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Summary of Doctoral Dissertation 

Gold Nanoparticles as Injectable and Minimally Invasive Markers for Real-Time 

Image Guided Radiation Therapy 

画像誘導放射線治療用の注射可能な低侵襲金ナノ粒子マーカー 

LIU Haoran 

Background and Objectives 

Radiation therapy is one of the most cost-effective and prevalent modalities in cancer 
treatments,1 as about 50% of patients will receive radiation therapy after diagnosis,2 but it only 
accounts for only 5% of the total cost for cancer therapy.3,4 The therapeutic effect of radiation 
therapy is highly dependent on the coverage of the targets with therapeutic dose and therefore one 
of the main challenges in radiation therapy is pinpointing the exact location and shape of tumors.5 

However, tumors rarely display a permanent position during irradiation due to breathing motion, 
peristalsis, and other body motions.6 A larger three-dimensional planning margin is then required to 
compensate for the geometric and setup uncertainties, but it also brings increased exposure of 
normal tissue to radiation.7 

Image-guided radiation therapy (IGRT) has accordingly emerged for optimizing therapeutic 
efficacy and minimizing treatment toxicity by improving the radiation delivery accuracy and 
lowering the dosage to nearby tissues or organs.8,9 In IGRT techniques, internal reference points 
with a fixed position like a skeleton are normally necessary to clearly track the tumors. However, in 
some cases, the positions of tumors cannot be correlated with natural reference points, and fiducial 
markers are accordingly needed for high tumor positioning accuracy and precise dose delivery. 

Fiducial markers are objects that are designed to be implanted in or close to tumors to serve as 
reference points. They are generally made of metal and have relatively large physical dimensions. 
The implantations of these fiducial markers with complicated insertion procedures are exceedingly 
invasive and may induce unfavorable complications on patients, such as pneumothorax,10-12 

infection,13,14 and bleeding. 
Gold is a kind of remarkable multimodal imaging agent for X-ray imaging,15 computed 

tomography (CT) scan,16,17 magnetic resonance imaging (MRI),18 sonography,19 photoacoustic (PA) 
imaging20 owing to its electron density, unique optical properties, easy engineering in its shape and 
size, excellent biocompatibility, and stability in vivo. Apart from being an imaging agent, gold could 
be also used as therapeutic agents for photothermal therapy21-23 and photodynamic therapy24-26 if 
necessary. Gold is hence an ideal candidate for fiducial markers for IGRT. For the versatility of 
possible injection methods, small-sized gold at the nanoscale such as gold nanoparticles (Au NPs) 
is preferred in injection applications. 

Therefore, this study aims to synthesize Au NPs via green, effective, and biocompatible 
methods for fiducial marker applications to achieve optimal therapeutic efficacy and minimal 
treatment toxicity, including: 

a. Synthesizing Au NPs using the microwave-induced plasma-in-liquid process (MWPLP) 
with the addition of alginate for long-term storage of Au NPs; 



b. Synthesizing Au NPs via a green ethanol reduction method with the addition of alginate 
to improve the reducing capacity of the ethanol system and the stability of the synthesized 
Au NPs; 

c. Evaluating the potentials of Au NPs as injectable and minimally invasive fiducial markers 
based on their injectability and imaging performance; 

d. Developing a ready-to-use injectable fiducial marker based on the synthesized Au NPs 
and a body temperature-activated in situ gel-forming system to ensure its long-term 
retaining in vivo, as well as to avoid its movement or Au NPs leakage in vivo. 

Experimental Methods 

1. Synthesis of alginate stabilized-Au NPs (alg-Au NPs) using the MWPLP 

 

Scheme 1. Fabrication route for synthesizing Au NPs in aqueous solutions of sodium alginate and 
AuCl4

- 

The synthesis route is illustrated in Scheme 1. Sodium alginate solutions were prepared by 
dissolving sodium alginate into water and then mixed with HAuCl4 solution at certain volume ratios. 
The mixed solution was stirred for 3 h for getting homogeneous solutions and then introduced into 
the reaction vessel. The microwave output was kept at 500 W during the reaction. The reaction 
lasted for different reaction times. 

2. Synthesis of Au NPs via ethanol reduction method 

 

Scheme 2. Fabrication route for synthesizing Au NPs via ethanol reduction method 

As shown in Scheme 2, to synthesize Au NPs, pure water and 200 mL ethanol were mixed into 
a 1 L two-necked flask and were heated in an oil bath. 8.1 mL aqueous solution of HAuCl4 (24.6 
mM) was added when the mixed solution boiled. The reaction solution was kept for 2 h under reflux 
and stirring at 800 rpm. When the reaction was completed, the products were collected after a 10-
minute water-cooling and ultrasonic process. In order to synthesize alg-Au NPs, pure water was 



replaced with an equal volume of sodium alginate aqueous solution and the concentrations of 
original sodium alginate aqueous solutions were 0.1, 0.5, and 1.0% w/v. The obtained alg-Au NPs 
were labelled with the original alginate concentrations: 0.1, 0.5, and 1.0% w/v. 

