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Abstract  The discovery and development of novel 
contrast agents for CT imaging could address the 
current limitations of this non-invasive testing tech-
nique, thus improving diagnostic efficiency. Although 
this approach is significant to clinical research, find-
ing a highly potent and biocompatible contrast agent 
is challenging. In our study, the homogeneous and 
monodisperse Au nanospheres were successfully 
synthesized using chemical reduction. The influence 
of surfactants, oleylamine (OLA) and sodium oleate 
(SOA); solvent; and reaction time on the materials’ 
formation, size, and properties was examined to find 
the optimal conditions. Investigation showed that 
using OLA and SOA as surfactants resulted in mate-
rials with similar morphology and uniformity. The 
solvent 1-octadecene (ODE) and reaction time in the 
30–60-min range facilitated the formation of uniform 
and monodisperse gold nanoparticles (GNPs). Char-
acterization indicated that the fabricated Au materials 

were crystalline and spherical with a face-centered 
cubic (fcc) structure and an average size of 8.4–20.7 
nm. Their maximum surface plasmon resonance 
(SPR) absorbance varied in the range of 516–531 nm. 
After surface modification by the poly(maleic anhy-
dride-alt-1-octadecene) (PMAO), the Au NPs were 
highly stable in a aqueous solution with a zeta poten-
tial ranging from − 45.6 to − 42 mV, dynamic light 
scattering (DLS) size of 17.7 and 26.8 corresponding 
to the sample size of 8.4 nm and 15.5 nm, respec-
tively. In  vitro CT imaging results show that the 
material Au@PMAO enhanced the CT image con-
trast signals. Particularly, the smaller GNPs exhibited 
higher X-ray attenuation than the large ones. At the 
same investigated concentration, the image contrast 
performance of the Au@PMAO NPs outweighed that 
of the commercial product Xenetix, which contained 
iodine. These outstanding properties prove that the 
Au@PMAO material is a promising alternative for 
CT imaging techniques.

Keywords  Au nanostructures · Thermal 
decomposition · CT imaging applications · X-Ray 
attenuation property · Poly(maleic anhydride-Alt-1-
Octadecene) (PMAO)

Introduction

Computed tomography (CT) imaging is a clinical 
imaging technique using X-ray sources and detectors 
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to generate images. The CT images can be obtained 
quickly and have high spatial resolution [1, 2]. This 
technique is a non-invasive medical diagnostic tool, 
providing 3D anatomical information of specific 
tissues and organs of the body [2–5]. CT imag-
ing approach is based on the different attenuation of 
X-ray photons caused by other tissues. The number 
of atoms and electron density of tissues determines 
the attenuation coefficient. The greater the number of 
atoms and the more intense the electron density, the 
higher the attenuation degree. However, compared 
with other diagnostic imaging methods, such as mag-
netic resonance imaging (MRI), the X radiation of 
the photon energy spectrum used in CT is attenuated 
strongly by bones and rarely by soft tissues [6]. None-
theless, CT imaging plays a crucial role in clinical 
and research settings. Therefore, biomedical research-
ers have tried to develop new contrast agents for CT 
imaging [7–9].

The contrast agents used for CT imaging are com-
monly high atomic number (Z) elements because 
the X-ray absorption or diffraction area is directly 
proportional to Z3. The CT contrast agents provide 
additional vascular anatomy and describe how the 
blood flows in vessels [10]. In CT imaging, since the 
X-ray absorption or scattering cross-sectional area is 
directly proportional to the atomic number, the con-
trast agents for CT imaging are usually compounds 
of high atomic number elements, such as gold [7, 
11–14], bismuth [15] or iodine [16–18], barium sul-
fate suspensions [19], and gadolinium [20]. However, 
these existing contrast agents provide limited infor-
mation; they are suboptimal for new X-ray imaging 
technique and they are developing safety concerns 
[21]. Among those, the intravenous contrast agents 
which are approved by the US Food and Drug Admin-
istration (FDA) for CT imaging are iodine-based 
compounds such as iopamidol, xenetix, or iodixanol 
[16–18]. Unfortunately, an increasing number of 
adverse reactions caused by iodine-containing con-
trast agents have been reported annually [22]. Moreo-
ver, the iodine complexes have a very short circula-
tion time in the blood. They are rapidly eliminated 
from the circulatory system through kidneys, thus not 
suitable for cases requiring long imaging times [23]. 
Furthermore, the physiological information obtained 
from iodine-based contrast agents is limited to the 
vascular system and large organs [10]. Other disad-
vantages of iodine complexes are due to their high 

