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CHAPTER 15

Radioactive nanoparticles and their
biomedical application
in nanobrachytherapy
Carla Daruich de Souza, Beatriz Ribeiro Nogueira, Carlos Alberto Zeituni
and Maria Elisa Chuery Martins Rostelato
Laboratory for Radiation Therapy Sources Production, Nuclear and Energy Research Institute, National Nuclear Energy
Commission, São Paulo, Brazil

1. Introduction

Nanotechnology is a new science. If the term nanoparticle was searched in ScienceDir-

ect, in1996, only 623 papers were published. In 2006, the number increased to 7937. In

September 2019, the number of papers published was almost 50,000 [1]. This rapid

increase is certainly because of the huge potential of nanotechnology in different appli-

cation fields. From biosensors to drug delivery, the nanoparticles can be applied to

directly modify or receive information from systems and organs. This “new science”

concentrates on the study of particles, structures, and materials that are in the nanoscale

(nm) and have unique properties [2–4]. Their configuration in the nanometric size pro-

motes alteration in their physical, chemical, and biological behaviors [3–5]. The quantum
confinement effects state that the properties of materials are size-dependent in this scale

range. In nanomaterials, the energy levels of the electrons are not continuous when com-

pared to the bulk form. They are discrete due to the confinement of the electronic wave

function in up to three physical dimensions, which leads to a change in surface area and

electron confinement, making the changes in materials properties [3–5]. For example,

properties such as melting point, fluorescence, electrical conductivity, magnetic perme-

ability, and chemical reactivity change as a function of the size of the particle [3, 5]. May-

be the most important result of the nanoscale quantum effects is the ability to tune the

properties. It means that a researcher can change the proprieties behavior to serve a deter-

mined purpose. For example, changing the fluorescence color of a particle can be used to

identify diseases [4, 6, 7].

The surface chemistry of nanoparticles plays a direct role in the interactions between

nanoparticles and biological systems can be altered by attaching molecules to the surface.

As an example, charge, hydrophobicity, or even reactivity can be changed. Also,
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molecules of interest can be attached to their surface. For example, a chemotherapeutic

drug can be encapsulated in a radioactive shell [8–10].
The union of brachytherapy with nanotechnology is inevitable. Brachytherapy is

when a radiation source is placed in close contact or inside a patient’s body. It can be

left in the target area (TA) as a permanent seed implant, or it can treat the TA for a period

of time. The primary use of brachytherapy is in the treatment of various types of cancers.

It has the potential to be portable, due to the small size of the radiation sources. For exam-

ple, iodine-125 seeds have 4.5mm in length and 0.8mm in diameter. Radioactive nano-

particles can be delivered by a syringe [11–13]. This is a major advantage of the method

because it can be used in areas that people do not have access to large linear particle accel-

erators (linacs), which are expensive robust machines used in radiation therapy [14, 15].

The radiation dose received by the TA should be large enough to cause a lot of cellular

damage, to the point of destruction. It needs to be focused on the TA as much as possible,

saving the surrounding healthy tissues. Dose constraints are applied in all treatments and

protocols are in constant review. Of course, since brachytherapy is placed inside the TA,

it can focus even more on the target than EBRT (external beam radiation therapy), the

other modality used for radiation therapy [13].

A radioactive nanoparticle would easily penetrate tumor vascularity and deliver radio-

activity to the entire TA for enhanced effect. In the following part of the chapter, basics of

radiation physics, radiological effects, factors to consider when creating a new brachy-

therapy modality, which nanosystems are promising, and the challenges that will be faced

are explained.

2. Radiation concepts

When an atom has excess energy, that energy can be emitted in the form of radiation in

several different forms. Basically, the atom nucleus will emit either particles or electro-

magnetic radiation. In radiation therapy, alpha, beta, gamma, and/or X-rays are used for

treatment. Protons and neutrons are less used. Fig. 1 shows the alpha, beta, and X-ray/

gamma radiation emission and the electromagnetic spectra [12, 16, 17].

