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Abstract. The present study aimed to prepare and characterize 
an Au‑poly(lactic‑co‑glycolic) acid (PLGA) complex, surfaced 
with gold nanoparticles (GNPs), and to assess its use as an ultra-
sound contrast agent for in vitro imaging. PLGA nanoparticles 
(NPs) were prepared by a modified double‑emulsion solvent 
evaporation method. GNPs were prepared via reduction with 
sodium citrate. Au‑PLGA complexes were created through the 
binding of polyethylene glycosylated GNPs to the surface of 
PLGA NPs. Various physical characteristics of PLGA NPs, 
GNPs and Au‑PLGA complexes, including morphology, 
size, dispersion, ζ potential and stability were observed and 
measured. The study of the in vitro imaging capability of the 
Au‑PLGA complex was conducted by setting multi‑parameter 
imaging conditions. The average sizes of PLGA NPs, GNPs 
and the Au‑PLGA complex were 144.5±30.28, 21.42±1.56 
and 359.4±67.94  nm, respectively. Transmission electron 
microscopy (TEM) revealed that PLGA NPs and GNPs were 
spherically shaped, but GNPs had smooth surface while PLGA 
NPs had a capsular morphology with a wrinkled surface and 
large voids. The maximum absorption peak of 20 nm GNPs 
was 508 nm while that of the Au‑PLGA complex was 515 nm 
on an ultraviolet‑visible absorption spectrum curve. The 
results of TEM and the redshift spectrum demonstrated that 
GNPs successfully bound to the surface of the PLGA NPs. 
The complex demonstrated good stability and its size changed 
little over time. In vitro imaging experiments revealed that the 
Au‑PLGA complex had a good imaging ability. The present 
study demonstrated that the Au‑PLGA complex is a promising 
novel ultrasound contrast agent.

Introduction

Gold nanoparticles (GNPs) have good optical properties, 
good biocompatibility and are harmless. Therefore, GNPs 
have been applied to biochemical and medical analysis, 
biosensors, genomics, immunology, wound healing, and 
tumor diagnosis and treatment (1). The nano‑gold complex 
consists of gold nanoparticles with a diameter of 1‑100 nm (2) 
surface‑modified by covalent or non‑covalent bonding to 
specific molecules or drugs, which are used in the diagnosis 
and treatment of multiple cancers. GNPs exhibit enormous 
potential, from basic research to clinical applications. Its use 
as a treatment for cancer has been approved by the FDA and 
has entered the early stages of clinical trials (3). The surface 
of GNPs readily binds to chemotherapy drugs and functional 
ligands  (4). This combination of capabilities extends the 
functionality and applications of GNPs, and they have also 
been used as molecular probes, and for optical imaging. 
Song et al (5) used gold nanorods as lymph tracer in a mouse 
model and successfully obtained sentinel lymph node photo-
acoustic imaging in vivo.

Polymer microbubbles are an ultrasound contrast agent 
that demonstrates good uniformity, high stability, a long 
retention time in vivo, good anti‑stress performance and weak 
sound attenuation characteristics. Currently the most widely 
used is poly (lactic‑co‑glycolic) acid (PLGA). Néstor et al (6) 
evaluated the echogenic power and stability of air‑filled PLGA 
nanocapsules with a mean diameter of 370±96 nm in vitro. 
Kohl et al (7) prepared and evaluated multifunctional PLGA 
nanoparticles (NPs) for use in photoacoustic imaging. 
Xu et al (8) developed PLGA nanobubbles (mean diameter 
268 nm) for cancer targeting and imaging. Ke et al (9) prepared 
the nanocomposite through combined GNPs with a polymer 
microcapsule shell to operate as a new multi‑functional agent 
for both contrast enhanced ultrasonic imaging and photohy-
perthermia. Good ultrasonic imaging results were achieved as 
a result.

Therefore, it is possible to hypothesize that the combination 
of gold and polymer nanobubbles significantly increases the 
echo signal of the PLGA nanobubble contrast agent, improving 
the ultrasound contrast performance. The aim of the present 
study was to prepare a gold‑poly(lactic‑co‑glycolic) acid 
(Au‑PLGA) complex and investigate the feasibility of using 
this complex to enhance ultrasound imaging in vitro.
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Materials and methods

