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Featured Application: One of the applications of AuNPs in nanomedicine is treating cancer cells
by Hyperthermia. Therefore, we suggest a future in vivo and in vitro studies to confirm the
potential of AuNPs as a promising candidate for medical applications.

Abstract: One of the most widely used modalities of clinical imaging is computed tomography (CT).
Recent reports of new contrast agents toward CT imaging have been numerous. The production of
gold nanoparticles (AuNPs) as contrast agents for CT is primarily a topic of intense interest. AuNPs
have beneficial features for this application, including excellent X-ray attenuation, flexible sizes and
shapes, tailorable surface chemistry, excellent biocompatibility and high levels of contrast generating
matter. AuNPs with a size of about 18.5 nm and semi-spherical shape were synthesized using a
sonochemical method. The attenuation rate of X-rays as measured in Hounsfield units per unit
concentration (HU/mg) was measured. Ultrasound treatment for a duration of five min has been
shown to produce highly stable AuNPs in different media (AuNPs in water and phosphate-buffered
saline (PBS) was −42.1 mV and −39.5 mV, respectively). The CT value (HU = 395) of the AuNPs
increased linearly with an increase in the AuNP dosage. The results confirm the use of ultrasonic
treatment for the production of metal nanostructures, particularly highly stable non-toxic AuNPs,
with good morphology and high-quality crystal structure using an easy and fast method. Synthesized
AuNPs have the potential to be used as a CT contrast agent in medical imaging applications.

Keywords: sonochemical method; AuNPs; zeta potential; highly stable

1. Introduction

Computed tomography (CT) is a common clinical presentation imaging technique that uses
an X-ray source as well as an array of detectors to produce images [1,2]. CT has the ability to
generate images with high spatial and temporal resolution [3]. CT offers three dimensional (3D)
anatomical information on certain organs and tissues, including lung, liver, cardiovascular system and
gastrointestinal tract, as a non-invasive diagnostic instrument [4]. Nevertheless, compared to the other
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clinical imaging techniques, such as magnetic resonance imaging (MRI) and nuclear imaging, the lack
of CT sensitivity to contrast agents is a major drawback [5]. Consequently, biomedical researchers are
spending considerable efforts in developing a novel CT contrast agent.

Gold nanoparticles (AuNPs) have attracted increased attention due to their distinctive
and exceptional physicochemical features, such as electrical conductivity, low toxicity, high
absorption spectrum, photothermal effects, adjustable size and shape-dependent optical properties,
biocompatibility, chemical stability and easy functionality, relevant to a wide range of applications in
biomedicine, catalysis, material science and quantum dots technology [6–12]. The usefulness of the
nanoparticles colloids for biomedical application depends on their stability and biocompatibility of the
nanoparticles in solution [13]. Since nanoparticles are transported through cavities, canals, waterways
and aquifers [14], their stability in aqueous systems is vital to the formulation of predictive and
transport models [15]. In addition, the toxicity of nanoparticles (NPs) has been shown to be dependent
on their stability [16], which has also led to a need to understand the behavior of NP suspensions to
be settled. Generally, the stability of NPs is influenced by their physical and chemical characteristics
such as size [17], morphology, material composition [18], and surface coating [19]. Although several
studies have been carried out on the sonochemical synthesis of AuNPs, none of them investigated the
significant effect of their stability and their potential for CT [20–29].

Sonochemical synthesis is one of the most widely used methods for nanomaterial synthesis
due to the critical features that can be generated from acoustic cavitation [30–32]. It involves the
nucleation, expansion and collapse of microbubbles by propagating a pressure wave through a liquid.
This involves the implosive collapse as well as subsequent release of massive energy at high pressure
(1000 atm) and high temperatures (5000 K), which, in turn, produces shear forces, turbulence, microjets
and shock waves [33]. It is a valuable instrument for escalating the mass transfer process at the
surface and disrupting the adsorbent interface [34]. Nanomaterials can be produced and modified
by utilizing ultrasonic irradiation to aid the synthesis process in aqueous solutions. The acoustic
cavitation generated by ultrasonication in water provides transient bubbles in which the various
physical and chemical phenomena produced by their implosion play a crucial role in the formation of
nanostructures [35,36]. In addition, the sonochemical technique offers better control of the particle
size/size distribution of NPs [37–39]. Different methodologies have been used to synthesize AuNPs.
Piella et al., and Wang et al., reported that AuNPs had been successfully prepared using a reduction
method with a reaction time of approximately 47 min and 90 min, respectively [40,41]. In another
method, Dong et al., demonstrated that AuNPs were synthesized by reducing the number of gold
ions with sodium borohydride by Turkevich for about 60 min [42]. Both methods mentioned above
were laborious and time-consuming. Effectively synthesizing appropriate AuNPs via a simple and
fast approach remains a challenge. On the basis of this claim and our previously published work, the
sonochemical method can be considered as one suitable synthesis method to deliver stable AuNPs as a
contrast agent for CT with a core diameter of approximately 20 nm in less than five min compared to
120 min required by the work of Ping et al. [43]. In addition, the application of the sonochemical method
opens a window for researchers to investigate the reduction in the reaction time for nanoparticle
synthesis [44].

