importance due to its simplicity, rapid
rate of formation of gold nanoparticles and eco-friendly approach. Understanding on the
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PLAL technique is very important to ensure that the gold nanoparticle production meets
the desired application in molecular imaging.

PLAL is the most popular technique in nanomaterial formation due to its cost-
effectiveness, high efficiency, eco-friendly and facile method [3-5]. Alluhaybi et al. also
emphasised that the PLAL technique is an excellent method in providing high stability,
quality and purity of gold nanoparticles without surface contamination [6].

In gold nanoparticle synthesisation, the solid gold target is immersed in the liquid
medium. The laser beam ablates the target surface through the liquid medium and deposits
energy onto the target that induces local heating and melting of the target material. Ejection
and evaporation mechanisms occur at the target materials” surface and emitted atoms,
clusters and droplets then cooldown as gold nanoparticles. The reaction between these two
materials produces gold nanoparticles in liquid solution form.

In the PLAL method, there is no reduction of a chemical agent or toxicity surfactants
used. Therefore, the PLAL technique maintains the gold nanoparticle purity, quality
and homogeneity [7-9]. The purity of gold nanoparticles and their larger unique surface
(contamination-free) provide a better platform and flexibility for direct conjugating with
biocompatible polymers [4,7,10].

This purity also resulted in high stability that maintains its shape and chemical prop-
erties for up to several years at a room temperature of 26-27 °C synthesised gold nanopar-
ticle [11,12]. The main issues related to PLAL method include sustainability, stability,
plasmonic response, reproducibility and portability, interfering by-products, shape control,
size control, functionalisation and surface cleanliness.



Materials 2022, 15, 875 3 0f 20
Table 1. A summary of gold nanoparticle synthetisation methods and mechanism, advantages and limitations.
No. Methods and Mechanism Advantages Limitations Minimum Size of ?ynthesmed Reference
Gold Nanoparticle (nm)
Conventional chemical synthesis
(i) It is unsuitable for biomedical
The chemical reaction involved reduction agents (i) Simple and easy to synthesise ~ applications because it uses a toxicity
such as citrate and borohydrides in the aqueous with controllable size and reagent.
medium. These agents reduce gold ions, Au®* stability of colloidal (ii) It is too sensitive to multiple factors.
1 (auric) and Au* (aurous), to the non-oxidised stage =~ nanoparticles E.g., an unwashed pipet tip can cause
u”). This method was adapted from the Turkevic ii) It provides a spherical shape additional foreign material. nm ,2,13,14
Au’). Thi hod dapted f he Turkevich (i) It provid pherical shap: dditional foreig ial 10 [1,2,13,14]
procedure. In addition, stabilising agents such as of gold nanoparticles with a (iii) Size and surface charge of gold
trisodium citrate dihydrate and polyvinyl alcohol narrow size distribution. nanoparticles determine absorption across
were added to the solution to prevent aggregation of  (iii) Able to provide a large intestinal barriers and accumulation in
nanoparticle and control the growth. number of gold nanoparticles second target organs after oral
administration.
Ionising radiation
(i) It requires proper control of
It involves high-energy charge (electron and ion), ?}]{le Cheszleogsarocess by controlling (i) Low availability and restrict access to the
photon, gamma-ray and X-ray. (ii) Tt does no.t involve a reducin facilities of gamma irradiator, electron beam
Gold nanoparticles were synthesised using two agent & accelerator and X-ray device
different techniques involving direct and indirect gent. . . e (i) Difficulty in tagging gold nanoparticle
2 (iii) It requires high sterilisation ; > .
effects. and purity and produces with several materials such as capping or 7-10 nm [14,15]
Direct effect attributes the energy transfer from narrgwe dysize irﬁcles stabilising agents due to sensitivity to
radiation, and indirect effect involves the interaction distribution P high-energy irradiation
of radical or reactive species generated over the . ) iii) The particle size depends on a room
iv) Faster process and able to o .
solvent molecule. : temperature of 26-27 °C aqueous solution.
produce big amount of gold
nanoparticles
Electrochemical
Two-electrode cells from gold layer (anode) and . .
platinum layer (cathode) were immersed in the gi))l\fg‘(/:lves(tjsegmpment
electrolyte solution. The solution contains iii) Lower processin
Hexadecyltrimethylammonium Bromide (CTAB), P & . ble self-acel .
3 Tetradodecylammonium Bromide (TCAB) and Tetra Ef\glrgfiri:urjali t E;i))llirees‘;escs)i]laof dsael S—te;%%i(t)meratlons
Alky Ammonium salts as stabilisers. During §h quanty Y 1-5nm [2,16-18]

electrolysis, by applying electric current, the anode
was oxidated to AuBr ions and moved towards
cathode. The reduction occurs at cathode. This
method synthesises nanorods shape of gold
nanoparticles.

(v) Ease to control the parameters
by adjusting electrodeposition
potential,

time and concentration of
precursor solution

(iii) Poor reliability / repeatability
(iv) Non-specificity
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Table 1. Cont.

Minimum Size of Synthesised

No. Methods and Mechanism Advantages Limitations Gold Nanoparticle (nm) Reference
Biosynthesise
The biochemical process uses microorganisms,
enzymes and plant tissues for biosynthesis for metal
nanoparticles. The biochemical processes in
biological agents reduce the dissolved metal ions
into nano metals. This extract component was . . (i) Suitable for medical use
. . (i) Eco-friendly method AN . . .
4 mixed with metal salt at a room temperature of .. (ii) Difficulty in controlling nanoparticle
o . o (ii) Green approach . s 5-15 nm [2,15-17]
26-27 °C for few minutes to react and stabilised by a (iii) Cost-effective morphology (shape and size), sustainability
non-toxic stabiliser agent. The incubation time is up and not reproducible
to a few hours depending on the reaction. The shape
of synthesised gold nanoparticle is determined by
the concentration of extract, pH, temperature,
incubation time and metal salt concentration.
Pulsed laser ablation in liquid (PLAL)
(i) Eco-friendly method with
minimum operation . .
' . . . . (ii) Cost-effective @) Synthe.sme small amount of gold'
PLAL is a versatile synthetic technique that rapidly ... . nanoparticles production. The maximum
5 . - (iii) Reproducible process to AT .
produces nanoparticles from simple precursor obtain the desired gold amount is 47" g of gold nanoparticles at <5 nm [1]

materials by focusing an intense laser beam into a
liquid or onto a solid-liquid interface.

nanoparticle, non-toxicity, high
purity and biocompatibility

(iv) Minimum waste production
during the synthesisation.

one time.
(ii) Controlling the average size and size
distribution
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2. The PLAL Mechanism

The PLAL mechanism involves multiple physical processes. During PLAL process,
photon energy from the laser is absorbed by the metal target and produced the heating
and photoionisation at the irradiated area. The ablation laser energy is converted to the
excitation of the electron bonding in the metal target and break the bonding at the threshold
energy level. Based on the Inverse Bremsstrahlung principle, these free electrons absorb
incoming laser photons and induce further ionisation to the target material [19]. In addition,
boiling, vaporisation and explosive process also occurred simultaneously.

Some of the metal surfaces are extracted as vapours, liquid drops, solid fragmentation,
or plasma plume. The amount of ablated area is dependent on the absorbed energy, E. The
estimation of the amount is formulated as shown in Equation (1).

Ta>>1 Ly o E2/3, 1, « EY2, 1o « EY/3 1)

where 71 is the laser duration, L, is the ablation depth, T, is the duration of the ablation
process and T is the electronic temperature during the ablation process. The absorbed
energy by the metal target is not constant in time and not uniform on the metal surface [20].

The dense and high energetic nonequilibrium plasma are produced from the atomisa-
tion and ionisation process at supersonic velocity. Due to its fast expansion, the plasma
acts similar to a piston against the surrounding environment, generating shock waves that
travel in two opposite directions, in the solid target on one side and through the liquid on
the other. This shockwave has induced temperature and pressure increment within the
plume and propagates through the target materials [21] The maximum pressure in inward
shockwave can be described by the Equation (2).