permeability at high concentrations, causing nephro-
toxicity [24–26] or skin irritation [27]. As a conse-
quence of these drawbacks, there is growing interest 
in developing alternative contrast agents for CT imag-
ing. Formulations based on nanoparticles are one of 
the main approaches [7, 11]. The nanoparticles-based 
contrast agents have the upper hand compared with 
the contrast agents containing iodine. Specifically, 
nanoparticles can load more contrast materials [7], 
controllable shape, size, and surface chemistry for 
different biomedical applications [28]. The nanoparti-
cles-based contrast agents can stay in the bloodstream 
for several hours, while the circulation time of small 
molecules such as iodine complexes is measured in 
minutes [29, 30]. As such, nanoparticles-based CT 
contrast agents with high performance, low toxicity, 
and minimum dosage have become urgently needed 
[21]. When designing CT contrast agents, it is impor-
tant to take into account general requirements: (1) the 
novel contrast agent should be able to improve the 
visualisation performance by increasing the CT atten-
uation difference between the target tissue and its sur-
roundings; (2) at the used concentrations for imaging, 
the contrast agent should be non-toxic and biocom-
patible; and (3) the circulation time should be long 
enough to ensure the imaging efficiency [31–33].

If the iodine-based contrast agents are prohib-
ited [34], Gd compounds can be used instead. Even 
though the main application of Gd compounds is 
for magnetic resonance imaging (MRI), they may 
enhance the CT imaging contrast by reasons of high 
atomic number and electron density. However, the 
CT imaging contrast obtained by Gd-based agents 
was lower than that by the common iodine complexes 
[20]. Side effects commonly appear in the kidneys 
and pancreas of patients using Gd3+ complexes [35]. 
Therefore, Gd-based contrast agents are not consid-
ered an ideal alternative.

Numerous proposals have been made for using 
gold nanoparticles (GNPs) for biomedical purposes, 
including CT contrast agents [9, 21, 36]. Because 
of the high atomic number (Z = 79) and high elec-
tron density, GNPs exhibit greater attenuation and 
better contrast than iodine- and gadolinium-based 
agents [37–40]. Besides, GNPs are also inert, bio-
compatible, and have tunable surface character-
istics by modifying with different ligands or poly-
mers [12–14]. In addition, synthesis methods have 
advanced, allowing the control of the size and shape 
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of GNPs. These features encourage using GNPs in 
biomedical imaging, especially CT imaging. The 
size of GNPs may affect their optical property, bio-
compatibility, and therapeutic utility [41, 42]. It has 
been reported that the size, shape, and concentration 
of GNPs influenced the cellular uptake as observed 
by cell monitoring applications [1, 36, 43]. On the 
other hand, the effect of these factors on the X-ray 
attenuation is currently contradictory [32, 44–48]. 
This work used the chemical reduction method to 
synthesize monodisperse Au nanoparticles of differ-
ent sizes. The effect of the surfactants, oleylamine 
(OLA) and sodium oleate (SOA); solvent; and reac-
tion time was investigated to determine the opti-
mum conditions. The small-sized, uniform, and 
monodisperse GNPs were phase-transferred using 
poly(maleic anhydride-alt-1-octadecene) (PMAO) 
to be highly dispersive in aqueous solvent. In vitro 
CT imaging tests were carried out to evaluate the 
potential of the synthesized materials as CT con-
trast agents.

Experimental section

Materials

The main chemicals: gold (III) chloride hydrate 
(HAuCl4.xH2O, 99.99%), sodium oleate (SOA, 99%), 
oleylamine (OLA, 90%), 1-octadecanol (OCD-ol, 
99%), 1-octadecene (ODE, 99%), 1,2,3,4-tetrahydro 
naphthalene (tetralin, 98%), dibenzyl ether (DBE, 99%), 
poly(maleic anhydride-alt-1-octadecene) (PMAO, 
99%), absolute ethanol (≥ 96%), hexane (99%), chlo-
roform (≥ 99%), and agarose were ordered from 
Sigma-Aldrich, Singapore. All chemicals were used as 
received without any purification.

Preparation

Synthesis of Au nanostructures: The GNPs colloidal 
property was fabricated by the 2-step procedure pre-
sented by Scheme 1.