Alpha decay typically occurs in very heavy nuclei, where electrostatic repulsion

between protons in the nucleus is very large. The original radioactive isotope, also called

father isotope (with an atomic number Z), emits its excess energy in the form of a helium

nucleus (2 protons and 2 neutrons). The atom that remains, called daughter nuclei, has a

Z-2 atomic number. The sum of the masses of the daughter nucleus and that of the alpha

particle is slightly less than the mass of the father nucleus. Considering Einstein’s

E¼m*c2, that mass difference is equivalent to the amount of energy released. They

are usually very energetic and very heavy, thus have large ionization power and low pen-

etration in matter [12, 16–19].
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Fig. 1 Radioactive decay. When the atom has excess energy, the nucleus emits that energy in the form of radiation. Alpha emissions are actually a
high-energy heavy helium atom nucleus. Beta emissions are a less heavy, less energetic electron. Gamma and X-rays are part of the electromagnetic
spectra. They are from the same family as visible light, microwaves, and radio waves. The difference is in wavelength and ionization power.



In beta decay, a nucleus with toomany protons or toomany neutrons need to become

stable. One of the protons or neutrons is transformed into the other. In beta minus decay

(β�), a neutron decays into a proton plus an electron and an antineutrino. In beta plus

decay (β+), a proton decays into a neutron plus a positron and a neutrino. To respect

conservation laws, when an electrically neutral neutron becomes a positively charged

proton, an electrically negative particle (electron in β�) must be produced also. Because

the electron mass is a tiny fraction of an atomic mass unit, the beta decaying nucleus mass

is altered only by a very small amount. The core mass number does not change. Beta

decay is, as a rule of thumb, less energetic than alpha emission and less heavy, thus have

less ionization power but higher penetration in matter [12, 16, 17, 20, 21].

A gamma ray is when the nucleus changes from a higher energy state to a lower

energy state through the emission of electromagnetic radiation (photons). The only

thing that distinguishes a gamma ray from visible light photons emitted by a lamp is

its wavelength. The gamma ray wavelength is hundreds of thousands of times smaller

than that of visible light. Therefore, the frequency is hundreds of thousands of times

greater. For complex nuclei of heavy elements, there are numerous different possibil-

ities in which protons can rearrange themselves within the nucleus. Neither the mass

number nor the atomic number of a nucleus changes when a gamma ray is emitted.

However, the nucleus mass also decreases slightly and is converted into photon energy

[12, 16, 17, 22, 23].

X-rays are produced by radiation interactions outside of the nucleus. Characteristic

X-ray emission is when a moving electron hits an orbital electron with energy enough to

remove it out of the inner electron shell of the target atom. After that, electrons from

higher energy levels fill the vacancies, and X-ray photons are emitted. These X-rays have

a discrete spectrum. Bremsstrahlung X-ray emission occurs when electrons are scattered

due to the strong electric field near the nuclei. These X-rays have a continuous spectrum.

The frequency of bremsstrahlung x-rays is limited by the energy of incident electrons [12,

16, 17].

Gamma decay and X-rays are, as a rule of thumb, less energetic than beta emission and

they have no mass, thus have less ionization power but even higher penetration in matter

[12, 16, 17].

Viewing all of this from the treatment standpoint, a few considerations need to be

made. The first energy is deposited from the inside-out in brachytherapy. To concentrate

the dose in the target and minimize the dose in the healthy surrounding tissues, a careful

dosimetry study needs to be made. Energy should be high enough to reach the target but

not as high to the point of causing necrosis to the healthy organs at risk (OAR). Fig. 2

presents radiation from both views [11, 13].

Radiation activity, half-life, and dose directly impact the treatment results. Activity is

defined as the number of atoms that decay or emit their radiation, per second. This is

measured in decay per second, or Becquerel (Bq). Activity after a period of time (A)

depends on the initial activity (A0) on the half-life (T1/2) of the isotope used. Half-life
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is the time a radioactive source takes to emit half of the radiation. So, activity has an expo-

nential behavior. Eqs. (1) and (2) shows the calculation [12, 16, 17].

A¼A0:e
�λ:t (1)

or

N ¼N0:e
�λ:t (2)

where

A¼ final activity

A0¼ initial activity

N¼ final atoms number

No¼ initial atoms number

Decay coefficient: λ¼ ln2
T1=2:

t¼ time

To know the necessary isotope mass to reach a certain activity, Eqs. (3) and (4) are used:

A¼ λ:N (3)

m¼Ma xN

Na

(4)

where

A¼ activity needed

N¼correspondent atoms number

Ma¼ atomic mass

Na¼Avogadro number

m¼equivalent mass.