«
\/oc+3 x vz x Vo @

where « is the interaction efficiency, z is the reduced impedance (gcm 25~ ') and I, is the
laser irradiance (GW cm™2)

The high temperature and pressure plasma continuously interact with target materials,
and it causes another ablation and enhances the plasma formation [20]. The shockwave
induced by nanosecond pulse, may last for several hundreds of microseconds in water
up to a few millimetres in diameter before collapsing during cavitation as shown in A
study carried out by A. De Giacomo et al. showed that outward shockwave does not have
a significant role in the cavitation effect. This is due to non-transition energy from high
temperature shockwave outward to the liquid medium [19].

During the expansion, the plasma plume cools down and releases energy to the liquid
medium. The plasma plume is commonly extinguished after 1078 to 1077 s. This process
forms a thin layer of vapour around the plasma volume, generates a cavitation bubble on a
time scale of 1077 to 10~° and collapses on a time scale 10~* s [22]. The bubble travels in the
liquid up to the maximum diameter in millimetre size. S. Ibrahimkutty et al. emphasised
that the cavitation bubble is generated due to interaction of ablation plume within liquid
medium [21].

While travelling, the temperature and internal pressure in the bubble decreases less
than the liquid surrounding it. Then, the bubble collapses and releases energy by emitting a
second shockwave and possibly affect the phase transition and aggregation of nanoparticles
produced. After the collapse of the bubble at a time scale 104, the system reaches a steady
in physical and chemical state. However, there is a possibility of minimal modification on
nanoparticles produced due to the condensation of ablation atoms and clusters existing
on surrounding [22]. There is also a possibility agglomeration occurred for non-stabile
particles produced depending on the particle composition and surface oxidation.

This cavitation bubble acts as a platform for nanoparticle nucleation, growth, coales-
cence and solidification or more distinct nanoparticles. This bubble plays an important role
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in confining the primary particles and redeposits to the substrates or nanoparticle [21]. The
bubble interaction with the enclosed particles is a critical step in defining primary particles
size. The nucleation process occurred following by nuclei growth, coalescence and forming
the typical polycrystalline structure.

There are several parameters that affect the result of nanoparticle synthesis [8,22].
Short laser wavelength increases the absorption energy by metal target and increases the
nanoparticles produced. However, the effect is not significant due to the reabsorption effect
that increases the efficiency of the ablation, especially in noble metal materials such as
silver, gold and platinum.

This is due to the plasmon resonance properties in UV visible interval, where the new
nanoparticle synthesise in the liquid medium is able to reabsorb incoming laser pulse with
the double negative effect that decreases the ablation rate and broadens the size distribution.
The plasma plume produced is also able to reabsorb the incoming short wavelength laser
and introduced to the nonlinearity among ablation and absorption efficiency or laser
fluence. However, this reabsorption effect could be eliminated by using near infrared laser
wavelength.

The energy threshold also contributes to the ablation efficiency. Ablation energy
thresholds refer to the specific minimum fluences (optical energy per area per pulse)
required to remove material from the irradiated area in target metal and generate plasma
formation. Higher pulse energy causes larger material to detach from the metal and increase
the concentration of the target metal in the plume as well as the energy in the solid and
melted fragmentation detachment. This may induce multiple mechanisms simultaneously
thermal mechanisms at the edge of the crater and fragmentation at the centre of the spot.
Multiple ablation mechanism results in bimodal size distribution produced. Therefore,
lower energy is used to produce monomodal size distribution in laser ablation [21]. In
addition, higher fluences also expand bubble lifetime and reach maximum radius as shown
in Equation (3).
tcollapse

~ 0915+/p/ (Pinf — Pv)

where, Rmax is the radius at the maximum bubble, p is density fluid, tcollapse is col-
lapse time and Pin and Pv are the liquid pressure and vapour saturation pressure inside
the bubble.

In addition, laser pulse duration also plays and an important role in PLAL results.
In femtosecond laser pulse (10~1%), laser energy is released to the electron in the metal
target faster than the electron-phonon thermalisation process of the target. Compared to
the picosecond (10~'2) and nanosecond (10~?) laser, by thermal relaxation process where
the energy is released to the liquid medium before the end of the pulse. In a few tenths of a
picosecond, laser irradiation the plasma is generated and lasted for tens of nanoseconds
after the ablation. Therefore, no temporal overlapped occurred between ejected material
and laser pulse in picosecond and femtosecond laser. However, in nanosecond laser pulse,
there is overlap in ablated material and ablation due to the heat conduction.

A longer laser pulse absorbs the incoming laser energy in the plasma plume and
increases the plasma temperature and pressure. Then, the plasma atomises the material
contained in the plume. This process homogenises the material ejected from the targets [20].
The absorbed energy by the metal target decreases as the plasma plumes produced provided
optical shielding around the metal target. However, this phenomenon increases the plasma
temperature and enhance the ablation interaction between plasma plume and metal target.
For noble material, 10° laser pulses contributed to 1 mg NMPs [20].

In addition, physical-chemical properties of solvent and solutes in the liquid medium
also contributes to the nanoparticles produced [23]. Modification of viscosity, density, and
surface tension of the solvent in the liquid affects the cavitation bubble and confinement of
the plasma plume on the crater. Increasing the viscosity for example by adding ethanol
in the liquid medium increases the ablation efficiency by improving the plasma plume
confinement on the crater [22] and also increases nanoparticles solution stability [24] by

Rmax 3)
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reducing the aggregation [25]. The bio conjugated of nanoparticles can easily achieved
with an additional thiol spacer or NH; group during the laser ablation in situ [26].

The temperature and pressure of liquid medium are used to bring the impact to the
laser irradiation efficiency, plasma confinement and the cavitation bubble dynamics. This is
due to the changes in liquid medium physical including viscosity, density, refractive index,
surface tension and compressibility. Increasing pressure increases the cooling plasma rate
and decreases cavitation bubble diameter and lifetime. This might cause a defect to the
particles synthesised [22].

3. The PLAL Synthetisation Method

A recent study reported that the most promising and convincing technique in produc-
ing gold nanoparticles is by using the PLAL technique [6]. Some studies used pulse laser
Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) to produce gold nanoparticles
in the PLAL method [18,27-33]. The Nd:YAG laser was selected due to its efficiency and
wide availability. Green laser with 532 nm wavelength and near-infrared (NIR) laser with
1064 nm wavelength were also used for gold nanoparticles production in the PLAL method.
There are several factors that affect the characteristics of gold nanoparticle formation from
the PLAL synthetisation method.

3.1. Laser Parameters

The laser wavelength, energy, fluence, pulse repetition and time ablation affect the
shape, structure, diameter size of synthesised gold nanoparticles and its distribution. The
morphology of gold nanoparticles produced by PLAL was in spherical shape. This shape
is very important in offering a large surface area for conjugation with other molecules such
as peptides, biomarkers and drugs in molecular imaging due to the large surface provided.
In addition, the diameter of gold nanoparticle refers to the size of the particles, and the size
distribution of gold nanoparticle refers to the amount and pattern of gold nanoparticle in a
liquid medium such as uniform or clusters.

There are two common types of laser ablation wavelengths used in the previous studies
to synthesise gold nanoparticles using the PLAL technique. It includes NIR laser with 1064
nm and green laser with 532 or 355 nm wavelength. Alluhaybi et al. [6] reported that laser
wavelength plays an important role in controlling the shape, size, stability and growth of
gold nanoparticles [12]. The absorption energy by metal target is increased with lower laser
ablation wavelength. The interband transition in metal targets and strong plasmon (for
gold material) from nanocomposites with other particles in the same liquid medium also
increases the absorption energy by target material. These will increase large fragmentation
from metal targets and produce smaller size distribution with smaller average diameter
sizes of the particles [22,32].

Other than that, the ablation laser at 555 nm wavelength also produced more homoge-
nous erosion on the target surface than the rugged erosion at 1064 nm wavelength at the
same fluences. The crater morphology of metal target correlated to the homogeneity prod-
uct produced which is bring implication to the particles size, size distribution, surface, and
inner composition of nanoparticles. The homogenous erosion produced smaller average
diameters (3—6 nm) due to the vaporisation process, and the opposite character produced
larger size of nanoparticles with size distribution peaks at 10 nm due to the explosive
boiling process of the target surface [20].

Figure 1 shows that short laser wavelength (532 nm) has higher photon energy and
it is able to produce smaller nanoparticle diameter with mean diameter size below 10 nm
and smaller size distribution. Therefore, the selection of appropriate laser wavelength with
minimum absorption depth is very important to ensure the efficient and quick ablation
outcome with high-energy deposition within a small volume [8].
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Figure 1. Histogram of the size distribution on TEM images of the gold nanoparticles produced by
(a) 1064 nm and (b) 532 nm in distilled water (retrieved with permission from reference [33]).