Scheme 1   Schematic synthesis of GNPs by thermal decomposition method and the ligand exchange process using PMAO
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In the first step, the GNPs were synthesized by 
chemical reduction in organic solvents. Herein, 
the precursor Au3+ was reduced by 1-octadecanol 
(OCD-ol) while oleylamine (OLA) or sodium oleate 
(SOA) both acted as complexing agents with Au3+ 
and surfactants. The as-synthesized GNPs were 
shielded by an OLA/oleate surfactant layer, thus 
unable to disperse in water. Therefore, the GNPs 
must be covered using poly(maleic anhydride-alt-
octadecene) (PMAO), as shown in step 2.

First, HAuCl4.3H2O and OLA (or SOA) at con-
centrations recorded in Table 1 were poured into a 
three-necked round bottom flask containing 40 mL 
of organic solvent (ODE, DBE, or tetralin). The 
reductant OCD-ol was added to the reaction mix-
ture to reach a concentration of 90 mM. The reac-
tion mixture was magnetically stirred under the 
nitrogen gas flow for 30 min at room temperature. 
Then, it was stirred at 80°C for 30 min. Finally, the 
reaction mixture was heated to 180°C gradually 
(at a speed of 5°C/min) and refluxed for 30–120 
min. The collected products were left to cool down 
slowly to room temperature. The investigation 
parameters for the synthesis of GNPs are recorded 
in Table 1.

Following the fabrication, the GNPs were 
washed, and the procedure in our previous stud-
ies was mentioned [14]. For more details, a por-
tion of the sample solution was mixed thoroughly 
with ethanol, and then centrifuged for 10 min at 
10,000–12,000 rpm. After discarding the solvent, 
the precipitate was re-dispersed into n-hexane, and 
then re-precipitated again with ethanol. The wash-
ing process was repeated three to five times. The 
clean GNPs were characterized and saved for fur-
ther investigation.

Transferring Au nanostructures into water  The 
GNPs, after synthesis in the organic solvent, were 
encapsulated by a layer of surfactants (OLA/oleate), 
thus dispersive in non-polar organic solvents. Surface 
modification by amphiphilic polymer PMAO helped 
them disperse in aqueous solution as follows:

One hundred and milligrams of the clean GNPs 
were poured into 2 mL of chloroform and ultrasoni-
cated for 8–10 min until homogeneous. The obtained 
solution was denoted as solution 1.

Two grams of poly(maleic anhydrit-alt-1-octa-
decene) (PMAO) were dispersed into 20 mL of chlo-
roform and ultrasonicated to obtain a homogeneous 
solution named solution 2.

Solution 1 was gradually added to solution 2, 
simultaneously ultra-sonicated; so, all GNPs were 
dispersed uniformly. The mixture was stirred at 
room temperature until chloroform completely 
evaporated. After that, 24 mL of NaOH 1M solution 
were added and magnetically stirred to get a homo-
geneous solution. The product was collected and 
washed with distilled water. When pH reached 7, 
the obtained GNPs were clean and able to disperse 
in aqueous medium.

Methods of characterization

Characterization of Au nanostructures  The crys-
tal structures of the nanoparticles were characterized 
by powder XRD using Bruker D5005 X-ray diffrac-
tometer at room temperature with Cu Kα radiation 
(λ = 1.5418 Å). The morphological properties (physi-
cal size and shape) of the particles were obtained 
using transmission electron microscopy (TEM) on 
JEM-1010 (JEOL, Japan) operating at 50 kV and 

Table 1   Surface plasmon 
resonance position of GNPs 
synthesized under different 
conditions

s OLA (mM) SOA
(mM)

Slovents (mL) Time (min) Size (nm) SPR
(nm)

ODE DBE Tetralin

40 165 0 40 0 0 90 15.8 ± 0.9 522
0 165 15.5 ± 0.8 522

40 0 165 40 0 0 90 15.5 ± 0.8 522
0 40 0 12.8 ± 2.3 518
0 0 40 14.3 ± 2.1 520

40 0 165 40 0 0 30 8.4 ± 0.6 516
60 12.2 ± 0.7 518
90 15.5 ± 0.8 522
120 20.7 ± 3.2 531
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high-resolution transmission electron microscope 
(HR-TEM) on JEM 2100 (JEOL, Japan). The infra-
red and UV–Vis spectra were obtained by the FT-IR 
NEXUS 670 (Nicolet, USA) and the UV–Vis spec-
trophotometer Jasco V-670 (Japan). The structures 
of materials were also studied by Fourier transform 
infrared (FT-IR) measurement using Nicolet iS10 
(Thermo Scientific, USA) equipment. Dynamic light 
scattering (DLS) measurements of the magnetic flu-
ids were examined by a Zetasizer (Malvern, UK). 
Inductively coupled plasma mass spectrometry was 
used to determine the amount of gold in the investi-
gated samples on 7900 ICP-MS (Agilent, USA).