Fig. 2 Radiation penetration in matter from two standpoints: radiation source located outside the
body, with examples of shielding materials; from inside the body.
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The final dose would be calculated depending on treatment time. It is desirable that a high

dose rate, higher activity, and energy in less treatment time are used. If a low dose rate is

required, lower activity and energy in less treatment time is performed. The dose is the

amount of energy released by the unit of mass. Usually, the unit Gy is used (equals to

J/Kg). The higher the dose, the higher the effect. In a radiation therapy treatment, a dose

chart is used to showwhere the cancer is, howmuch radiation is hitting it, and to quantify

the dose in the OAR [11, 13]. Depending on the placement of the radiation source, the

different organs with different intensities will be hit by radiation. Fig. 3 shows isodose

curves for an Intensity Modulated Radiation therapy linac treatment versus a brachyther-

apy implant.

Radiation interacts with matter releasing the energy in the tissues. Basically, the

energy is lost by two major routes: excitation or ionization. In excitation, which occurs

in nonionizing radiation, the photon interacts with the atoms’ electronsphere exciting

electrons, but not strong enough to remove them. In ionization, energy is high enough

to remove electrons. That is what occurs in ionizing radiation [24].

Since the human body is mostly water, radiation has a higher chance to hit a water

molecule, creating free radicals. Those can cause cellular and DNA damage, killing the

cell. There is also a chance that radiation directly hits the DNA strand causing mutations

that can lead to cellular death. The amount of water directly impacts radiosensitivity,

which will reflect on treatment radiation dose [24].

Another important aspect is angiogenesis. Cancer needs more blood supply to grow

and, eventually, spread the damaged cells. To achieve this, it stimulates the growth of the

vascular network [25]. It is proven that without good blood irrigation, tumors may

become necrotic or even apoptotic [26, 27]. Radioactive nanoparticles could unite both

forms of treatment: use radiation effects to kill cancer cells, use radiation effects to destroy

tumor vascularity.

Fig. 3 Hiperfractionated EBRT (A) versus Brachytherapy planning (B) showing isodose curves. Notice
that radiation deviates very little from the TA in brachytherapy.
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3. Necessary paths to develop nanobrachytherapy

To develop a new source, several factors must be considered. They will limit the radio-

isotopes that can be used.

The cancer site is very important. If the target area has more water and oxygen, more

free radicals and oxygen reactive species will be formed, and the radiation effects will be

greater. If the cancer is large, is likely the internal cells will be in anoxia, so treatment

needs to be fractioned (killing the outside cells first, allowing the internal cells to restore,

and then killing them with another radiation treatment fraction). If the cancer is aggres-

sive, a higher dose rate may be necessary, all of which is limited by cancer location. In the

case of the surrounding areas being sensitive, the dose must be restricted. For example, it

is “easier” to treat prostate cancer than spinal cord cancer [12, 13, 28].

The way that the radioisotope is produced impacts final price and availability. If the

isotope is produced naturally as part of the decay chain of uranium-238, uranium-235, or

thorium-232, it is easily found (but high values can be spent with purification). If the

isotope is a by-product of fission, it can be recovered from the nuclear fuel that has already

been used. Only five countries in the world have facilities to reprocess spent fuel

(England, India, France, Japan, and Russia). If the isotope needs to be produced in

nuclear reactor or accelerator, costs can be high (due to the high cost of enriched targets)

[28, 29].

Chemical stability, form, and waste management are also key. The radioactive mate-

rial must be stable inside the body or the capsule. The decay product must do so also. For

example, if a solid welded source decay product is gaseous, it might damage the structure.

If a radiation source has a high half-life, it might be considered as a high-level waste after

being used, needing management for a long period of time [12, 13, 28].

Energy, decay mode, radioactivity, and dose rate must be adequate to deliver the

maximum amount of energy to the TA and minimum to the OAR. They must also

not pose a threat to medical staff and the production operators. If manipulations require

heavy shielding, the cost of treatment andmanufacture is higher [12, 13]. Table 1 presents

a few of the radioisotopes considered for use [28].