Furthermore, laser energy contributes to the size of the resultant gold nanoparticle
and amount of ablated material. The laser energy is measured in mJ. The linear decay
of the ablation rate with spot diameter leads to the inverse-proportional increase of the
ablation rate with the square root of the laser fluence [6,20]. An increment in laser energy
enhances the number of synthesised gold nanoparticles with larger size distribution, larger
nanoparticle sizes and higher solution concentration [33]. However, this effects for materials
with lower reflectivity [33]. Enhancing the power ablation to the gold target material
will cause a higher detachment of target material, formation of plume and nanoparticles
dissolved in a liquid medium and increase solution concentration. High concentration of
gold nanoparticles by the PLAL method visually shows a darker colour due to surface
plasmon resonance (SPR) characteristic.

Apart from fragmentation, explosive boiling and vaporisation that occur simultane-
ously, there is high probability occurrence of thermal mechanism at the edge of the crater
and fragmentation at the centre part of the laser spot. Due to the multiple ablation mecha-
nism, bimodal size distribution is obtained in high laser energy compared with monomodal
in lower energy prospectively.

A study shows that higher laser energy at 318 m] will produce smaller average particle
sizes of gold nanoparticle (7.516 nm) than that at 286, 226 and 96.6 m] with particle sizes
at 17.5, 25 and 30 nm, respectively, with the same 1064 nm laser ablation wavelength [6].
However, this is in disagreement with a study performed by Jamaludin et al. [32] as shown
in Figure 2.
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Figure 2. Average size of gold nanoparticles synthesised by 1064 nm wavelength laser ablation at
energy of 45, 128, 213 and 307 m] (retrieved with permission from reference [32]).

Figure 2 shows that the average size of gold nanoparticles synthesised was decreased
with increasing laser ablation energy at 128 and 231 m] with particle sizes of 106.3 and
65.3 nm, respectively. However, the particle size with a laser energy of 46 m] is smaller than
that of 128 mJ with 83.63 and 106.3 nm, respectively. Hernandez-Maya et al. emphasised
that the optimal energy used for laser ablation ranges between 100 and 180 m]J. The authors
also claimed that it was not possible to ablate the target material with energy less than
100 m]J and difficult to reproduce gold nanoparticles with energy more than 180 m]J [5]. The
study also reported that saturation tendency might occur in gold nanoparticle solution and
a possibility of gold debris present in the solution [5].

Another laser parameter that affects the characteristics of synthesised gold nanopar-
ticles in the PLAL technique is laser fluences. Laser fluence refers to the time-integrated
flux laser to the target. It corresponds to laser energy and is measured in ] cm?. The higher
the laser energy, the greater the laser fluences produced with the same size of the targeted
area involved. Therefore, higher laser fluences will produce a smaller diameter size of gold
nanoparticle produced. Higher fluences ablation laser for green laser and NIR laser wave-
lengths will produce a rugged crater on the metal target surface. Thus, 60 ] cm~! produced
sharper craters, whereas 1000 ] cm~! produced irregular craters. Homogenous craters
surface and low fluences of laser ablation produced will produced small size nanoparticles
diameters and distribution [20].

Furthermore, laser pulse repetition rate showed a significant effect on the development
of gold nanoparticles. Repetition rate refers to the number of laser pulse per second that
hits the target. Higher pulse repetition will produce more gold nanoparticles. This linear
correlation occurred in the range of 10~#-10* s or 103-10* Hz, where the repetition rate is
longer than the lifetime bubble cavitation time [22]. The bubble cavitation reduces the laser
ablation to the metal target and causes scattering of laser light. During the expansion of
bubble cavitation, laser ablation occurs in the low density hot gaseous phase. Therefore,
confined plasma plume on the crater surface is less efficient on the detached metal target.

A high pulse repetition rate will maintain the heat produced by ablation and reduce
energy waste. This situation speeds up aggregation and coalescence and increases the
amount and concentration of synthesised gold nanoparticles [6]. A study shows that
increasing the pulse repetition rate at 8 Hz reduced the average size of particle size to
3.29 nm compared with 17.54 nm at 2 Hz [6] Other than that, at higher repetition rate (kHz),
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the metal target will increase higher (26-27 °C) than the room temperature and reaches the
energy threshold for detachment metal surface [22].

Other than that, the ablation duration in the PLAL method also plays a role in nanopar-
ticles synthesised. A longer ablation duration will increase the amount of ablated metal
target due to the increase of temperature, and the pressure generated in plasma plume.
Continues ablation will produces a smaller size of gold nanoparticles and increasing the
concentration of gold particles in a liquid medium [7]. Table 2 shows that 10 min ablation
produced gold nanoparticle with a diameter size of 24-9 nm and 5 min ablation produced
21-14 nm gold nanoparticle with energy range 120 mJ-140 m] [5].

Table 2. Particle diameter obtained with 15 mL of water at different time ablation (retrieved with
permission from reference [5]).

Time = 5 min Time = 10 min
Energy (m]) PD (nm) Energy (m]) PD (nm)
120 21 120 9
130 19 130 19
140 14 140 25

However, shorter pulse duration minimised the thermal damage that is inflicted on the
surroundings, and it has high possibility of performing ablation at maximum peak power.

3.2. Liquid Medium

There are various types of liquid medium used to immerse the target metal (solid
gold) during the PLAL method. The selection of the liquid medium depends on the type
of gold nanoparticle production to produce either hybrid (gold coating with other metals
such as iron oxide nanoparticles) or pure gold nanoparticle [34].

Deionised or pure water was used to produce pure gold nanoparticles [6,35,36]. The
ionic solvent was used as a capping agent, template and precursor in gold nanoparticle
synthetisation [4,37,38]. Compared with other metals, the gold nanoparticles can be synthe-
sised stable either in water or organic solvents without stabilising molecules or ligand using
the PLAL method [23]. The stability and nanoparticle size in liquid could be controlled
by adjusting the ionic strength without compromising the nanoparticle adsorption of the
supporting material.

A study shows that palladium nanoparticles in pure water have weak stability where
the particles were precipitated with mass loss approximately 30% after 50 min of ablation
times [23]. Extra salt in saline acts as an oxidising agent that could increase the stability
by reducing the aggregation effect and preventing particle growth. Therefore, the particle
sizes produced are smaller. In addition, the stability of nanoparticles could be increased by
ablated material in highly diluted electrolytes medium [23]. Meanwhile, the high stability
of nanoparticles in deionised water is reported related to the surface charge of the particles
causing a zeta potential and electrostatic repulsion of the particles [39].

In certain condition, the stabilisers such as thiols, citrate and other ligands were
added to the gold particle during the ablation process. This stabiliser will dump on gold
nanoparticles surface and caused a negative effect to the gold nanoparticle plasmonic
properties. It will decrease the nanoparticle sizes by inhibit agglomeration process [22,23].

Another study reported that liquid media volume used to immerse the target metal
does not affect the ablation duration and physiochemical property of gold nanoparticle
with respect to morphology, structure and its function [5,7]. These findings were proven in
the fabrication of gold nanoparticles and other nanoalloys such as argentum (Ag), stannic
oxide and silicon [3,40—42] via the PLAL technique. In addition, with the use of a small
amount of liquid media and gold target, the number of gold nanoparticles obtained did
not exceed 104 g [5].
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Table 3 shows that the % mass of gold particles produced reduced with increasing
depth liquid medium from 10 to 15 mL from the target surface. Deeper liquid medium will
decrease the diameter size of gold nanoparticles, produce uniformity of nanoparticles and
narrow the gold nanoparticles distribution [6,37].

Table 3. Mass percentage of gold in the sample medium with 10 and 15 mL (retrieved with permission
from reference [5]).

% Mass of Gold
t =5 Min
Energy V=10mL V =15mL
120 4.80 2.88
130 16.75 14.22
140 5.66 22.50

On the other hand, a recent study also reported that stirring the liquid medium during
the ablation time or immediately a few minutes after the ablation process produced homo-
geneous gold nanoparticles without any agglomeration in gold nanoparticle solution [37].
There are a few techniques used in stirring by either rotation motor magnetically with
constant speed or manual stirring by using a spatula.