In vitro CT imaging studies  To assess the abil-
ity of a GNP’s solution as a CT contrast agent, 
2-mL wells containing GNPs solution at differ-
ent concentrations (1, 2, 4, 6, and 8 mg/mL) were 
prepared. The testing wells were immobilized 
with 2% agarose gel by dissolving 2 g of agarose 
into 100 mL of distilled water at 80°C. The sam-
ples were left to cool down, solidified, and then 
put in a hand-made holder. To compare the X-ray 
attenuation coefficient, the commercial product 
Xenetix®300, which initially contained iodine at 
300 mg/mL, was diluted to the same concentra-
tion with GNPs solutions. A 2% agarose solution 

was used as the control in all experiments. The 
128-Somatom Perspective CT scanner (Siemens, 
Germany) was used; the imaging parameters 
were as follows: source voltage of 120 kV and 80 
mAs, slice thickness of 0.6 mm, display field of 
view (DFOV) x–y 278 × 295 mm2, matrix size of 
520 × 520. The CT images were loaded to a stand-
ard display program where a united region of inter-
est (ROI) was selected to provide results for each 
sample. The increase in contrast was determined 
in the Houndfield unit (HU) by eFilm Workstation 
software (Merge Healthcare, USA).

Statistical analysis  The significance of the experi-
mental data was assessed by one-way ANOVA 
with p-values of 0.05 and 0.01 that were considered 
significant.

Results and discussion

The formation of Au nanostructures

Influence of surfactants on morphology

During the synthesis of GNPs, OLA/SOA acted 
as both complexing agents with Au3+ ions and 

Fig. 1   The typical TEM 
images of Au nanostruc-
tures (a, b), physical size 
distribution curves (c), and 
surfactants (d) of GNPs 
synthesized in different 
surfactants
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surfactants to avoid particle agglomeration. The effect 
of the surfactants OLA/SOA on the morphology of 
GNPs was analyzed by transmission electron micros-
copy, as presented in Fig. 1.

Morphology analysis of GNPs showed that the 
sample using OLA had a relatively uniform spheri-
cal shape with an average physical size from TEM 
measurements of 15.8 ± 0.9 nm (Fig.  1a). Using 
SOA led to the same result as OLA; the average 
size of spherical GNPs was 15.5 ± 0.8 nm (Fig. 1b). 
The size percentage errors in both cases were under 
6%. It means there is no significant difference in 
particle shape, uniformity, and size (Fig.  1c) in 
both cases. This result is attributed to the structural 
similarity of OLA and SOA (Fig.  1d). During the 
synthesis, the nitrogen atom (NH2 group) of the 
OLA molecule played the same role as the oxygen 
atom (COO − group) of the oleate molecule, that is, 
electron donor to form dative covalent bonds with 
Au3+ and produce intermediate complexes. These 
complexes reacted with the reductant OCD-ol at 
high temperatures to form Au0 atoms and Au crystal 
seeds. These seed crystals grow by diffusional dep-
osition of Au atoms on existing seeds, and this indi-
cates the formation of the Au nanoparticles. The 
crystal seeds grew by deposition of Au atoms on the 
existing seeds toward their diffusion, forming free 
Au nanoparticles. Since OLA/oleate was present in 
the reaction medium, they stuck to the surface of 
GNPs by donating their lone pairs on the N-tail (of 
OLA) or O-tail (of oleate) to the vacant orbitals of 
Au [49].

Hence, the utility of OLA and SOA produced 
monodisperse GNPs with excellent homogeneity. 
However, SOA is 3.5 times less expensive than OLA 
for the same quantity of usage. Consequently, SOA 
will reduce the production cost of GNPs. We used 
SOA in the following experiments to investigate other 
factors affecting the morphology and characteristics 
of the GNPs.