Dosimetry is important for all radiation therapy treatments. In brachytherapy, it

depends on how the sources are positioned relative to the dose calculation points and

on the source strength. The use of a well-established dosimetric system for the brachy-

therapy treatment of cancer needs to be established for each new source format and/or

radioisotope used. However, the use of a model alone is not sufficient to validate results;

reliability in source strength determination is necessary in order for the dose calculation to

be accurate. Thus, brachytherapy sources need to be calibrated with traceability to a

national or international standards laboratory. In situations in which the system to be used

is not obvious, such as in nanobrachytherapy, all dosimetric modes must be investigated,

and new models proposed [28].
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Next, the patient and source production journey will be summarized (basic steps).

When a patient with cancer enters a radiation therapy center, the medical staff will eval-

uate a 3D computed tomography (CT). If brachytherapy is recommended, treatment

planning starts. Let us suppose that iodine-125 sources will be implanted inside the pros-

tate. The staff will perform a mock-up treatment in the planning system (TPS), a software

containing all information from the patient and radiation source. This will consider the

patient’s prostate anatomy and will inform the staff approximatively how many sources

needed to be used for treatment success (80–120). Accessories that maybe be used (such as

immobilizers, extra shielding, and others) are also determined. The purchase order is

relayed to the manufacturer. Inside the industrial radioactive plant, a hot cell (completely

shielded and airtight led structure) is used in production. The iodine-125 seed can have

many configurations that impact production. Let us consider the most used: silver core

that contains the radioactive material surrounded by a titanium capsule. The production

for the patient seeds starts by performing the chemical iodine-125 binding reaction to the

core. Then, the radioactive core is placed inside a titanium capsule that is then welded in

both ends. Leakage tests are performed to ensure weld success. Radioactivity is measured

to confirm the correct value. The order is filled. The TPS already has all the information

about the source dosimetry. That information was obtained in a study made before the

seed even reach the medical market. Dosimetry methods, such as calculations according

Table 1 Radioisotopes used in brachytherapy and characteristics.

Radioisotope
Main emission
type Energy (MeV) Half-life Source format

Pd-103 X-rays 0.021 17days Seeds and

nanoparticles

I-125 γ,
X-rays

0.035,

27.4

59.6days Seeds

Ir-192 β�,
γ

0.29 and 0.16,

0.32

74days Wire, pellets, and

seeds

P-32 β� 0.695 14.29days Plaques

Cs-131 X-rays 0.030 9.7days Seeds

Au-198 β�,
γ

0.31,

0.41

2.7days Nanoparticles

Ru-106

(decays to

Rh-106)

β�
β�

0.04

1.5

1.02years

30 s

Plaques

Lu-177 β� 0.149 6.64days Nanoparticles

Y-90 β� 2.28 64h Plaques

In-111 β�
X-rays

0.245 and

0.171

0.023

2.8days Nanoparticle

coatings
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to protocols (AAPM TG-43 for iodine-125 [30]), thermoluminescent dosimeters (such

as TLD-100), film, Monte Carlo simulations (AAPM TG-186 [30]), in vitro and in vivo

dosimetry, among others, should be already performed. The seeds reach the hospital after

authorized transport to the hospital. Source activity is calculated to reach the desired

value at the time of the implant. Depending on distance, they might leave the

manufacturing site with more radioactive activity to compensate for decay. After the

implant is performed, a dose curve is calculated by the TPS, like the example shown

in Fig. 3B.

This example is here to show the difficulties of developing and implementing a new

form of treatment in the radiation therapy field. A lot of investment in manufacturing,

calibration, quality insurance, transport logistics, software development, training, hospital

operation room needs to be made.

For nanobrachytherapy, we are still in the early developing stages. Efforts are still in

synthesis methods, validation in cell and animal models, and dosimetry models proposi-

tions. Mostly, gold-198 and palladium-103 nanoparticles are being explored.

The pathway to developed radioactive nanoparticles also depends on if the technique

can be reproduced nonradioactively. Most of the characterization cannot be performed

with the radioactive product due to the risk of contamination. Also, the equipment needs

to be in a controlled area with all radiation protection measurements in place. Usually,

DLS (Dynamic light sizer), Zeta Potential, FTIR (Fourier Transform Infrared Spectros-

copy), andUV-vis (UV-Visible Spectroscopy) are possible to access the radioactive prod-

uct (that, of course, depends on the equipment characteristics). However, TEM

(Transmission electron microscopy), AFM (Atomic Force Microscope), CP-MS

(Inductively coupled plasma mass spectrometry), and NMR (Nuclear Magnetic Reso-

nance) cannot be used. The synthesis technique must also consider this contamination

issue. If a unique glassware, rotary evaporator, shakers, centrifuge, HPLC (High perfor-

mance liquid chromatography) is being used to produce and refine the nonradioactive

product, the radioactive route might not be possible.