Materials. PLGA (50:50; 40k MW) was obtained from 
Shandong Jinan Daigang Biomaterial Co., Ltd. (Shandong, 
China). Thiol‑terminated methoxy polyethylene glycol 
(H2N‑PEG1000‑SH; 1k MW) was obtained from Shanghai 
Yare Biotech, Co., Ltd. (Shanghai, China). Methylene 
chloride, isopropanol, mannitol, phosphotungstic acid, 
hydrogen tetra‑chloroaurate (III) hydrate (HAuCl4•4H2O) 
and sodium citrate were obtained from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). Polyvinyl 
alcohol (PVA; 88% mole hydrolyzed), camphor (D+), 
1‑(3‑Dimethylaminopropyl)‑3‑ethylcarbodiimide hydrochlo-
ride and N‑Hydroxysuccinimide (NHS) were obtained from 
Aladdin Chemistry Co., Ltd. (Shanghai, China). Deionized 
(DI) water, used in all experiments, was purified using a 
Milli‑Q Plus 185 water purification system (EMD Millipore, 
Billerica, MA, USA) with resistivity >18 MΩ cm. All other 
chemicals and reagents were of analytical grade.

Preparation of PLGA NPs. PLGA NPs were prepared 
according to a previously reported method (10). To make the 
first emulsion, PLGA (125 mg) and camphor (12.5 mg) were 
dissolved in methylene chloride (5 ml), followed by adding 
1 ml PVA (3% w/v). Then, the mixture was emulsified using 
an ultrasonic disrupter 04717 (Cole‑Parmer Instrument Co., 
Ltd., Vernon Hills, IL, USA) at 130 W in an ice bath and 
sonicated for 180  sec at 4  sec on and 2  sec off. To make 
the second emulsion, the solution was added to 20 ml PVA 
(3% w/v) and sonicated as above. Following this, the emulsion 
was added to 100 ml isopropyl alcohol (5% v/v) and stirred 
for 1 h. The samples were subsequently obtained by centrifu-
gation at 17,800 x g for 10 min at 25˚C, washed three times 
with DI water, and lyophilized using a freeze dryer (TFD5505; 
Ilshin Lab Co., Ltd., Yangju, South Korea). In a vacuum, the 
PLGA NPs was filled with perfluoropropane gas (Shanghai 
Renjieling Optics Instruments Co., Ltd., Shanghai, China).

Preparation of GNPs. GNPs with an average diameter of 
~20 nm were prepared according to the previously reported 
method  (11,12). HAuCl4•4H2O aqueous solution (0.5  ml; 
1% w/v) was added into 48 ml DI water, and the solution was 
stirred and heated in an oil bath so that the temperature was 
raised and stabilized at 137˚C. Under vigorous stirring, 1.5 ml 
sodium citrate solution (1% w/v) was added, and stirring 
continued for 20 min until the solution became a clear red. 
It was subsequently removed from the oil bath and cooled to 
room temperature with constant stirring.

The GNP solution was prepared by filtration through a 
0.22 µm nitrocellulose membrane, so as to remove electrolytic 
ions and aggregated colloidal gold particles. Glassware used 
for the experiment was subjected to several rinses with DI 
water and acidification.

Preparation of Au‑PLGA complex. H2N‑PEG1000‑SH (30 mg) 
was dissolved in 10 ml filtered GNP solution and continuously 
stirred at room temperature for 4 h. PLGA NPs (30 mg) was 
fully dissolved in DI water and kept standing for 20 min to 
discard large particles, which precipitated at the bottom. The 
suspension was centrifuged at 17,800 x g for 10 min at 25˚C 

and washed with DI water three times to obtain purified PLGA 
NPs. Subsequently, the PLGA NPs were mixed with EDC 
(3 mg) and NHS (2 mg) in 10 ml DI water. The resulting solu-
tion was stirred at room temperature for 2 h, then centrifuged 
at 17,800 x g for 10 min at 25˚C and washed with DI water to 
expose the carboxyl groups (‑COOH) of PLGA NPs. Then, 
the PLGA NPs were completely suspended in GNP solution 
and stirred at room temperature for another 2 h to obtain the 
Au‑PLGA complex.