Influence of solvents on morphology

Previous papers have shown that solvent is one of the 
key figures during the formation and growth of crys-
tal seeds [50]. Our work aimed to study the effect of 
different solvents, such as ODE, BDE, and tetralin, on 
the morphology and size of GNPs. The TEM analysis 
is demonstrated in Fig. 2.

As can be seen, the gold nanoparticles (GNPs) 
formed in ODE solvent were monodisperse, spheri-
cal, and relatively uniform with an average size 
of 15.5 ± 0.8  nm; the size distribution was narrow 
with a fairly small size percentage error (> 5.2%) 
(Fig. 2a). The sample produced in DBE solvent also 
had a spherical shape with a clear grain boundary 
but lower uniformity. In this solvent, the average 
size was 12.8 ± 2.3  nm, and the size error reached 
approximately 18% (Fig.  2b). Tetralin solvent led 
to the formation of uneven GNPs: some particles 
agglomerated, and the average size was 14.3 ± 2.1 nm 
with a size percentage error of up to 14.7% (Fig. 2c). 
Accordingly, all three solvents produced spheri-
cal NPs with a size ranging from 12.8 to 15.5 nm 
(Fig.  2d). The uniformity depended on the type of 
solvent. ODE facilitated the formation of uniform and 
monodisperse GNPs with narrow size distribution. 
The solvents DBE and tetralin resulted in less uniform 
NPs with wider size distribution. This observation 
can be explained based on the structure of solvents. 
In particular, ODE has an unbranched carbon chain, 
similar to SOA, while BDE and tetralin contain spa-
tially cumbersome carbon rings. The steric hindrance 
undoubtedly impacts the formation and growth of 
crystal seeds into the Au materials. For this reason, 
ODE solvent was chosen for further investigation.

Influence of time on the morphology

Along with the reagents directly participating in the 
morphology development and size of GNPs, the reac-
tion time also matters. The dependence of morphol-
ogy on reaction time ranging from 30 to 120 min was 
examined by TEM, as shown in Fig. 3.

The TEM images of GNPs indicated that the 
reaction time varied in the 30–120-min range. All 
the obtained GNPs had spherical shapes; however, 
their size distribution and uniformity changed obvi-
ously. At t = 30, 60, and 90 min (Fig. 3a–c), the col-
lected GNPs were spherical, monodisperse, and 
relatively uniform with an average size of 8.4 ± 0.6 
nm, 12.2 ± 0.7 nm, and 15.5 ± 0.8 nm, respectively. 
The size distribution of these samples was compara-
tively narrow (Fig. 3e), with size percentage errors all 
under 8%. The resultant particles became uneven as 
the reaction time was prolonged to 120 min. In addi-
tion to gold nanospheres, some GNPs overlapped to 
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form different shapes (Fig.  3d) with increasing size. 
The average size in this instance rose to 20.7 ± 3.2 nm 
with a particle size error of 15.4%. To put it briefly, 
the average particle size increases from 8.4 to 20.7 
nm, corresponding to the increasing reaction time 
from 30 to 120 min. A plausible explanation for this 
observation is that the total surface energy forces the 
particles in the reaction system to agglomerate. Thus, 
the average size of GNPs enlarges [51]. As such, the 
size of GNPs can be controlled by adjusting the reac-
tion time.

A presentative Au sample, synthesized in 90 min, 
was analyzed by HR-TEM with a magnification of 
600,000 times (Fig. 4a). The HR-TEM image showed 

that the size of GNPs was 15.7 nm, equivalent to the 
size observed by TEM (Fig. 3c). Selected area elec-
tron diffraction (SEAD) analysis of a single gold 
particle is demonstrated in Fig. 4b. As observed, the 
SEAD of the GNPs included four concentric circles, 
which were assigned to the planes (111), (200), (220), 
and (311) of the face-centered cubic (fcc) crystal. It is 
suggested that the as-fabricated GNPs have high crys-
tallinity [52].

Deduced from the above investigation, synthesis in 
ODE solvent using SOA as a surfactant with a 30–90-
min reaction time provided GNPs owning high uni-
formity, mono dispersion, and small size (8.4–15.5 
nm), appropriate for biomedical purposes.

Fig. 2   TEM images (a, 
b, c) and corresponding 
physical size distribution 
histograms (d) of GNPs 
synthesized in different 
solvents
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Optical properties

The influence of reaction parameters on the optical 
properties of the as-synthesized GNPs is illustrated in 
Table 1 and Fig. 5.