Table 4 shows that the stirred liquid medium during the ablation process for 30 min
has reduced the diameter size of gold nanoparticles. In addition, the stirring process avoids
a crater on the target gold surface and produces a uniform particles size distribution [3,9].

Table 4. Comparison of mean particles diameter for stirring and stationary tetrahydrofuran medium
for four different times (retrieved with permission from reference [9]).

Condition Stirred Stationary
o, o,
PLAL Time Au-Np Size W Of.NPS . Au-Np Size o Of.NPS .
(min) (am) Population Size (nm) Population Size
>15 nm >15 nm
7 11.5 (6.9) 28.26 11.5 (5.6) 26.82
10 7.9 (6.6) 13.8 11.0 (6.8) 27.58
15 7.8 (6.6) 10.89 14.0 (10.8) 39.21
30 6.0 (2.6) 0.47 10.07 (7.3) 20.00

High concentration of nanosolution or ionic solvent decreases laser energy to target
metal exponentially with radiation time. The effect of laser parameters and liquid medium
in gold nanoparticle synthesis via the PLAL method is summarised in Table 5.
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Table 5. A summary of the effect of laser parameters selection on diameter of gold nanoparticles.
Reference Laser Wavelength Laser Energy (m]) Laser Fluence Repetition Rate Laser Pulse/Time  Liquid Medium/Depth  Average Diameter Scaling
(nm) 8y (J/em—1) (Hz) Ablation (mL) (nm) Instruments
[43] 1064 - 23.96 1 500 pulses Deionised water/5 mL 7-10 TEM
[11] 532 30 10 30 min Distilled water/30 mL 13 SEM, TEM
9] 532 318 - 40 30 min with THF/20 mL 6 HRTEM
stirring
7] 1064 - - 10 30 min (stop every  ry . hiced water/10 mL 7.4 TEM, DLS, zeta
3 min) potential
5 min 21
Milli-Q water/15 mL
- 10 min 9 SEM, XRD, XPS
(5] 532 120 10
. 15 mL 2.88
5 min
10 mL 4.80
Distilled wat L . -
[44] 1064 950 - 5 1000 istilled water/3 m 6.9 TR, Xexay
Ethanol/3 mL 24.71 Hraction
[41] 1064 1.5ns - 10 5000 Deionised water 60 XRD, TEM
532 950 - 5 1000 o 9.738 TEM
[33] Distilled water/3 mL
1064 12.09
[45] 1064 2.5ns - - 20 min Deionised water/6 mL <20 TEM, HRTEM,

EDX
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4. Gold Nanoparticles in Molecular Imaging

Gold nanoparticles have facilitated breakthroughs in molecular imaging that allow
drug delivery and imaging of physiological processes. Molecular imaging is a quantitative,
non-invasive imaging method of targeted biomolecules and monitoring of related biological
processes in living subjects. It has attracted much attention in disease studies based on
molecular marker. Every cell type has its unique molecular signature and identifiable
characteristics. Therefore, biomarkers can facilitate the molecular definition of cancer.

Conjugation between gold nanoparticles and targeting biomolecule radionuclide can
be tailored ideally to meet the needs in development of the precision and personalised
medicine to the specific cancer cells. This conjugating will enhance the interaction with
cancer cells surface and increase the sensitivity detection by using molecular imaging
modalities. Nanoparticles surface with targeting biomolecules provides specific targeting
tumour through interactions with biomarkers in the specific tumour cells or normal cells
surrounding.

On the other hand, the nanoparticles also enhanced the permeability and retention
(EPR) effect in vascularisation. In a normal body circulatory system, less than 10 nm
diameter of nanoparticles can be eliminated from the body through the kidney. However, in
cancerous organs, the blood vessels surrounding are immature, and it allows the larger size
nanoparticles to pass through the blood vessel membrane cells into the interstitial space of
the tumour. Conjugating nanoparticles with non-permeable drug provides an opportunity
for delivery of the drug to the cancerous organs and provides better treatment [1]. In this
case, the nanoparticles will be used as drug delivery agent.

However, the nanoparticles with a size of more than 100 nm are unable to pass through
the vessel membrane. These nanoparticles with a size of more than 100 nm will inhibit
the nanoparticle functions as a diagnostic tool and therapy in delivering drug treatment
to the targeted cancer cells. In addition, Jahangirian et al. emphasised that nanoparticles
within the range of 50-100 nm with a slightly negative charge can penetrate the membrane
of cancer via systemic systems [46]. The study showed that 20 nm gold nanoparticles have
been conjugated to different cellular targeting peptides and are able to penetrate biological
membranes to the nucleus of targeted cancer [1,47].

The nanoparticles can be synthesised from various materials including silver (Ag),
iron oxide, zinc oxide, carbon, cadmium selenide and indium phosphide. However, gold
nanoparticle has gained high prominence in the biomedicine field due to its unique and
extraordinary physicochemical properties that offer different imaging and therapeutic uses
as shown in Table 6.

Table 6. The gold nanoparticle properties and the benefits of molecular imaging.

Reference Gold Nanoparticle Properties Benefits of Molecular Imaging

(i) Easily linked to different chemical
components and organic molecules
[48] Versatile structural modification for different functionality and
personalisation as targeted delivery
(ii) It provides high labelling capacity.

(i) An excellent candidate for drug
carriers
(ii) The nanosised carriers offer an apt
Biocompatibility and non-toxicity ~ means of transporting small
to the human body molecules and biomacromolecules to
diseased cells/tissues.
(iii) Resistant to the high temperature,
photoirradiation, acids or oxidation

[49]

It has higher potential in providing
[50] High atomic number good contrast agent especially for soft
tissues.
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Table 6. Cont.
Reference Gold Nanoparticle Properties Benefits of Molecular Imaging

It has intense absorption and
scattering bands in NIR interval.
Intense absorption will increase

2] Optical properties due to unique  photothermal effect for destructive

Surface plasmon resonance (SPR)  tissues and cancer cells. Meanwhile,

scattering features will increase
effectiveness in sensitivity in
diagnostic imaging
It provides multivalency conjugation

[47] Large surface volume ratio for multi-functionality and flexibility
components.

(i) It provides physicochemical
stability and further implementation
in the cellular process and
bioaccumulation.

(1 Surface charge (ii) Positive charge causes cell death
at lower concentration, and neutrally
charge causes cellular death at
significant higher concentration.

The advances in nanotechnology and combination in high sensitivity of molecular
imaging modalities such as positron emission tomography/magnetic resonance imag-
ing (PET/MRI), positron emission tomography/computed tomography (PET/CT) and
single photon emission tomography/computed tomography (SPECT/CT) provide better
detection and staging for therapeutics.

With the use of imaging technology, the size and concentration of the gold nanoparticles
play important roles on the image enhancement and image quality [51]. The main functions of
nanoparticle in molecular imaging are as drug delivery agent and therapeutic enhancement.
Recent applications of gold nanoparticles in molecular imaging are shown in Table 7.

Table 7. Recent applications of gold nanoparticles in molecular imaging.
Reference Nanoparticles Molecular Outcomes Tumour
Complex Imaging Modality Model/Cell Line
ol e PECT T
Au radiolabelled MRI CT and . : .
[51] nanoparticles with a mean diameter of 27 nm, None
and Fe;04@ Au SPECT L. . .
nanoparticles and it is composed of 8 nm iron oxide core
P and a 9.5 nm thick gold shell.
There was an increase uptake of Ehrlich ascites
52] 99““Tc-gallic-gold SPECT 99mTc—gallic—gold nanoparticles in tumour carcinoma in
nanoparticles cells. There was good stability and xerograph albino
cytocompatibility in tumour site. mice
9ImMTe-HYNIC- Dual head eamma Selective delivery nanoparticles successfully Xz_i)ea:: Cﬁr;cige
[53] (Tricine/EDDA)-Lys- & delivered to the specific tumour and grap
FROP camera improved diagnostic efficiency. female mouse
: (MCE-7)
M-HAuUNS (hallow Images showed higher intensity image in the Nude mice
[54] 1d ticles) SPECT/CT targeted region even after 24 h xerograph tongues
gold nanoparticles g g . tumour (OSC-19)
High accumulative contrast in the tumour area VX2 liver
[55] 64Cu-PEG-HAuUNS PET/CT after 1 h of injection. It is useful for targeted cancer-bearing
chemotherapy and photoablative therapy. rabbits




Materials 2022, 15, 875

15 of 20

Therefore, based on the EPR effect and vascularity characterisation, the major concerns
in the production of gold nanoparticles for molecular imaging are diameters size, shape,
purity, non-toxicity, flexibility in direct conjugating with other chemicals and polymers
and the stability at certain period. All of these aspects are crucial in the development of
diagnostic and therapeutic tools responsible for their bioavailability and bioaccumulation
in a biological system.