Characterization of PLGA NPs, GNPs and the Au‑PLGA 
complexes. The S‑4800 field emission scanning electron 
microscope (Hitachi High Technologies Corporation, Tokyo, 
Japan) and JEOL JEM‑2100 low to high‑resolution transmis-
sion electron microscope (TEM; Hitachi High Technologies 
Corporation, Tokyo, Japan) were used to observe the 
morphology and structure of the nanoparticles. The PLGA 
NPs were stained with freshly prepared phosphotungstic acid 
solution (1%, w/v) prior to TEM observation. A drop of the 
PLGA NPs suspension was placed onto copper grids for 3 min 
and then the copper grids was immersed in phosphotungstic 
acid solution for 1 min. The grids were air‑dried and observed 
by TEM. The size distributions and ζ potentials of the 
nanoparticles were evaluated five times for each sample using 
dynamic light scattering (Zetasizer Nano ZS model ZEN3690; 
Malvern Instruments, Ltd., Malvern, UK). The Varian 4000 
UV‑Vis spectrophotometer was used to measure the ultra-
violet (UV)/Vis absorption spectra of the nanoparticles. To 
investigate the preserved stability of the Au‑PLGA complex, 
sample suspensions were sufficiently ultrasonically dispersed 
using the mixing function of an ultrasonic cleaning machine 
set to 500 W and kept standing for 0, 1, 7 and 14 days at 4˚C. 
They were subsequently measured five times for each sample 
to obtain the average diameters and ζ potentials.

In  vitro ultrasound imaging of the Au‑PLGA complex. 
Au‑PLGA complexes and PLGA NPs were dispersed in the 
degassed deionized water, and different imaging parameters 
(imaging times 0, 30, 60, 120 and 180 sec) and conditions 
(concentration of sample 3, 2, 1, 0.5 and 0.25 mg/ml) were 
selected according the purpose of the different experiments 
in order to observe the corresponding imaging ability. The 
imaging evaluation of the Au‑PLGA complexes and PLGA 
NPs were performed using an ultrasonic diagnostic instrument 
(MyLab Twice; Esaote SpA, Florence, Italy) and conventional 
B‑mode sonograms (mechanical index=0.06). The center 
frequencies of the transducers were 13 and 22 MHz, according 
to need.

Statistical analysis. The results were presented as the 
mean ± standard deviation.

Results

Preparation and characterization of nanoparticles. The 
morphology and structure of PLGA NPs, GNPs and the 
Au‑PLGA complexes were characterized by transmission 
electron microscopy (TEM). The GNPs (Fig. 1) and PLGA 
NPs (Fig. 2) demonstrated a spherical shape. GNPs had a more 
uniform size and PLGA NPs demonstrated good dispersion. 
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TEM revealed the PLGA NPs had a thin shell that was not smooth 
but wrinkled, due to the TEM electron beam across the thin, 
cavity‑rich particles (Fig. 2). DLS revealed that the GNPs and 
PLGA NPs had diameters of 21.42±1.56 and 144.5±30.28 nm, 
respectively (Table  I). The Au‑PLGA complexes also had 
spherical shape following the combination of GNPs with PLGA 
NPs (Figs. 3 and 4) and the average diameter of the complex 
increased to ~359.4±67.94 nm (Table I). As time passed from 
0 to 14 days, the diameters and ζ potentials of the Au‑PLGA 
complexes changed from 359.4±67.94 to 398.19±42.34 nm and 

‑4.80±4.52 to ‑4.96±3.02 mv, respectively, indicating that it is 
stable (Table II). UV‑visible extinction spectra revealed that 
GNPs have a maximum absorption peak at 508 nm, while the 
Au‑PLGA complex had a maximum absorption peak at 515 nm 
(Fig. 5). The maximum peak absorption curve demonstrated 
redshift, which determined the initial PLGA NPs and GNPs 
combined with each other successfully.

In vitro imaging. The effect of different frequencies of imaging 
was studied under a certain concentration. The same concen-
trations (3 mg/ml) of the Au‑PLGA complex and PLGA NPs 
ultrasound contrast agents at 22 MHz and 13 MHz produced 
good images, but at 22 MHz demonstrated improved echoing 
(Fig. 6). At the same frequency under 22 MHz or 13 MHz 
condition, the echo signal of the Au‑PLGA complexes was 
stronger than PLGA NPs.

The ultrasound signals gradually decreased with 
decreasing concentrations of Au‑PLGA complexes and PLGA 
NPs at 22 MHz (Fig. 7). The strongest echo was demonstrated 
at the maximum 3 mg/ml for Au‑PLGA complexes and PLGA 
NPs. At the same concentration of Au‑PLGA complexes and 
PLGA NPs, the signal intensity of the former was improved 
compared with the latter.

Furthermore, the effect of imaging time on the use of 
Au‑PLGA complexes and PLGA NPs as ultrasound contrast 
agents was investigated in  vitro under the conditions of 
22  MHz and the concentration of 2  mg/ml. The imaging 
ability of the Au‑PLGA complexes and PLGA NPs visibly 
weakened as time increased (Fig. 8). The echo signal intensity 
and strength of the Au‑PLGA complexes were superior to the 
PLGA NPs across the entire imaging process, but a deposi-
tion of the Au‑PLGA complex occurs at 30 sec while PLGA 
NPs demonstrated a more uniform ultrasonic signal without 
deposition across the entire imaging process. The signals had 
been distributed and dissipated evenly.