In this work, a rapid and single-pot aqueous method of highly stable AuNPs achieved by the
use of sodium citrate as a stabilizer and reducing agent is reported. In addition, the effect on cell
viability is also studied to investigate cytotoxicity against HEK-293 in vitro and AuNPs as a potential
contrast agent for CT. The NPs were subjected to ultrasonic treatment for the duration of five min to
synthesize AuNPs with high stability and a mean size of 18.5 nm. The crystallinity/crystal structure,
morphology, stability and absorption properties of synthesized gold NPs were obtained, analyzed and
comprehensively discussed.
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2. Materials and Methods

2.1. Characterization of AuNPs

X-ray diffraction (XRD) patterns of AuNPs were acquired at room temperature, utilizing an
X-ray diffractometer (PANalyticalX’pert PRO MRD PW 3040, Enigma Business Park, UK) with CuKa
(λ = 1.54050 Å) to investigate their crystalline structure. The size of the sample was derived using
transmission electron microscopy (TEM, Zeiss Libra 120, Oerzen, Germany) at 100 kV. The ImageJ
software (1.52 v) was used to measure the particle size distribution of the sample from approximately
50 particles. The absorption properties of the AuNPs were determined using ultraviolet–visible (Uv-vis)
spectrophotometry (UV-3600, Shimadzu, Santa Clara, US). The stability, polydispersity index (PDI) and
hydrodynamic size of the AuNPs were measured using a dynamic light scattering (DLS) instrument
(ZETASIZER Nanoseries Model ZEN 3600, Malvern Instruments, Enigma Business Park, UK).

2.2. Materials

The following chemicals including sodium citrate (Na3C6H5O7), agarose gel XP, phosphate-buffered
saline (PBS) and chloroauric acid (HAuCl4·4H2O) are the precursor chemicals utilized for the synthesis.
They were bought from Sigma-Aldrich. All chemicals were directly utilized without additional purification.

For cell culture, cell proliferation reagents (WST-1 assay) were purchased from Sigma-Aldrich.
Human embryonic kidney 293 cells (HEK-293) were acquired from the American Type Culture Collection
(United States of America (USA)). Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM), trypsin–ethylenediamine tetraacetic acid, penicillin, and streptomycin were purchased from
Capricorn Scientific.

2.3. AuNPs Synthesis Using a Sonochemical Approach

Sonochemical synthesis involves the use of sound or sonic energy to excite particles, thereby
initiating Brownian motion. The sonochemical technique can be used to efficiently disperse
nanoparticles in fluids; therefore, it is regularly used in nanotechnology to facilitate homogeneous
dispersion of NPs suspended in liquids. In addition, sonic energy can transform the chemical mechanism
that controls the synthesis of the particles. The probe sonicator model (Vibra-Cell Ultrasonic Solid
Horn) used for synthesis has a tip size, frequency and ultrasound output power of half-inch, 20 kHz
and 17.9 W·cm2, respectively. Precursor materials used to synthesize citrate-coated AuNPs include
HAuCl4, sodium citrate and distilled water. In order to prepare the sample, the first step involved the
dissolution of HAuCl4 in distilled water with a concentration of 0.03 M. Subsequently, the solution of
HAuCl4 (2 mL) was added dropwise to 20 mL of aqueous 0.03 M sodium citrate solution. During the
mixing phase, a high-density ultrasonic probe (20 kHz) with an ultrasonic horn was inserted into the
solution for 5 min at a sounding power of 17.9 W·cm2. Ultrasound power has been determined using
the underlying equation (Equation (1)) [45].