3.1 Nanoparticle synthesis
Nanoparticles can be synthesized by several routes (Fig. 4). Usually, nanoparticle type,

final use, and equipment availability are determinant factors when choosing a method.

For radioactive nanoparticles, simplicity must be pursued when performing the synthesis.

Choosing amethod that needs an expensivemachine, high heating, or has volatilization is

unfeasible.

Radioactive nanoparticles for cancer treatment are mainly being synthesized by

chemical reduction (CR). It is a simple route that only needs basic lab glassware and a

chemical reducing agent to form nanoparticles. In Fig. 5, the most used CR pathways

are presented.
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Fig. 4 Summary of the main methods used in the synthesis of nanoparticles. Information from [31].



Fig. 5 Summary of the main methods used in the synthesis of gold nanoparticles. Information from [3].



For successfully synthesized nanoparticles, the aggregation barrier (activation energy

that two particles have to overcome to merge into one) increases to an optimum particle

size allowing colloidal stability to be reached. The steps are presented below [32]:

Step 1: High reduction rate increases the number of particles. Clusters with 1–2nm are

formed.

Step 2: Reduction continues at a much lower rate. Since particles have weak stabiliza-

tion at this stage, coalescence processes take place (two or more droplets, bub-

bles or particles merge during contact to form a single daughter droplet, bubble,

or particle), resulting in a decrease in the number of particles. When the radius is

around 2.5nm, the number of particles is now constant, but they keep growing

in size.

Step 3: NPs grow due to the diffusion of the metal atoms reduced in the solution.

Step 4: When the particles reach a radius of around 4–5nm, the growth rate increases

drastically and the remainingmetal salt is consumed. Particle size increases to the

final radius.

Synthesis routes for the preparation of gold nanoparticles are presented in Fig. 5 and elab-

orated below:

(a) Turkevich method: 95mL of HAuCl4 solution (containing 5mg Au) was heated to the

boiling point and 5mL of 1% sodium citrate solution was added to the boiling solu-

tion with good mechanical stirring. The reaction mixture was colorless for 12 s after

the addition of the citrate, and then it turned purplish-blue within a fraction of a

second. After 5min, the final color was deep wine red. The best results were

obtained with 5–50mg citrate addition. The particle size achieved 20nm. [33]

(b) Turkevich method with NaBH4: 1mL of 1% HAuCl4 was added to 90mL of H2O at

room temperature. After 1min of stirring, 2.00mL of 38.8mM sodium citrate was

added. One minute later, 1.00mL of fresh 0.075% NaBH4 in 38.8mM sodium cit-

rate was added. The colloidal solution was stirred for an additional 5min and stored

in a dark bottle at 4°C. Particles had 13nm [34, 35].

(c) Brust-Schiffrin method: HAuCl4 (30mL, 30mM) was mixed with a solution of tetra-

octylammonium bromide (TOAB) in toluene (80mL, 50mM). The two-phase

mixture was vigorously stirred until all the tetrachloroaurate was transferred into

the organic layer and dodecanethiol (170mg) was then added to the organic phase.

A freshly prepared aqueous solution of sodium borohydride (25mL, 0.4M) was

slowly added with vigorous stirring. After further stirring for 3h, the organic phase

was separated, evaporated to 10mL in a rotary evaporator, and mixed with 400mL

ethanol to remove excess thiol. The mixture was kept for 4h at�18°C, and the dark
brown precipitate was filtered off and washed with ethanol. The crude product was

dissolved in 10mL toluene and again precipitated with 400mL ethanol. Particles

produced by this method reached 2.5nm [36, 37].