Discussion

Ultrasound contrast agents alter the fundamental function of 
the acoustic wave (absorption, reflection and refraction), so the 
sites where the echo signal is enhanced have significant differ-
ences in background. Therefore, ultrasound contrast agents are 
used for the diagnosis and identification of heart, liver, breast 
and other organ diseases. Previous studies have demonstrated 
that the material characteristics of polymer contrast agents 
are superior to proteins, lipids, carbohydrates and surfactants 
in multiple ways (13,14). Thus, polymer ultrasound contrast 
agents have become an important synthetic material.

Figure 2. Transmission electron microscopy image of poly(lactic‑co‑glycolic) 
acid nanoparticles.

Figure 1. Transmission electron microscopy image of gold nanoparticles.

Table I. Physical characteristics of nanoparticles (χ ± S).

Nanoparticles	 Diameter (nm)	 ζ‑potential (mv)

GNPs	 21.42±1.56	‑ 28.8±3.88
PLGA	 144.5±30.28	‑ 25.20±4.01
Au‑PLGA	 359.4±67.94	‑ 4.80±4.52

GNPs, gold nanoparticles, PLGA, poly(lactic‑co‑glycolic) acid.

Figure 3. Transmission electron microscopy image of the gold‑
poly(lactic‑co‑glycolic) acid complex, revealing the typical capsular 
structure, where the polymeric shell appears darker.
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Preliminary results revealed that PLGA NP ultrasound 
imaging contrast agents, prepared with the method of 
an adjusted double emulsion solvent evaporation, had 

positive effects in in vitro and in vivo ultrasound imaging 
experiments (15). Therefore, the same method was adopted 
in the present study: A modified double‑emulsion solvent 
evaporation method to prepare PLGA NPs with a nanobubble 
structure. In the formation process of polymer nanobubbles, 
the evaporation of the solvent and PLGA film exhalation result 
in the formation of polymer nanospheres that contain water. 
Results of previous research have demonstrated that surfactant 
adsorbs more readily on the gas/liquid interface when freeze 
drying, forming a more stable microbubble structure  (16). 
Following freeze drying, nanospheres containing moisture and 
camphor were sublimed and the shape remained unchanged. 
Thus, an internal hollow nanocapsule was obtained. As gas 
molecules are able to enter the microcapsule by molecular 
diffusion or osmosis, an internal, hollow microbubble 
of gas is eventually obtained  (17). The double emulsion 
solvent evaporation method is simple, requires mild reaction 
conditions, and it is possible to adjust the preparation of the 
micro bubble particle size, uniform and controllable particle 
size, shell properties and internal structure through material 
selection and preparation technology (18,19). Thus, suitable 
polymer nanobubbles were obtained.

TEM images of PLGA following phosphotungstic acid 
dyeing revealed that it had a visible shell membrane structure, 
but the nanosphere surface was wrinkled. The reason for this 
was that PLGA NPs contain voids and the shell is thinner, so 
when the strong electron beam of TEM hit the particles the 
shell membrane retracted and formed the wrinkles. Thin shell 
structure permits the use of smaller amounts of ultrasonic 
energy that make the nanobubbles burst. This feature may 
be advantageous to investigate target enhancement effects 
in future experiments concerning targeted contrast agents in 
in vivo tumor models. There was a certain degree of adhesion 
between the Au‑PLGA complexes (Fig. 3). This was again due 
to the TEM electron beam, which fused the borders of the 
polymer nanobubbles. During the experiment, it was demon-
strated that when using TEM‑focused photograph samples, 
electron microscopy produces a high‑energy electron beam. 
This will break the shell membrane structure of polymer mate-
rials and the nanobubble will deform and fracture quickly, 
which is not conducive to observations. Fig. 4 presents a TEM 
photo of a single nanobubble complex. It is possible to observe 
that the complex nanosphere structure has been destroyed, and 
this may have been caused by a bombardment of high‑energy 
electron beams on the nanobubble. However, more GNPs 
adhered to the surface of the PLGA NPs. They appeared 
as scattered black spots in Fig. 4, ~20 nm in diameter with 
uniform size distribution, uniform distribution in the shell and 
no visible aggregation.