3. Preparation of sodium alginate stabilized-Au NPs and GDL/CaCO3/alg-Au NPs. 

Liquid alg-Au NPs were dried with evaporator and vacuum and the obtained alg-Au NP powder 
was grinded with CaCO3. The well-mixed powder was redispersed by pure water and mixed with 
glucono delta lactone (GDL) solution. The preparation of GDL solution and following mixing of 
GDL and powder were operated at a low temperature (ice bath) to avoid unexpected hydrolysis of 
GDL. 

4. Characterization 

A UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan) was used for recording UV-Vis 
spectra of alg-Au NPs. The morphology and size of alg-Au NPs were characterized with a 
transmission electron microscopy (TEM, JEOL JEM 2000-FX, at 200 kV). Alg-Au NPs dispersion 
was dropped onto copper grids coated with collodion film and kept to dry naturally for preparing 
TEM samples. The thermal decomposition behavior of alg-Au NPs and GDL/CaCO3/alg-Au NPs 
were evaluated on a thermogravimetric analyze (TG, DTA-60H, Shimadzu). To obtain storage and 
loss moduli of GDL/CaCO3/alg and GDL/CaCO3/alg-Au NPs, the rheological measurements were 
carried out on a TA Instruments ARES-G2 rheometer, using a cone and plate geometry with diameter 
D = 50 mm, cone angel = 0.04 rad, and gap d = 1.159 mm. Time sweep measurements were 
conducted at a strain amplitude of 1% and angular frequency of 1 rad/s at 4 or 37 °C. The 
injectability of GDL/CaCO3/alg and GDL/CaCO3/alg-Au NPs were tested on a universal load 
testing machine (JSV H1000, Algol Instrument) with fixed force mode and fixed displacement mode. 
Briefly, syringe (1 mL) with 21G and 25G needles, of which inner diameters are 0.51 mm and 0.26 
mm, were used for loading samples. Fifty newton (surgeons’ force during injection) force was 
applied on syringe to extrude samples. Injectability was defined as the volume proportion of the 
injected sample to the whole sample. The injectability under 50 N can be evaluated via fixed force 
mode, while the minimum force required for injecting all samples can be measured via fixed 
displacement mode. X-ray visualization test was carried out at the Central Institute of Isotope 
Science, Hokkaido University to assess the visibility of GDL/CaCO3/alg-Au NPs. The samples were 
injected into jelly and the gelated samples were taken out for following X-ray visualization test. 
Samples were exposed to an X-ray tube (UD-150-B40, Shimadzu Corporation). A Flat Panel 
Detector (PaxScan 3030, Varian Medical System) was used to capture and record the X-rays that 
passed through the developed markers. To mimic the impact of body tissue on sample visibility, 
acrylic resins with an X-ray attenuation property comparable to that of the human body were 
positioned between the samples and the detector. Pattern matching scores calculated based on the 
images acquired by the detector were used for assessing the visibility of samples. 

Results and Discussion 

1. Synthesis of alg-Au NPs using MWPLP 

In Chapter 2, alg-Au NPs using MWPLP were prepared. The introduction of alginate could (1) 
accelerate the reaction rate, (2) prevent aggregation and deposition due to long time discharge in 
MWPLP (Figure 1. (a)), and (3) provide long-term stability. The size of Au NPs prepared in different 



concentrations of alginate ranged from 41 to 12 nm, indicating that the concentration of alginate 
could be used for controlling the size of Au NPs (Figure 1. (c)). An abnormal size change (from 
large to small) that is opposite to the typical particle growth in the bottom-up chemical reduction 
was observed. A possible mechanism of the observed phenomenon was proposed based on 
dynamical and thermodynamical instability (Figure 1. (d)). The alginate dispersions with Au NPs 
were dried and redispersed to evaluate the effect of the drying and redispersion process on the Au 
NPs. Results suggest that the process had an imperceptible effect on the Au NPs in terms of their 
size and dispersibility (Figure 2). Consequently, this strategy might be an effective technique for the 
long-term storage of Au NPs and other metal NPs. The stabilized Au NPs without the addition of 
toxic reducing or stabilizing agents can be appropriate for biomedical applications. 

 

Figure 1. (a) TEM images of Au NPs prepared in pure water and sodium alginate aqueous solutions 
(reaction time: 20 min). Scale bars are 200 nm. (b) Average size of Au NPs prepared in pure water 
with different reaction times. (c) Average size of Au NPs prepared in alginate aqueous solution with 
different concentrations and reaction times. (d) Mechanism of alg-Au NP formation using MWPLP. 