5. Characterisation of Gold Nanoparticle

The properties of gold nanoparticles synthesised from the PLAL technique depend on
the morphological and geometric characteristics of the particles [56,57]. Characterisation of
synthesised gold nanoparticles is important to ensure that the gold nanoparticle properties
suit the applications such as for sensing, imaging and biomedical therapeutic [15]. The im-
portant properties for the characterisation of gold nanoparticles include its physicochemical
properties such as the size, shape, specific surface area, agglomeration, aggregation state,
size of distribution, surface morphology, the structure including crystallinity and defect
structure. In photothermal therapy, spherical and nanorod solid gold nanoparticles with a
diameter size larger than 50 nm were preferable due to strong NIR absorption [12,15].

It is reported that the size distribution characterisation is the most challenging in
colloidal chemistry and nanotechnology [58]. This is due to the small structure of gold
nanoparticles, close to each other or other particles (neighbour) commonly seen as an
overlapping image. With the technology growing, there are several analytical and imaging
techniques that can be used to fully characterise the synthesised gold nanoparticle. Previous
studies have shown that X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX)
and ultraviolet (UV)-visible spectroscopy were among the most extensive techniques used
to characterise the gold nanoparticle [7,32,35].

5.1. X-ray Diffraction

The XRD is one of the most extensively used techniques to characterise the gold
nanoparticle. The XRD gives information on the crystalline structure, spatial arrangement
of an atom and crystalline grain size. The X-ray was irradiated on the gold nanoparticle, and
the intensity of scattering angle of X-ray from gold nanoparticle was measured. According
to XRD card (JCPDS no. 65-2870), the remarkable peak for gold nanoparticle was at d at 20
=38.31°,44.47°, 64.58° and 77.43°, which is indexed to the planes of (111), (200), (220), and
(311) [40,44]. In mixed solution, increasing gold nanoparticle concentration will decrease
the intensity peak in the XRD pattern [41].

The XRD was commonly performed in samples of powder form after drying their
corresponding colloidal solutions. The advantage of using XRD techniques was it results in
statistically representative, volume-averaged values. However, the XRD technique is not
suitable for amorphous materials, and the XRD peaks are too broad for particles with a size
below 3 nm [59].

5.2. Nanoscopic Imaging

Nanoscopic imaging such as the EDX was used in identifying the morphology, elemen-
tal composition, concentration and segregation element in the synthesised gold nanopar-
ticle [36,40,59]. This system was attached with scanning electron microscopy (SEM) or
transmission electron microscopy (TEM).

In principle, the primary electron beam from EDX hits the inner shell of the gold
nanoparticle atom. The high-energy electron from the outer shell fills the inner shell
and releases energy in the form of an X-ray. This specific and unique element on each
atom molecule was collected by silicon drift detector, and then micrographs of the gold
nanoparticle were analysed using the Image] tool software program [9].

The data obtained from this test consist of spectra peaks corresponding to the elements
in a sample. Therefore, a higher peak in the spectrum shows a higher concentration of syn-
thesised gold nanoparticles. In addition, any element (contamination) in the gold nanopar-
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ticle surface can be identified. Micrographs of TEM also provide morphology information
such as spherical shape and diameter size of synthesised gold nanoparticles [9,41,59,60].
TEM showed high spectra and spatial resolution of image quality compared to SEM in
differentiated agglomeration effect [61].

On the other hand, the EDX technique provides qualitative, semi-qualitative and
quantitative data as well as special distribution through element mapping of synthesised
gold nanoparticles. However, the EDX is not a precise tool in chemical analysis. It only
provides an estimation of the distribution of elements in the solution. Therefore, a combi-
nation of XRD and EDS is the best for characterisation of gold nanoparticle. Apart from
microscopy and EDX techniques, Fourier-transform infrared (FTIR) microscopy, Raman
microscopy, nuclear magnetic resonance spectroscopy, X-ray photoelectron spectroscopy
(XPS) and secondary-ion mass spectrometry analyses can also be used in characterising
gold nanoparticles.

5.3. Atomic Force Microscopy

Atomic force microscopy (AFM) is the most versatile technique in nanoscale studies. It
has the ability to provide 3D topography in various types of surface measurements, and it
represents extraordinary tools for detailed characterisation of sub-micron size as the surface
functionalisation. Other than that, the AFM also generates images at atomic resolution
with minimum sample preparation.

5.4. UV-Visible Spectroscopy

UV-visible spectroscopy was used to determine the concentration or weight synthe-
sised gold nanoparticle by measuring the UV light absorbed. This is the effective method
for real-time monitoring of the surface during the addition of ligands. When gold nanopar-
ticle molecules absorbed energy from UV or visible light, the electron bonding in gold
nanoparticles was excited to a higher energy orbit. The gold nanoparticle is an electric
conductor; thus, it also produced SPR. Therefore, the absorption intensity in spectrometer
will increase with increasing of gold nanoparticles due to the influences of surface plasmon
resonance, depending to their size and shape [62]. Different sizes of gold nanoparticles
have different specific absorption spectra and result in differences in visible colour [63].
This is in line with previous studies performed. S. H. Lee et al. claimed that the maximum
absorption of light for pure gold nanoparticles is 530 nm in the NIR region [35]. This was
supported by a study conducted by Kuriakose et al. [7], and Nasiri et al. [41] also found
that the maximum absorption light is 522 and 526 nm, respectively. A study performed by
Prakash et al. found that the size and shape of synthesised gold nanoparticles affect the
surface resonance plasmon characteristic [62].

In addition, the SPR absorbance value does not bring significant changes over the
time in stabile solution. Figure 3 shows small shifted in wavelength, with decrease the
value of absorbance amplitude recorded as time passed for 24 h [40]. This study also has
shown minimal decreased in Zeta potential value, that indicates the good stability solution.
Moreover, the SPR determines the visible colour based on the concentration and size of
synthesised gold nanoparticles [9].]. The SPR wavelength increases with the particle size
and shape and corresponds to the colour of the gold nanoparticle produced. The gold
nanoparticle size in a range of 10-20 nm showed red colour, and it changed to blue and
purple with the increment of their size [41].

In addition, Naharudin et al. [9] showed that the increment of pulse laser ablation time
increases gold nanoparticle concentration and changes the solution colour from light pink
to darker. The colourless ultrapure water also changed to ruby red and violet colour with
the presence of gold nanoparticles. A summary of characterisation of gold nanoparticles is
presented in Table 8.
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Figure 3. Absorption study from the ablation metal (Gold and Sn) immersed in pure water in time

dependent over a day (retrieved with permission from reference [40]).

Table 8. A summary of characterisation method of gold nanoparticle, function, advantages and

disadvantages of each method.

Characterisation Method

Function

Advantage

Disadvantage

XRD

It determines crystalline
structure, spatial arrangement
of atom (composition) and
crystalline grain size.

It provides a statistical result
as representative
volume-averaged values.

It is unsuitable for amorphous
materials.

XRD peaks are too broad for
particles with a size below 3 nm.

Nanoscopic imaging

Identifying the morphology,
elemental composition,
concentration and segregation
element in the synthesised gold
nanoparticle

It detects and localises a
nanoparticles diameter size, size
monodispersity, shape,
aggregation state.

It quantifies nanoparticles in
matrices and kinetic study.

It provides information
regarding the crystal structure
of single particles by
distinguishing monocrystalline,
polycrystalline and amorphous
particles (for HRTEM only).

It provides morphology
information such as shape and
diameter size.

It provides qualitative,
semi-qualitative and
quantitative data as well as a
special distribution.

It is able to detect defects of
the nanoparticle structure.

It is not a precise tool in
chemical analysis.

It provides an estimation data
for the distribution of elements
in the solution.

Atomic force microscopy
(AFM)

It generates an accurate
topographic map of the surface
features.

It measures and localises
different forces including
adhesion strength, magnetic
forces and mechanical
properties.

It can be performed in various
environments including
ambient, gas and liquid.