Power (W) = Energy (J)/Time (s) (1)

where energy (J) and time (s) denote energy consumed (J) and duration of reaction, respectively.
Finally, in order to eliminate impurities and non-reactive particles, the AuNPs were centrifuged at

9000 rpm for 10 min and washed thoroughly twice using distilled water. Subsequently, the obtained
particles were stored in two ways: (1) re-dispersed in distilled water for size, optical properties, stability
and hydrodynamic size measurements; (2) some dispersion was dried for 24 h at 90 ◦C to obtain the
powder for XRD, cytotoxicity and CT imaging measurements.

2.4. Cytocompatibility Experiment

Cytocompatibility of the citrate-coated AuNPs in terms of cell viability was examined by the
WST-1 assay. Concisely, HEK-293 cells were exposed to standard culture in DMEM (containing 10%
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of FBS, 1% v/v penicillin and streptomycin), which was pre-warmed in water baths maintained at
37 ◦C. After 24 h, cells were harvested using trypsin and afterwards re-suspended in fresh DMEM for
seeding in 96-well plates (103 cells/well). Following cell attachment, different concentrations of AuNPs
(0.1–0.5 mg/mL) in DMEM were added to cells then cells were incubated at 37 ◦C in a humidified
environment of air (95%) and CO2 (5%) for a different time; 24 h and 48 h. After incubation time, the
cell proliferation reagent WST-1 was newly prepared at 10% in DMEM in the dark. The medium of
each well was carefully removed and 10 µL of WST-1 solution plus 100 µL DMEM were added to each
well. Following that, plates were returned into the incubator at 37 ◦C for 45 min to 2 h. Then, each well
was read using a microplate reader (ELx800, BioTek Instruments, USA) at a primary wavelength of
480 nm. The percentage of cell viability was determined by the underlying equation (Equation (2)):

cell viability (%) = (OD Sample/OD control) × 100 (2)

2.5. In Vitro CT Samples Preparation

The CT phantom was formulated from the agarose gel to determine the possibility of using
AuNPs for CT imagery. The CT phantoms were prepared from agarose gel XP, via the dissolution
of 1 g of agarose gel XP in 100 mL distilled water at 80 ◦C. Then, 1 mg of AuNPs (powder) was
dispersed in 700 µL of distilled water and then 300 µL of agarose XP hot solution was added to the
mixture in 2 mL vials. The same procedure has been followed for the other concentrations. Five gel
phantoms containing different amounts (1, 2, 3, 4, and 5 mg/mL) of NPs were prepared plus a blank
(control) agarose gel phantom. The samples were kept cool until they solidified. A Toshiba Aquilion
LB (Model TSX-210A) CT scanner was used for the CT imaging. The brightness of the images denotes
the intensity of the signal. The criteria for CT imaging include 80 kV X-ray voltage, and 100 mA anode
current through the head window (W: 120 Hounsfield units (HU), L: 40 HU)). To determine HU values,
the images were evaluated using the program MICRODICOM based on signal strength (Equation (3)).
The image matrix, slice thickness and slice distance and field of view (FOV) were set at 320 mm, 3 mm,
and 640/640 mm, respectively.

HU = 1000 × ((µX − µwater) / µwater) (3)

where HU = Hounsfield unit, X = tissue and µ = linear attenuation coefficient.

2.6. Statistical Analysis

The data were statistically evaluated using IBM SPSS (IBM SPSS Statistics for Windows, version
25.0., IBM Corp., NY, EUA). The results were recorded as geometric mean (%) ±STD. The differences
among the independent groups were comparatively analyzed using Kruskal–Wallis and non-parametric
Friedman tests. The Mann–Whitney test was utilized as the post hoc analysis. A level of 5% was
considered statistically significant.

3. Results and Discussion

3.1. XRD Analysis

The XRD spectrum, as can be seen in Figure 1, proves the successful formation of AuNPs using
sonochemical methods. All diffraction peaks fit perfectly into the face-centered cubic phase (fcc).
The results of the XRD are in good agreement with the report of Geetha Bai et al. [46]. The characteristic
diffraction peaks of (111), (200), (220), (311) and (222) are identified at 2θ values of 38.1◦, 44.4◦,
64.6◦, 77.8◦, and 81.6◦, respectively, which are consistent with those in the reference (ref. code
01-089-3697). The XRD peaks are distinct because of their relatively high intensity. This finding
can be attributed to the ultrasound’s ability to control the process of crystallization through acoustic
cavitation [47]. The sonochemical approach, therefore, provides better crystalline AuNPs as the XRD
spectral characteristics (intensities and peak shifts) denote, comparing with other methods [48,49].