The oxidation of sodium citrate reduction method is the 
earliest method of preparation of water‑soluble GNPs, and is 
also the most widely used. In the present study, the sodium 
citrate reduction method prepared 20 nm GNPs that demon-
strated good physical and chemical properties. The UV visible 
absorption spectrum of GNPs revealed a maximum absorption 
peak of 508 nm. When the UV spectrum of GNPs prior to 
and following combination with PLGA NPs, it is possible to 
see that the maximum peak of absorption curve demonstrated 
redshift. According to a previous report (20), when GNPs and 
the surrounding medium or matrix material interact, it may 

Figure 6. In vitro ultrasound images of 3 mg/ml Au‑PLGA complexes and 
PLGA NPs at 13 and 22 MHz. PLGA, poly(lactic‑co‑glycolic) acid; NPs, 
nanoparticles.

Figure 5. Ultraviolet‑visible spectra of GNPs, PLGA NPs and the Au‑PLGA 
complex. GNPs, gold nanoparticles; PLGA NPs, poly(lactic‑co‑glycolic) 
acid; NPs, nanoparticles.

Figure 4. Transmission electron microscopy image of one gold‑
poly(lactic‑co‑glycolic) acid complex, revealing the gold nanoparticles 
attached to the poly(lactic‑co‑glycolic) acid nanoparticles.
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cause absorption redshift. This determined that GNPs success-
fully combined with PLGA NPs due to the right shift of the 
maximum absorption peak. The successful combination was 
also demonstrated by TEM. Thiol compounds easily and firmly 
bind to the surface of the GNPs. Under the action of the decou-
pling activator NHS/EDC, the carboxylic acid group (‑COOH) 
on the surface of the PLGA nanobubbles was activated, 
permitting it to combine with amino groups (‑NH2) or form 
other chemical bonds. In the present study, the double‑ended 
compound H2N‑PEG1000‑SH was used as an intermediary to 
combine the thiol group with the surface of the GNPs and the 
amino group with the activated carboxylic acid group to form 
the Au‑PLGA complex. This complex has good stability and the 
diameter of the Au‑PLGA complex theoretically permits them 
to enter through the tumor endothelial gap (400‑600 nm) (21).

Previous studies have confirmed that nanoscale ultra-
sound contrast agents in blood circulation possess a low 

echo reflection, but an accumulation of a large amount of 
nanoscale contrast agents significantly enhances the echo 
of the signal, more effectively detecting lesions (22,23). In 
theory, the Au‑PLGA complex, which includes PLGA nano-
bubbles containing gas and gold metal atoms, enhances the 
echo reflected signal more than nanobubble alone. In vitro 
ultrasound imaging results revealed that under conditions of 
high‑frequency ultrasound, the ultrasound imaging ability of 
Au‑PLGA complexes was improved compared with PLGA 
NPs. Under the same concentration, it has a higher echo signal 
strength. Compared with PLGA NPs, it deposits more readily. 
The reason may be the load of GNPs on the surface of PLGA 
NPs, which increases the quality of a single complex and 
results in the shortening of the suspension stability time.

In conclusion, Au‑PLGA complexes were successfully 
constructed and the results of in vitro studies demonstrated 
that the Au‑PLGA complexes exhibited effective imaging 

Table II. Physical characteristics of the Au‑PLGA complex (χ ± S).

Au‑PLGA 	 0 days	 1 day	 7 days	 14 days

Diameter (nm)	 359.4±67.94	 365.19±32.47	 377.16±23.54	 398.19±42.34
ζ (mv)	 ‑4.80±4.52	 ‑4.57±2.32	 ‑4.6±2.7	 ‑4.96±3.02

PLGA, poly(lactic‑co‑glycolic) acid.

Figure 8. In vitro ultrasound images of Au‑PGLA complexes and PLGA NPs (concentration 2 mg/ml) at 22 MHz at 0, 30, 60, 120 and 180 sec. PLGA, 
poly(lactic‑co‑glycolic) acid; NPs, nanoparticles.

Figure 7. In  vitro ultrasound images of Au‑PGLA complexes and PLGA NPs at 3, 2, 1, 0.5 and 0.25  mg/ml concentrations, at 22  MHz. PLGA, 
poly(lactic‑co‑glycolic) acid; NPs, nanoparticles.



LI et al:  AU-PLGA COMPLEX NANOPARTICLES AS ULTRASOUND CONTRAST AGENTS: In vitro STUDY3768

capabilities. Thus, Au‑PLGA complexes hold potential as 
ultrasound contrast agents. However, further experimental 
verification in vivo is still required.
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