It provides higher resolution
in 3D topography at atomic
scale.

It requires minimum
preparation.

It has limited scanning size.

UV-Vis spectrometer

It determines concentration or
weight synthesised gold
nanoparticle by measuring the
UV light absorbed.

It is easy to perform.
It provides qualitative data of
absorbance peak.

It is applicable in liquid samples
It has low sensitivity and is
difficult to analyse the liquid
concentration.




Materials 2022, 15, 875 18 of 20

6. Conclusions

In conclusion, the PLAL technique is a green synthetic and promising technique to
produce nanoparticles with no toxic reducing agents or organic stabilisers. The PLAL
technique produces useful quantities of gold nanoparticles with few minutes of laser
irradiation and very little post-synthetic tasks as compared to hours or days of traditional
methods. The PLAL method can produce the desired size of gold nanoparticles and
spherical shape of the gold nanoparticle that can be achieved by adjusting or selecting
suitable laser parameters such as laser wavelength, energy, and repetition rate as well as
liquid media. In addition, the EDX, XRD, AFM and UV-visible spectroscopy are widely
available and can be used to characterise the synthesised gold nanoparticle via the PLAL
method. Gold nanoparticles have revolutionised the nanomedicine field by playing an
important role in cancer diagnostics and treatment.

Author Contributions: S.Z.M.I. contributed to the investigation and original draft writing. Associate
R.Z. contributed to the conceptualisation, methodology, supervision, original draft writing, reviewing
and editing of the manuscript. M.T. provided the funding acquisition, supervision and reviewing of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Deputyship for Research and Innovation, Ministry of Edu-
cation, Saudi Arabia grant number 304.CIPPT.6501089.5158 and the APC was funded by Universiti
Sains Malaysia and Deputyship for Research and Innovation, Ministry of Education, Saudi Arabia.

Data Availability Statement: The data presented in this study are openly available in [ScienceDi-
rect, IOPScience, ScienceDirect, ProQuest, OpticaPublishing] at [doi:10.1016/j.rinp.2019.102497],
[doi:10.1088/1742-6596 /1484 /1/012029], [d0i:10.1016 /j.molstruc.2020.128913], [doi:10.1088 /1742-
6596/1386/1/012062], [doi:10.1364/ OME.381427] reference numbers [33], [32], [40], [5], [9], Figure 1,
Figure 2, Figure 3, Table 2, Table 3 and Table 4, respectively.

Acknowledgments: The authors would like to thank Universiti Sains Malaysia and Deputyship for
Research and Innovation, Ministry of Education, Kingdom of Saudi Arabia for the financial assistance
through International Collaboration Fund for this study.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.  Sengani, M.; Grumezescu, A.M.; Rajeswari, V.D. Recent trends and methodologies in gold nanoparticle synthesis—A prospective
review on drug delivery aspect. OpenNano 2017, 2, 37-46. [CrossRef]

2. Herizchi, R.; Abbasi, E.; Milani, M.; Akbarzadeh, A. Current methods for synthesis of gold nanoparticles. Artif. Cells Nanomed.
Biotechnol. 2016, 44, 596-602. [CrossRef] [PubMed]

3. Mohazzab, B.F; Jaleh, B.; Nasrollahzadeh, M.; Issaabadi, Z.; Varma, R.S. Laser ablation-assisted synthesis of GO/TiO2/Au
nanocomposite: Applications in K3[Fe(CN)6] and Nigrosin reduction. Mol. Catal. 2019, 473, 110401. [CrossRef]

4. Nancy, P; Nair, A.K.; Antoine, R.; Thomas, S.; Kalarikkal, N. In situ decoration of gold nanoparticles on graphene oxide via
nanosecond laser ablation for remarkable chemical sensing and catalysis. Nanomaterials 2019, 9, 1201. [CrossRef] [PubMed]

5. Hernandez-Maya, M.; Rivera-Quintero, P; Ospina, R.; Quintero-Orozco, ].H.; Garcia-Castro, A.C. Ablation energy, water volume
and ablation time: Gold nanoparticles obtained through by pulsed laser ablation in liquid. J. Phys. Conf. Ser. 2019, 1386. [CrossRef]

6. Alluhaybi, H.A.; Ghoshal, S.K.; Shamsuri, WIN.W.; Alsobhi, B.O.; Salim, A.A.; Krishnan, G. Pulsed laser ablation in liquid assisted
growth of gold nanoparticles: Evaluation of structural and optical features. Nano-Struct. Nano-Objects 2019, 19, 100355. [CrossRef]

7. Kuriakose, A.C.; Nampoori, V.P.N.; Thomas, S. Facile synthesis of Au/CdS core-shell nanocomposites using laser ablation
technique. Mater. Sci. Semicond. Process. 2019, 101, 124-130. [CrossRef]

8. Letzel, A.; Gokce, B.; Menzel, A.; Plech, A.; Barcikowski, S. Primary particle diameter differentiation and bimodality identification
by five analytical methods using gold nanoparticle size distributions synthesized by pulsed laser ablation in liquids. Appl. Surf.
Sci. 2018, 435, 743-751. [CrossRef]

9.  Naharuddin, N.Z.A; Sadrolhosseini, A.R.; Bakar, M.H.A.; Tamchek, N.; Mahdi, M. A. Laser ablation synthesis of gold nanoparti-
cles in tetrahydrofuran. Opt. Mater. Express 2020, 10, 323-331. [CrossRef]

10. Bailly, A.L.; Correard, E; Popov, A.; Tselikov, G.; Chaspoul, F.; Appay, R.; Al-Kattan, A.; Kabashin, A.V.; Braguer, D.; Esteve, M.A.

In vivo evaluation of safety, biodistribution and pharmacokinetics of laser-synthesized gold nanoparticles. Sci. Rep. 2019, 9, 1-12.
[CrossRef]


http://doi.org/10.1016/j.onano.2017.07.001
http://doi.org/10.3109/21691401.2014.971807
http://www.ncbi.nlm.nih.gov/pubmed/25365243
http://doi.org/10.1016/j.mcat.2019.110401
http://doi.org/10.3390/nano9091201
http://www.ncbi.nlm.nih.gov/pubmed/31455035
http://doi.org/10.1088/1742-6596/1386/1/012062
http://doi.org/10.1016/j.nanoso.2019.100355
http://doi.org/10.1016/j.mssp.2019.05.030
http://doi.org/10.1016/j.apsusc.2017.11.130
http://doi.org/10.1364/OME.381427
http://doi.org/10.1038/s41598-019-48748-3

Materials 2022, 15, 875 19 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Riedel, R.; Mahr, N.; Yao, C.; Wu, A.; Yang, F; Hampp, N. Synthesis of gold-silica core-shell nanoparticles by pulsed laser ablation
in liquid and their physico-chemical properties towards photothermal cancer therapy. Nanoscale 2020, 12, 3007-3018. [CrossRef]
Kong, FY.; Zhang, ] W,; Li, R.E; Wang, Z.X.; Wang, W.J.; Wang, W. Unique roles of gold nanoparticles in drug delivery, targeting
and imaging applications. Molecules 2017, 22, 1445. [CrossRef] [PubMed]

Shi, S.; Vissapragada, R.; Abi, J.; Huang, C.; Mittal, A.; Liu, E.; Zhong, J.; Kumar, V. Bioactive Materials Evolving role of
biomaterials in diagnostic and therapeutic radiation oncology. Bioact. Mater. 2020, 5, 233-240. [CrossRef]

De Souza, C.D.; Ribeiro Nogueira, B.; Rostelato, M.E.C.M. Review of the methodologies used in the synthesis gold nanoparticles
by chemical reduction. J. Alloys Compd. 2019, 798, 714-740. [CrossRef]

Elahi, N.; Kamali, M.; Baghersad, M.H. Recent biomedical applications of gold nanoparticles: A review. Talanta 2018, 184, 537-556.
[CrossRef]

De Freitas, L.F.; Varca, G.H.C,; Batista, ].G.D.S.; Lugao, A.B. An overview of the synthesis of gold nanoparticles using radiation
technologies. Nanomaterials 2018, 8, 939. [CrossRef]