Appl. Sci. 2020, 10, 7020 5 of 14

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 15 

 

Figure 1. XRD pattern of face-centered cubic (fcc) structure gold nanoparticles (AuNPs). 

3.2. TEM and Size Distribution 

Transmission electron microscopy (TEM) image of the AuNPs is presented in Figure 2a. The 

TEM analysis was performed by placing one drop of the sonicated sample on the carbon-coated 

copper TEM grid and dried in air for 30 min. The core diameter of the AuNPs was 18.5 nm and semi-

spherical [50] and almost uniformly-sized, as shown in Figure 2c. The addition of sodium citrate has 

made it possible to achieve the homogeneity in size and shape of AuNPs [51,52]. In addition, the 

uniformity of nanoparticles may also be related to the high energy and intense power flow generated 

by ultrasound irradiation during the formation and breakdown of bubbles, which increases the 

temperature and pressure of the solution. Morphological characterization of AuNPs reveals that the 

NPs are semi-spherically shaped with smooth geometry. The ultrasonic power is responsible for the 

formation and collapse of the bubbles, these bubbles produce hot spots, which have intense local 

temperatures (~5000 K) and pressures (~1000 atm), sometimes identified as a micro-reactors [53]. 

Moreover, the collapse of the bubble leads to an intense flow of power within the solution. The size 

of the nanoparticles is therefore formed under crucial conditions through ultrasonic power via the 

cavitation process. 

Figure 1. XRD pattern of face-centered cubic (fcc) structure gold nanoparticles (AuNPs).

3.2. TEM and Size Distribution

Transmission electron microscopy (TEM) image of the AuNPs is presented in Figure 2a. The TEM
analysis was performed by placing one drop of the sonicated sample on the carbon-coated copper TEM
grid and dried in air for 30 min. The core diameter of the AuNPs was 18.5 nm and semi-spherical [50] and
almost uniformly-sized, as shown in Figure 2c. The addition of sodium citrate has made it possible to
achieve the homogeneity in size and shape of AuNPs [51,52]. In addition, the uniformity of nanoparticles
may also be related to the high energy and intense power flow generated by ultrasound irradiation
during the formation and breakdown of bubbles, which increases the temperature and pressure of
the solution. Morphological characterization of AuNPs reveals that the NPs are semi-spherically
shaped with smooth geometry. The ultrasonic power is responsible for the formation and collapse of
the bubbles, these bubbles produce hot spots, which have intense local temperatures (~5000 K) and
pressures (~1000 atm), sometimes identified as a micro-reactors [53]. Moreover, the collapse of the
bubble leads to an intense flow of power within the solution. The size of the nanoparticles is therefore
formed under crucial conditions through ultrasonic power via the cavitation process.
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3.3. UV-Visible Analysis

Surface plasmon resonance (SPR) is an analytical technique used to describe changes in electronic
configurations of NPs because of surface effects. Measurements of the SPR NPs band offered an indirect
piece of evidence to substantiate the creation of AuNPs. The SPR was determined within 400–700 nm
under ambient conditions using distilled water as the reference sample. The peaks of AuNP (SPR) can
be adjusted from visible to infrared in the electromagnetic spectrum. The main characteristics of the
SPR is a sharp decline with decreasing core size for AuNPs due to the onset of quantum size effects
that become significant for particles with core sizes less than 3 nm in diameter. Thus, the SPR is absent
for AuNPs with a core diameter of less than 2 nm, as well as for bulk gold [54]. AuNPs display the
SPR band at about 520 nm in the visible region and the SPR band peaks and the wavelength is usually
influenced by the particle size [55].

In this study, the suspensions of Au ions and AuNPs are shown in Figure 3. The final color of
the suspension is shiny red, as can be seen in Figure 3c. The aqueous colloidal solution of Au was
transformed from dark red to red at the start of ultrasonic treatment. After 5 min of sonication, the red
shine color remained unchanged. The UV–vis spectral analysis of the AuNPs reveals a SPR absorption
band at 520 nm (Figure 3a), which is consistent with the previous study [51,55].
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HAuCl4 suspension and (c) AuNPs suspension.