 
Figure 2. (a) TEM images, (b) size distributions, and (c) average sizes of Au NPs before drying and 
after redispersion with various sodium alginate concentrations. Scale bars, 50 nm. 

2. Synthesis of Au NPs via ethanol reduction method 

As plasma devices are only available at very few universities and institutes, ethanol reduction 
method, a more universal synthesis method, was explored for the preparation of Au NPs. Au NPs 
designed as injectable fiducial markers for IGRT were synthesized via ethanol-only and 
ethanol/alginate systems in Chapter 3. Their injectability and imaging capabilities as fiducial 
markers were evaluated. Within the range of parameters studied, injection medium viscosity, Au 
NPs concentration, needles gauge was found to be the major factors that would affect their 
injectability, while the gold amount and particle size dominated their imaging performance. 
Compared to conventional gold ball markers (1.5 or 2.0 mmφ), Au NPs synthesized in the ethanol-
only system had an improved injectability (through 18G and 21G needles) and an almost identical 
imaging capability. This chapter also reports a novel reducing system based on the mixture of 
ethanol and alginate. The addition of alginate into the ethanol reduction system can improve the 
reaction efficiency, control the size of synthesized Au NPs, and prevent aggregation between Au 
NPs. As an anionic polymer with high charge density, alginate can significantly enhance the 
reducing capacity of the ethanol system and control the size of alg-Au NPs through the formed 
cavities and the increased nucleation probability. Due to the size control during synthesis, the alg-
Au NPs with smaller sizes (14.1 to 21.8 nm) exhibited a superior injectability, up to 100% even 
through 25G needles with extrusion force less than 17 N (Figure 3. (a) and (b)), especially for the 
injection of high-concentration Au NPs. A better imaging capability of alg-Au NPs was also verified 
in the X-ray visualization test (Figure 3. (c)). Though the imaging performance of Au NPs and alg-
Au NPs as fiducial markers has been examined and confirmed after injection. 



 
Figure 3. (a) Extrusion force curves and (b) average extrusion force of alg-Au NPs synthesized in 
different alginate concentrations through different needles. (c) X-ray visualization image of alg-Au 
NPs and gold ball markers under different acrylic resin thicknesses and tube currents, and 
relationship between normalized pattern matching scores and different gold amounts. 

3. Development of a ready-to-use injectable marker based on the synthesized alg-Au NPs 

In chapter 4, an injectable fiducial marker based on alg-Au NPs and a body temperature-
activated in situ gel-forming system has been developed. Gram-scale Au NPs were prepared by the 
MWPLP in an hour. The addition of alginate could effectively stabilize a large amount of Au NPs 
and prevent their aggregation via the cavities formed by alginate chains. The body temperature-
activated in situ gel-forming system GDL/CaCO3/alg was designed based on the mild gelation 
ability of alginate with divalent cations and the temperature-dependent release of calcium source. 
GDL/CaCO3/alg-Au NPs could maintain a liquid state when stored at low temperature due to the 
slow hydrolysis of GDL and release of Ca2+. The hydrolysis of GDL could be activated and 
accelerated by body temperature after injection, resulting in the in situ formation of alginate gel. 
This nature allows for excellent injectability and stability of GDL/CaCO3/alg-Au NPs at the storage 
temperature, and the capability of transforming into gel to fix Au NPs at the target site for an 
improved geometric accuracy, making it a ready-to-use injectable fiducial marker that is convenient 
for surgeons and minimally invasive for patients. 



Conclusions and Perspectives 

This study explores two strategies for the green, effective, and biocompatible synthesis of Au 
NPs and evaluates the potential of the synthesized Au NPs as injectable and minimally invasive 
fiducial markers. A ready-to-use injectable fiducial marker is developed for IGRT based on the 
synthesized Au NPs and a body temperature-activated in situ gel-forming system. The key results 
and conclusions are summarized as follows: 

a. Chapter 2 describes the synthesis of alg-Au NPs using MWPLP. The synthesis of alg-Au 
NPs without using toxic reducing or stabilizing agents renders them appropriate for 
biomedical applications. 

b. Chapter 3 presents the Au NPs synthesized via ethanol-only and ethanol/alginate systems. 
Their injectability and imaging capabilities as fiducial markers were evaluated. 

c. Chapter 4 focuses on the development of a ready-to-use injectable fiducial marker, 
GDL/CaCO3/alg-Au NPs, based on the synthesized alg-Au NPs and a body temperature-
activated in situ gel-forming system.  

As this injectable fiducial marker is designed to be used in humans’ body during IGRT, 
attention should also be paid to its biological evaluation in subsequent work: 

a. in vitro evaluations: cytotoxicity, degradation, cellular uptake, and apoptosis 
b. in vivo evaluations: injectability, acute toxicity, stability, distribution, metabolism, 

imaging performance 
c. other potential functions: radiosensitization, photothermal conversion 
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