The surface plasmon resonance (SPR) position of 
all GNPs fabricated using OLA and SOA was 522 nm 
with similar intensity and width of peaks (Fig.  5a). 

The same observation is obtained when comparing 
their average particle size (Table 1).

The maximum absorption peaks of samples 
formed in ODE, tetralin, and DBE were at 522, 520, 
and 518 nm, respectively (Fig. 5b). The variation of 
the maximum absorption peak is due to the size of 
GNPs in solvents ODE, tetralin, and DBE decreas-
ing from 15.5 ± 0.8, 14.3 ± 2.1, and 12.8 ± 2.3 nm. 

Fig. 3   TEM images (a, b, c, d), and corresponding physical size distribution histograms (e) of GNPs synthesized at different times

Fig. 4   HR-TEM images 
(a) and SEAD images (b) 
of GNPs
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Compared to the absorption peaks of GNPs formed 
in ODE solvent, those of samples produced in tetra-
lin and DBE were expanded. However, the expan-
sion of the two samples was not equivalent. As 
mentioned, some GNPs in tetralin solvent were 
overlapped, causing agglomeration (TEM image, 
Fig.  2). According to Mie’s theory, the maximum 
absorption peak of optical NPs depends on their 
size and shape. That is, our results agree with Mie’s 
theory [53].

As reaction time varied from 30 to 120  min, the 
maximum SPR absorption peak shifted from 516 to 
531 nm (Fig. 7). The GNPs synthesized in 30–90 min 
exhibited narrow peaks since they were uniformly 
spherical with a small size (8.4–15.5  nm). Mean-
while, the GNPs obtained after 120 min had widened 
absorption peaks due to the larger size and the over-
lap of GNPs, distorting their original shape. The shift 
and expansion of the absorption peak of GNPs toward 
the longer wavelengths were caused by the increased 

size. It is shown in Fig. 2 that the larger the size, the 
longer the maximum absorption peak value.

This evidence indicated that under the reaction 
conditions, the average size of GNPs changed from 
8.4 to 20.7  nm, corresponding to the SPR absorp-
tion peaks at 516–531 nm (Table 1). Thus, we chose 
two GNPs samples with the average size of 8.4 and 
15.5 nm for the following steps.

The crystal phase of GNPs

To examine the degree of crystallinity of the as-fabri-
cated GNPs, X-ray diffraction (XRD) patterns of two 
representative GNPs with an average size of 8.4 ± 0.6 
and 15.5 ± 0.8 nm, denoted as Au-8.4 and Au-15.5, 
were recorded. The 2θ ranged from 20° to 70°. The 
result is demonstrated in Fig. 6a.

Both representative GNPs showed sharp diffrac-
tion peaks with high intensity at 2θ = 38.27°, 44.49°, 
and 64.69°, corresponding to the characteristic planes 
(111), (200), and (220) of the fcc structure of Au 

Fig. 5   UV–Vis of GNPs fabricated by different surfactants (a), solvents (b), and time (c)

Fig. 6   XRD patterns of 
GNPs at different sizes (a) 
and FT-IR spectra of poly-
mer, OA/OLA, and PMAO 
encapsulated GNPs (b)



	 J Nanopart Res (2024) 26:113

1 3

113  Page 10 of 16

Vol:. (1234567890)

(JCPDS, 01—1172) [54]. This result is consistent 
with SEAD information as presented in Fig. 4b. We 
identified lattice parameter (Fig. 4a) from XRD pat-
terns for both Au-8.4 and Au-15.5 samples, that is, 
0.4061 and 0.4053 nm, respectively. Our obtained 
values are concordant with previous reports [55]. The 
XRD peaks of the Au-8.4 sample were wider than 
those of the Au-15.5 sample, as expected since the 
average size of the Au-8.4 sample was smaller than 
the Au-15.5 sample. From the half-width at the (111) 
maximum peak, the average size of GNPs can be cal-
culated by the Debye–Scherrer equation. The values 
corresponding to the samples Au-8.4 and Au-15.5 
were 8.2 and 15.3 nm, respectively.