3.4. Dynamic Light Scattering (DLS)

Zeta potential, polydispersity index (PDI) and hydrodynamic size have been measured using
the dynamic light scatter (DLS) analysis. The PDI and zeta potential have been used to evaluate the
stability of the as-synthesized AuNPs. Nanoparticles must be stable and homogeneously dispersed in
biological media for biomedical applications [56]. The zeta potential values from 0 to ±5 mV indicate
rapid agglomeration and suspension precipitation, ±10 to ±30 mV are incipient to instability, ±30 to
±40 mV denote moderate stability, while ±40 to ±60 mV denote good suspension stability [57,58].

The stability of metal particles in colloidal suspensions depends on the presence of electrical
surface charges. In the case of AuNPs obtained sonochemically, the use of sodium citrate increases the
stability of the colloids by acting as both a stabilizer and a reducing agent that hinders aggregation.
Sodium citrate activates the reaction of Au ions with carboxylate ions (–COO−), resulting in the
reduction of the metal to Au0.
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AuNP formation takes into account the fact that free radical species are generated by ultrasonic
irradiation for water molecules (Equation (4)). The reaction is expressed below.

Na3C6H5O7
Sonic ��
−−−−−−−−→ Na2C5H4O5 + CO2 + Na+ + H+ + 2e

Au+ + 2e → Au0 (4)

The stoichiometry of the reduction reaction can be described as; the high energy of the ultrasonic
ray helps to break the ion bonds of sodium citrate, releasing a pair of free electrons. These charge
carriers reduce the golden ions that are suspended in the aqueous solution creating more Au0 atoms.
Figure 4 shows that the colloidal stability of AuNPs in water and PBS was −42.1 mV and −39.5 mV,
respectively, indicating that the colloidal suspension of nanoparticles is highly stable. The negative
sign of the zeta potential is attributed to adsorbed negative ions such as hydroxide anions (OH−)
derived from the aqueous medium [56]. This negative charge can be attributed to the absorption of
citrate onto the surface of Au [40]. These high negative values of zeta potential for AuNPs confirmed
the presence of negatively charged carboxylate groups on the surface of the nanoparticles. A repulsion
force between suspended particles is caused by zeta potential, which increases with the increase in
surface charge of the particles suspended in the solution [50]. The sonochemical method can be a
valuable tool for the preparation of AuNPs because the high energy generated by the radiation waves
prevents cluster agglomeration and results in stable dispersion [59].
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As shown in Figure 5, the PDI values of AuNPs dissolved in water and PBS are 0.368 and 0.406,
with a hydrodynamic size of 22.17 nm and 23.49 nm, respectively. Although there is a smaller second
peak corresponding to the agglomeration, the emphasis here is on the first peak to evaluate the size of
the particles and, for this reason, the agglomeration peak will be overlooked [60]. It should be noted
that the difference in particle sizes between DLS and TEM is the result of larger particles scattering
more light in the DLS technique, which moves the peaks towards the larger end of the size range, while
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the TEM displays the true particle [61,62]. More specifically, this outcome may be attributed to the
broad distribution of the mixture of the two particles.
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3.5. Cytocompatibility Experiment

WST-1 based cytotoxicity study was performed on HEK-293 cells by incubating with AuNPs
synthesized by a sonochemical approach in a range of concentration 0.1–0.5 mg/mL. In this study,
human embryonic kidney cells were picked for two major reasons: (a) according to the previous
studies, kidney is one of the organs, after spleen and liver, where AuNPs were accumulated as well
as an excretion route [63]; (b) the cytotoxicity reaction may also be associated with the exposure
concentration of the AuNPs. The type of cell has no impact on the cytotoxicity of the studies [64].
The results are presented in Figure 6. In the control group (HEK-293 cells without AuNPs) of all test
replications, cell viability was defined at the constant rate of 100% with no fluctuations (zero standard
deviation). The Mann–Whitney test results depict the mean cell viability values as significantly reduced
at a concentration of 0.5 mg/mL after 24 h of incubation time at concentrations of 0.4 and 0.5 mg/mL
after 48 h (p < 0.01). The Kruskal–Wallis test shows no significant differences between independent
experimental groups for 24 h (p = 0.176) and 48 h (p = 0.553). A 10% to 20% reduction in the number
of HEK-293 cells treated with 0.1–0.5 mg/mL AuNPs after incubation time (48 h) was observed in
comparison to the 24 h incubation time. Despite that, as demonstrated in Figure 6, the percentage of
cell prolonged was more than 70% at all concentrations and different treatment periods. The results of
this study show that there were no cytotoxicity effects on HEK-293 cells at a range of concentration
0.1–0.5 mg/mL AuNP. Nanoparticles with cell viability above 70% have been reported to be suitable
as biocompatible material [65]. Therefore, the synthesized AuNPs have the potential to be used as
biocompatible diagnostic nanoprobes.
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Figure 6. Cell viability using WST-1 assay. HEK-293 cells treated with specific concentrations of
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experimental groups and control (using Mann–Whitney test, ** p-value < 0.01).