Arvinte, A.; Crudu, L.A.; Doroftei, F; Timpu, D.; Pinteala, M. Electrochemical codeposition of silver-gold nanoparticles on
CNT-based electrode and their performance in electrocatalysis of dopamine. J. Electroanal. Chem. 2018, 829, 184-193. [CrossRef]
Khalil, I; Julkapli, N.M.; Yehye, W.A_; Basirun, W.J.; Bhargava, S.K. Graphene-gold nanoparticles hybrid-synthesis, functionaliza-
tion, and application in a electrochemical and surface-enhanced raman scattering biosensor. Materials 2016, 9, 406. [CrossRef]
De Giacomo, A.; Dell’Aglio, M.; Santagata, A.; Gaudiuso, R.; De Pascale, O.; Wagener, P.; Messina, G.C.; Compagnini, G.;
Barcikowski, S. Cavitation dynamics of laser ablation of bulk and wire-shaped metals in water during nanoparticles production.
Phys. Chem. Chem. Phys. 2013, 15, 3083-3092. [CrossRef]

Amendola, V.; Meneghetti, M. Laser ablation synthesis in solution and size manipulation of noble metal nanoparticles. Physic.
Chem. Chem. Phys. 2009, 11, 3805-3821. [CrossRef]

Ibrahimkutty, S.; Wagener, P.; Rolo, T.D.S.; Karpov, D.; Menzel, A.; Baumbach, T.; Barcikowski, S.; Plech, A. A hierarchical view on
material formation during pulsed-laser synthesis of nanoparticles in liquid. Sci. Rep. 2015, 5, 1-11. [CrossRef] [PubMed]
Amendola, V.; Meneghetti, M. What controls the composition and the structure of nano- materials generated by laser ablation in
liquid solution? t. Phys. Chem. Chem. Phys. 2013, 15, 3027-3046. [CrossRef]

Marzun, G.; Nakamura, J.; Zhang, X.; Barcikowski, S.; Wagener, P. Size control and supporting of palladium nanoparticles made
by laser ablation in saline solution as a facile route to heterogeneous catalysts. Appl. Surf. Sci. 2015, 348, 75-84. [CrossRef]
Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V.S.K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienle, L.; Barcikowski, S.
Solvent-surface interactions control the phase structure in laser-generated iron-gold core-shell nanoparticles. Sci. Rep. 2016, 6,
23352. [CrossRef] [PubMed]

Rehbock, C.; Merk, V.; Gamrad, L.; Streubel, R.; Barcikowski, S. Size control of laser-fabricated surfactant-free gold nanoparticles
with highly diluted electrolytes and their subsequent bioconjugation. Phys. Chem. Chem. Phys. 2013, 15, 3057-3067. [CrossRef]
[PubMed]

Hahn, A.; Barcikowski, S.; Chichkov, B.N. Influences on nanoparticle production during pulsed laser ablation. . Laser Micro
Nanoeng. 2007, 3, 73-77. [CrossRef]

Patil, M.P,; Kim, G.D. Eco-friendly approach for nanoparticles synthesis and mechanism behind antibacterial activity of silver
and anticancer activity of gold nanoparticles. Appl. Microbiol. Biotechnol. 2017, 101, 79-92. [CrossRef]

Menazea, A.A.; Abdelghany, A.M. Precipitation of silver nanoparticle within silicate glassy matrix via Nd:YAG laser for
biomedical applications. Radiat. Phys. Chem. 2020, 174, 108958. [CrossRef]

Chen, Q.; Ye, Y; Liu, J.; Wu, S.; Li, P; Liang, C. Stability evolution of ultrafine Ag nanoparticles prepared by laser ablation in
liquids. J. Colloid Interface Sci. 2021, 585, 444—451. [CrossRef]

Torrisi, A.; Cutroneo, M.; Torrisi, L.; Vacik, J. Biocompatible nanoparticles production by pulsed laser ablation in liquids. J.
Instrum. 2020, 15, 03053. [CrossRef]

Torrisi, L. Physical aspects of gold nanoparticles as cancer killer therapy. Indian J. Phys. 2021, 95, 225-234. [CrossRef]
Jamaludin, N.; Chaudhary, K.T.; Haider, Z.; M, D.; Ismail, ED.; Roslan, M.S.; Amira, N.H.; Ali, ]J. Effect of laser energy and
wavelength on average size of gold nanoparticles synthesized by pulsed laser ablation in deionized water. J. Physic Conf. Ser.
2020, 1484, 012029. [CrossRef]

Mohd Hilmi Tan, M.LS.; Omar, A.F,; Rashid, M.; Hashim, U. VIS-NIR spectral and particles distribution of Au, Ag, Cu, Al and Ni
nanoparticles synthesized in distilled water using laser ablation. Results Phys. 2019, 14, 102497. [CrossRef]

Torrisi, L.; Torrisi, A. Laser ablation parameters influencing gold nanoparticle synthesis in water. Radiat. Eff. Defects Solids 2018,
173, 729-739. [CrossRef]

Lee, S.H.; Jung, HJ.; Lee, S.J.; Theerthagiri, J.; Kim, T.H.; Choi, M.Y. Applied Surface Science Selective synthesis of Au and
graphitic carbon-encapsulated Au (Au @ GC) nanoparticles by pulsed laser ablation in solvents: Catalytic Au and acid- resistant
Au @ GC nanoparticles. Appl. Surf. Sci. 2020, 506, 145006. [CrossRef]

Ahmed, S.M.; Imam, H. Characterization and photocatalytic activity of Eu:ZnO & Au/Eu:ZnO nanoparticles prepared by laser
ablation in water. Mater. Sci. Semicond. Process. 2020, 115, 105128. [CrossRef]

John, M.G; Tibbetts, K.M. One-step femtosecond laser ablation synthesis of sub-3 nm gold nanoparticles stabilized by silica. Appl.
Surf. Sci. 2019, 475, 1048-1057. [CrossRef]


http://doi.org/10.1039/C9NR07129F
http://doi.org/10.3390/molecules22091445
http://www.ncbi.nlm.nih.gov/pubmed/28858253
http://doi.org/10.1016/j.bioactmat.2020.01.011
http://doi.org/10.1016/j.jallcom.2019.05.153
http://doi.org/10.1016/j.talanta.2018.02.088
http://doi.org/10.3390/nano8110939
http://doi.org/10.1016/j.jelechem.2018.10.017
http://doi.org/10.3390/ma9060406
http://doi.org/10.1039/C2CP42649H
http://doi.org/10.1039/b900654k
http://doi.org/10.1038/srep16313
http://www.ncbi.nlm.nih.gov/pubmed/26549694
http://doi.org/10.1039/C2CP42895D
http://doi.org/10.1016/j.apsusc.2015.01.108
http://doi.org/10.1038/srep23352
http://www.ncbi.nlm.nih.gov/pubmed/27004738
http://doi.org/10.1039/C2CP42641B
http://www.ncbi.nlm.nih.gov/pubmed/23132176
http://doi.org/10.2961/jlmn.2008.02.0003
http://doi.org/10.1007/s00253-016-8012-8
http://doi.org/10.1016/j.radphyschem.2020.108958
http://doi.org/10.1016/j.jcis.2020.10.025
http://doi.org/10.1088/1748-0221/15/03/C03053
http://doi.org/10.1007/s12648-019-01679-1
http://doi.org/10.1088/1742-6596/1484/1/012029
http://doi.org/10.1016/j.rinp.2019.102497
http://doi.org/10.1080/10420150.2018.1528598
http://doi.org/10.1016/j.apsusc.2019.145006
http://doi.org/10.1016/j.mssp.2020.105128
http://doi.org/10.1016/j.apsusc.2019.01.042

Materials 2022, 15, 875 20 of 20

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

Simon, J.; Nampoori, V.P.N.; Kailasnath, M. Facile synthesis of Au-Ag core shell and nanoalloy using femtosecond laser ablation
and their optical characterization. Optik 2019, 195, 163168. [CrossRef]

Shin, C.-Y,; Streaubal, R.; Heberle, J.; Letzel, A.; Shugaev, M.V.; Wu, C.; Schmit, M.; Gokce, B.; Barcikowski, S.; Zhigilei, L.V.
Two mechanisms of nanoparticle generation in picosecond laser ablation in liquids: The origin of the bimodal size distribution.
Nanoscale 2018, 10, 6900-6910. [CrossRef]

Mostafa, A.M.; Mwafy, E.A. Effect of dual-beam laser radiation for synthetic SnO, / Au nanoalloy for antibacterial activity. J. Mol.
Struct. 2020, 1222, 128913. [CrossRef]