Using the polymer PMAO as an encapsulating 
agent helped increase the biocompatibility of the 
materials. The formation of PMAO coating on the 
nanoparticle surface after phase transfer was exam-
ined by Fourier transform infrared (FT-IR) (Fig. 6b). 
We can see that the two peaks at 1856 and 1780 
cm−1 in IR spectrum of PMAO due to vibrations of 
the anhydride ring are absent in the IR spectrum of 

Au@PMAO, but two new peaks at 1549 and 1466 
cm−1 in this spectrum showed that anhydride ring is 
opened and changed to be COO− groups. Two new 
peaks were attributed to the symmetry and asym-
metry vibration of the carboxylate group of PMAO 
in the IR spectrum of Au@PMAO. Moreover, the 
nanoparticles after phase transfer (Au@PMAO) gave 
a broad maximum absorption range at a wave num-
ber of 3489 cm−1 that was assigned to the vibration 
of OH in water molecules absorbed onto PMAO coat-
ing. These changes in IR spectra confirmed the pres-
ence of PMAO coating layer on the surface of Au 
nanoparticles.

Particle size and stability of the PMAO‑coated Au 
NPs

The images of PMAO-modified GNPs solution 
are presented in Fig. 7a. As can be seen, both solu-
tions were homogeneous without sedimentation. The 
UV–Vis spectra proved that the optical properties of 
both samples did not change after encapsulation by 

Fig. 7   Images of solutions 
(a) and the UV–Vis spectra 
(b) of GNPs with different 
sizes after PMAO, encapsu-
lation dispersed in water



J Nanopart Res (2024) 26:113	

1 3

Page 11 of 16  113

Vol.: (0123456789)

PMAO. Their maximum absorption peaks appear 
at 516 and 522 nm, corresponding to the samples 
Au-8.4@PMAO and Au-15.5@PMAO (Fig. 7a).

As observed in TEM images, the PMAO-modified 
GNPs (Fig.  7b and c) were monodisperse; no parti-
cle agglomeration occurred. The size of two samples, 
Au-8.4@PMAO and Au-15.5@PMAO, was close to 
that of the original GNPs. However, the DLS diam-
eters of Au-8.4@PMAO and Au-15.5@PMAO were 
correspondingly 17.7 and 26.8 nm (Fig. 8a, b), higher 
than the values estimated from TEM. It is reasonable 
since the DLS technique allows the measure of the 
coverage of PMAO.

The stability of GNPs after encapsulation by 
PMAO was evaluated by measuring zeta poten-
tial (Fig.  8c and d). The zeta potential of aqueous 
Au-8,4@PMAO and Au-15.5@PMAO solutions 
were − 45.6 and − 42.0 mV. The colloidal suspensions 
with a zeta potential in the range of 40–60 mV are 
considered stable [56]. Hence, the PMAO-encapsu-
lated GNPs were relatively stable in aqueous medium, 
suitable for application in biomedicine.

Contrast enhancement in vitro CT imaging

Using gold nanoparticles (GNPs) solution as a CT 
imaging contrast agent is preferable to the standard 

iodine-based compounds due to the X-ray attenua-
tion [57]. To better understand the efficiency of GNPs 
as CT contrast agents, solutions of Au-8.4@PMAO 
and Au-15.5@PMAO at different concentrations 
were tested and collated with the agarose 2% solu-
tion as the control. Moreover, we also used the com-
mercial contrast agent Xenetix (containing iodine) 
at equivalent concentrations to compare the X-ray 
attenuation intensity. CT images were analyzed using 
the efilm workstations program (Merge Healthcare, 
USA) based on the signal intensity in the HU. Fig-
ure 9 shows the CT images using the GNPs and com-
mercial Xenetix at different Au and I concentrations, 
the corresponding HU values, and X-ray attenuation 
intensity.

The increase in the X-ray attenuation intensity 
from low to high concentrations of Au-8.4@PMAO, 
Au-15.5@PMAO, and Xenetix can be observed, as 
shown in Fig. 9a. When the concentration of samples 
varied from 1 to 8 mg/mL, the CT contrast intensity 
of all rose linearly (Fig.  9b), corresponding to the 
increase of HU values (Fig.  9c). As expected, the 
correlation between the CT imaging contrast and the 
concentration of Au and I was linear, according to 
the average greyscale range. The R2 values obtained 

Fig. 8   DLS hydrodynamic diameters (a, b) and zeta potentials (c, d) of the samples Au-8.4@PMAO (a, c) and Au-15.5@PMAO (b, 
d) dispersed in water
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from Au-8.4@PMAO, Au-15.5@PMAO, and Xeni-
tex were 0.9973, 0.9887, and 0.9929, respectively 
(Fig. 9b).