3.6. In Vitro CT Imaging

The use of AuNPs as a CT contrast agent is much more appropriate due to enhanced X-ray
attenuation compared to the standard CT iodine-based contrast agent [66]. In order to assess the ability
to use AuNPs as a contrast agent for CT, different AuNP concentrations of X-ray attenuation have
been tested using agar as a control sample (Figure 7). Images were analyzed directly by using the
MICRODICOM (v3.3.2) program based on the signal strength of the HU values. The intensity of the CT
image has been shown to increase with the increase in Au concentration. Figure 7 (inset) shows that the
value of AuNPs CT (HU) increases linearly with an increase in the concentration of Au (HU = 395) [67].
CT imaging experiments show that the AuNPs produced have a higher attenuation strength than
the clinically utilized iodine contrast agent, Omnipaque (a popular iodine-based CT contrast agent
currently used in the clinic) [68], at the same molar concentration of active elements (Au or iodine) and
activate significantly enhanced CT imaging. Figure 7 reveals that 2.3 mg Au/mL was equal to 7.2 mg/mL
of iodine in Omnipaque (viz., 178 HU) in X-ray absorption. It leads to an X-ray attenuation nearly
3.1 times that of the iodine contrast agent, which may be due to the presence of electron-dense nanogold.
The AuNPs have a higher atomic number as well as density (79 and 19.32 g/cm3, respectively) relative
to iodine (53 and 4.9 g/cm3) leading to this effect [69]. Therefore, instead of conventional iodine-treated
materials, such as barium sulfate or zirconium dioxide contrast agents, being used in CT, the toxicity
of which is of major concern [70], we suggest the use of biocompatible nanomaterials produced via
non-toxic methods, with high X-ray attenuation. The findings are consistent with a previous study [71].
Sun et al., indicated that ultrafine AuNPs had more X-ray attenuation than larger counterparts, likely
because of their higher volume-to-surface ratio [72]. This is extremely important because the ability of
AuNPs to attenuate X-rays is needed as a contrast agent for the potential use of CT images. The in vitro
(HU) findings support the effectiveness of AuNPs in CT imaging. Overall, the influence of AuNPs on
the X-ray attenuation of contrast CT imaging agent depends on the concentration of AuNPs.
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Figure 7. Computed tomography (CT) image of the AuNPs with different concentrations (1, 2, 3, 4 and
5 mg/mL) and X-ray attenuation intensity, the dotted line shows that 2.3 mg Au/mL gave an equivalent
X-ray absorption as 7.2 mg/mL Iodine in Omnipaque (viz., 178 HU).

4. Conclusions

This study successfully synthesized AuNPs of 18.5 nm using a sonochemical approach and sodium
citrate as a stabilizing and reducing agent. After five min of ultrasonic irradiation treatment, the
citrate-coated AuNPs, dissolved in water and PBS, have the hydrodynamic size in aqueous suspension
of about 22.17 nm and 23.49 nm with a PDI of 0.368 and 0.406, respectively. Sonochemical treatment
also ensured that the colloidal suspension of nanoparticles was highly stable in different media (AuNPs
in water and PBS was −42.1 mV and −39.5 mV, respectively). Due to their exceptional stability observed
by zeta potential, AuNPs could also be used for various medical applications. The results confirm the
use of ultrasonic treatment for the production of metal nanostructures, in particular non-toxic AuNPs,
with a highly stable colloidal suspension and good morphology. In addition, a significantly enhanced
CT value (HU = 395) show that AuNPs have the potential to be employed as a contrast CT agent in
which their X-ray attenuation was linearly correlated with AuNP concentration.
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