Nasiri, P.; Doranian, D.; Sari, A.H. Synthesis of Au/Si nanocomposite using laser ablation method. Opt. Laser Technol. 2019, 113,
217-224. [CrossRef]

Mahdieh, M.H.; Fattahi, B. Effects of water depth and laser pulse numbers on size properties of colloidal nanoparticles prepared
by nanosecond pulsed laser ablation in liquid. Opt. Laser Technol. 2015, 75, 188-196. [CrossRef]

Sadrolhosseini, A.R.; Krishnan, G.; Safie, S.; Beygisangchin, M.; Abdul Rashid, S.; Harun, S. Enhancement of the fluorescence
property of carbon quantum dots based on laser ablated gold nanoparticles to evaluate pyrene. Opt. Mater. Express 2020, 10,
2227-2241. [CrossRef]

Mostafa, A.M.; Mwafy, E.A. Synthesis of ZnO and Au @ ZnO core/shell nano-catalysts by pulsed laser ablation in different.
Integr. Med. Res. 2020, 9, 3241-3248. [CrossRef]

Muniz-miranda, M.; Muniz-Miranda, F.; Giorgetti, E. Spectroscopic and microscopic analyses of Fe304/au nanoparticles obtained
by laser ablation in water. Nanomaterials 2020, 10, 132. [CrossRef]

Jahangirian, H.; Kalantari, K.; Izadiyan, Z.; Rafiee-Moghaddam, R.; Shameli, K.; Webster, T.]. A review of small molecules and
drug delivery applications using gold and iron nanoparticles. Int. . Nanomed. 2019, 14, 1633-1657. [CrossRef]

Wu, S.; Helal-neto, E.; Paula, A ; Jafari, A.; Kozempel, J.; José, Y.; Silva, D.A.; Serrano-larrea, C.; Junior, S.A.; Ricci-junior, E.; et al.
Radioactive polymeric nanoparticles for biomedical application. Drug Deliv. 2020, 27, 1544-1561. [CrossRef]

Yeh, Y.-C.; Creran, B.; Rotello, V.M. Gold Nanoparticles: Preparation, Propreties, and Application in Bionanotechnology. Nanoscale
2012, 4, 1871-1880. [CrossRef]

Bansal, S.A.; Kumar, V.; Karimi, J.; Singh, A.P.; Kumar, S. Role of gold nanoparticles in advanced biomedical applications.
Nanoscale Adv. 2020, 2, 3764-3787. [CrossRef]

Ge, ].; Zhang, Q.; Zeng, ].; Gu, Z.; Gao, M. Radiolabeling nanomaterials for multimodality imaging: New insights into nuclear
medicine and cancer diagnosis. Biomaterials 2020, 228, 119553. [CrossRef]

Motiei, M.; Dreifuss, T.; Sadan, T.; Omer, N.; Tamar, B.-K.; Fragogeorgi, E.; Loudus, G.; Popovtzer, R.; Ben-Eliezer, N. Trimodal
nanoparticle contrast agent for CT, MRI and SPECT imaging: Synthesis and characterization of radiolabeled core/shell iron
oxide@ gold nanoparticles. Chem. Soc. Jpn. 2019, 48, 291-294. [CrossRef]

Sakr, T.M.; El-hashash, M.A_; El-mohty, A.A.; Essa, B.M. 99mTc-gallic-gold nanoparticles as a new imaging platform for tumor
targeting. Appl. Radiat. Isot. 2020, 164, 109269. [CrossRef] [PubMed]

Ahmadpour, S.; Noaparast, Z.; Abedi, S.M.; Hosseinimehr, S.J. 99mTc-HYNIC-(tricine/EDDA)-FROP peptide for MCF-7 breast
tumor targeting and imaging. J. Biomed. Sci. 2018, 25. [CrossRef] [PubMed]

Melancon, M.P,; Zhou, M.; Zhang, R.; Xiong, C.; Allen, P.; Wen, X.; Huang, Q.; Wallace, M.; Myers, ].N.; Stafford, R.J.; et al.
Selective Uptake and Imaging of Aptamer- and Antibody-Conjugated Hollow Nanospheres Targeted to Epidermal Growth Factor
Receptors Overexpressed in Head and Neck Cancer. Am. Chem. Soc. 2014, 8, 4530-4538. [CrossRef]

Tian, M.; Lu, W.; Zhang, R.; Xiong, C.; Ensor, J.; Nazario, ].; Jackson, ]J.; Shaw, C.; Dixon, K.A.; Miller, J.; et al. Tumor Uptake of
Hollow Gold Nanospheres after Intravenous and Intra-arterial Injection: PET/CT Study in a Rabbit VX2 Liver Cancer Model.
Mol. Imaging Biol. 2013, 15, 614—-624. [CrossRef]

Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape,
and Dielectric Environment. J. Phys. Chem. B 2003, 107, 668-677. [CrossRef]

Pei, Y,; Cheng Zeng, X. Investigating the structural evolution of thiolate protected gold clusters from first-principles. Nanoscale
2012, 4, 4054-4072. [CrossRef]

Léachelt, E.; Wuttke, S.; Engelke, H. Colloidal nanoparticles as pharmaceutical agents. Front. Nanosci. 2020, 16, 89-115.
Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization techniques for nanoparticles: Comparison and complementarity
upon studying nanoparticle properties. Nanoscale 2018, 10, 12871-12934. [CrossRef]

Hernandez-Rueda, J.; de Beurs, A.; van Oosten, D. Ultrafast laser ablation of trapped gold nanoparticles. Opt. Lett. 2019, 44, 3294.
[CrossRef]

Mostafa, A.M.; Yousef, S.A.; Eisa, WH.; Ewaida, M.A.; Al-Ashkar, E.A. Synthesis of cadmium oxide nanoparticles by pulsed laser
ablation in liquid environment. Optik 2017, 144, 679-684. [CrossRef]

Prakash, A.; Pathrose, B.P.; Radhakrishnan, P.; Mujeeb, A. Nonlinear optical properties of neutral red dye: Enhancement using
laser ablated gold nanoparticles. Opt. Laser Technol. 2020, 130, 106338. [CrossRef]

He, Y.Q,; Liu, S.P; Kong, L.; Liu, Z.F. A study on the sizes and concentrations of gold nanoparticles by spectra of absorption,
resonance Rayleigh scattering and resonance non-linear scattering. Sci. Direct. 2005, 61, 2861-2866. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijleo.2019.163168
http://doi.org/10.1039/c7nr08614h
http://doi.org/10.1016/j.molstruc.2020.128913
http://doi.org/10.1016/j.optlastec.2018.12.033
http://doi.org/10.1016/j.optlastec.2015.07.006
http://doi.org/10.1364/OME.396914
http://doi.org/10.1016/j.jmrt.2020.01.071
http://doi.org/10.3390/nano10010132
http://doi.org/10.2147/IJN.S184723
http://doi.org/10.1080/10717544.2020.1837296
http://doi.org/10.1039/C1NR11188D
http://doi.org/10.1039/D0NA00472C
http://doi.org/10.1016/j.biomaterials.2019.119553
http://doi.org/10.1246/cl.180780
http://doi.org/10.1016/j.apradiso.2020.109269
http://www.ncbi.nlm.nih.gov/pubmed/32819507
http://doi.org/10.1186/s12929-018-0420-x
http://www.ncbi.nlm.nih.gov/pubmed/29455647
http://doi.org/10.1021/nn406632u
http://doi.org/10.1007/s11307-013-0635-x
http://doi.org/10.1021/jp026731y
http://doi.org/10.1039/c2nr30685a
http://doi.org/10.1039/C8NR02278J
http://doi.org/10.1364/OL.44.003294
http://doi.org/10.1016/j.ijleo.2017.06.065
http://doi.org/10.1016/j.optlastec.2020.106338
http://doi.org/10.1016/j.saa.2004.10.035
http://www.ncbi.nlm.nih.gov/pubmed/16165025

	Introduction 
	The PLAL Mechanism 
	The PLAL Synthetisation Method 
	Laser Parameters 
	Liquid Medium 

	Gold Nanoparticles in Molecular Imaging 
	Characterisation of Gold Nanoparticle 
	X-ray Diffraction 
	Nanoscopic Imaging 
	Atomic Force Microscopy 
	UV–Visible Spectroscopy 

	Conclusions 
	References