Figure 9a indicates the statistically significant dif-
ference (P < 0.05) in X-ray attenuation between the 
gold nanoparticles (GNPs) samples and the com-
mercial Xenetix. The GNPs samples exhibited the 
outstanding capability to attenuate X-radiation com-
pared to Xenetix. At the investigated concentration 
of 2 mg/mL, the HU intensities of Au-8.4@PMAO 
and Au-15.5@PMAO were 6.2 and 5.6 times higher 
than that of the commercial Xenetix (Fig.  9c). This 
result fits the X-ray attenuation property of the con-
trast agent Omnipaque and nano gold in other stud-
ies [26, 58–60]. According to the work of Tingting 
Xiao et  al. to reach the equivalent HU signal of our 
GNPs, the concentrations of nano gold and iodine (in 
Omnipaque) must be much higher [61]. Therefore, 

this study has confirmed that the X-ray attenuation 
intensity of our GNPs was significantly higher than 
the commercial products, such as Omnipaque and 
Xenetix. It makes sense because, theoretically, the 
attenuation ability of Au is 2.7 times higher than 
iodine. At 100 keV, the values of Au and iodine are 
5.16 and 1.94 cm2/g, respectively, corresponding to 
the higher atomic number of Au (Z = 79) than that of 
I (Z = 53) [4]. Due to the remarkable X-ray attenua-
tion of our Au material compared with the iodine 
complexes and its low toxicity at investigated concen-
trations compared to zirconium dioxide and barium 
sulfate [62], we propose GNPs as a promising CT 
contrast alternative.

Figure  9a also visualizes the statistically sig-
nificant difference (P < 0.01) in X-ray attenua-
tion between two GNPs samples: Au-8.4@PMAO 
and Au-15.5@PMAO. The distinction suggested 

Fig. 9   CT images of the nano Au-8.4@PMAO, nano Au-15.5@PMAO, and Xenetix at different concentrations (a), the correspond-
ing linear plots of X-ray attenuation vs. concentrations (b) and HU values of samples at equivalent concentrations (c)
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the effect of particle size on the X-ray attenuation 
intensity. At the same concentration of GNPs, the 
smaller particle sample (Au-8.4@PMAO) displayed 
a greater attenuation than the larger one (Au-15.5@
PMAO). Consequently, the small-sized GNPs would 
be a more effective CT contrast agent. Nevertheless, 
in practice, the attenuation effect of GNPs at low 
concentrations is hard to detect. In this study, at the 
concentration of 1 mg/mL, there was a negligible 
attenuation difference between two GNPs samples 
with TEM sizes of 8.4 and 15.5 nm. The difference 
became obvious as the concentration increased to 2 
mg/mL. Particularly, the X-ray attenuation of GNPs 
8.4 nm in the HU unit was approximately 10% 
higher than that of GNPs 15.5 nm. The distinction 
rose to around 25% at the concentration of 8 mg/
mL (Fig. 9c). Reasonably, the surface area increases 
as the size of particles decreases [63]. These results 
are consistent with studies of Sun et  al. [32]. Our 
investigation intimated the potential of the synthe-
sized GNPs as a CT imaging contrast agent.

Conclusion

We successfully fabricated the spherical, mono-
disperse, and uniform GNPs in organic solvents. 
Investigation of synthesis conditions revealed the 
similar influence of OLA and SOA as surfactants 
on the morphology and uniformity of particles. The 
solvent ODE and reaction time varying from 30 to 
60 min facilitated the formation of the uniform and 
monodisperse GNPs. Characterization showed that 
the fabricated GNPs were crystalline and spherical 
with a fcc structure and an average size of 8.4–20.7 
nm, with maximum SPR peaks in the 516–531-nm 
range. After the surface modification by PMAO, 
the GNPs were highly stable in the aqueous solu-
tion with the zeta potential of − 45.6 and − 42 mV, 
hydrodynamic diameter of 17.7 and 26.8 nm, cor-
responding to the samples 8.4 and 15.5 nm. In vitro 
CT imaging test expressed the notable capability of 
GNPs as a contrast agent. The smaller GNPs exhib-
ited higher attenuation than the larger ones. As the 
concentration of Au rose from 1 to 8 mg/mL, the 
CT contrast increased. The CT contrast signal of the 
nano Au@PMAO was higher than that of the com-
mercial Xenetix at the same testing concentration. 

With these excellent properties, the Au@PMAO 
synthesized in this study proved a promising candi-
date for CT imaging in practice.
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