(d) Seeding-growth method:

540 Nanoparticle therapeutics



(i) Seed solution—20mL aqueous solution containing 2.5�10�4MHAuCl4 and

2.5�10�4M trisodium citrate was prepared in a conical flask. Next, 0.6mL of

ice-cold, freshly prepared 0.1M NaBH4 solution was added to the solution

while stirring. The solution turned pink immediately after adding NaBH4,

indicating particle formation. The particles in this solution were used as seeds

within 2–5h after preparation. Citrate serves only as a capping agent since it

cannot reduce the gold salt at room temperature (25°C). [38]
(ii) For the growth solution, a 200mL aqueous solution of 2.5�10�4M of

HAuCl4 was prepared in a conical flask. Next, 6g of solid cetyltrimethylam-

monium bromide (CTAB- 0.08M) was added to the solution, and the mixture

was heated until the solution turned a clear orange color. The solution was

cooled to room temperature and used as a stock growth solution [38].

(iii) Several routes were successful to produce various-sized gold nanoparticles by

mixing different quantities of the seed and growth solutions. For example,

7.5mL of growth solution was mixed with 0.05mL of freshly prepared

0.1M ascorbic acid solution. Next, 2.5mL of seed solution was added while

stirring. Stirring continued for 10min after the solution turned wine red. Par-

ticles prepared this way were spherical with a diameter of 5.5nm [38].

(e) Ascorbic Acid method: 10�2M gold salt (200mL) was mixed with 20mM ice-cold

ascorbic acid (70mL) under continuous stirring. The temperature of the reaction

synthesis was maintained to 4°C throughout. With the addition of gold salt, the col-

orless solution of ascorbic acid is changed to purple and finally faint blue. The average

size of nanoflowers was measured to be of the order of 45nm, the core size is around

35nm, and the length of the petals is around 5nm [39].

(f ) Green synthesis: Different compositions and quantities of reducing agents are found in

organic extracts can be used to produce NPs. CH-AuNPs were synthesized by using

biopolymer chitosan for the reduction of gold salt. For preparation, 500μL of a freshly

prepared solution of chitosan (8mg/mL) dissolved in 1% acetic acid solution was

added to 10mL of 1mM tetrachloroauric acid (HAuCl4) solution and stirred at

70°Cuntil the color changed from pale yellow to red, which indicates the nanoparticle

formation. Gold NPs had a narrow size distribution with an average size of

10–15nm [40].

During the NPs fabrication process, the coordination sites of the surface atoms are not

complete, allowing the binding of donor-acceptor species, or ligands. These molecules

are easily bound to the surface establishing a double layer of charge that prevents nano-

particle aggregation. This coating agent can also be functionalized to provide reactive

groups, such as amines, for subsequent modification [10].

Surfactants can be used to control the growth of nanomaterials to achieve desired

morphologies [41]. At low concentration, those amphiphilic substances can be adsorbed

on surfaces or interfaces resulting in an alteration of free energy available resulting in well-

dispersed NP solutions [42].
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3.2 Gold-198 nanoparticles, Au198NPs
In the beginning, brachytherapy was limited to only Radium-226 and Radon-222.

However, due to complications associated with high energy emissions from radium

[43], gold-198 was introduced as an option by Flocks et al. from Iowa State University

in 1951. They treated 400 men with inoperable prostate cancer and shown significant

palliative results [44]. Today, it is still being used to treat an array of cancers, such as pros-

tate, in different formats, such as seeds, foils, and pellets [45].

Gold nanoparticles were the first to be described in the literature. They were used as a

method for staining glass to a wine-red color. The Lycurgus Cup, manufactured in 4th-

century Rome, changes color depending on the location of the light source [46]. When

the light source is transmitted, glass turned red by the addition of a precious metal-bearing

material when the glass was molten. Now it is known that the color change is because of

gold and silver nanoparticles [46].

AuNPs have small gold particles with a diameter of 1–100nm, which, once dispersed

in water, are also known as colloidal gold. Functionalized gold nanoparticles are the sub-

ject of intensive studies and biomedical applications [47], including genomics [48], bio-

sensors [49], immunoassays [50], clinical biochemistry [51], laser phototherapy of cancer

cells and tumors [52], the targeted delivery of drugs [53], optical bioimaging [39], and

monitoring of cells and tissues [54].

Faraday [55] presented in 1857 the first synthesis methodology with a scientific eye.

He used chloroauric acid (HAuCl4) as a precursor and a phosphorus-ether solution as a

reducing agent. The solution turned first brown, then gray, purple, and red, finally giving

a deep-red product. He had produced extremely fine particles with a mean diameter of

50 Å (5nm).

Oxidation states of gold are Au+1 (aurous), Au+3 (auric), and its nonoxidized state

Au0. Au0 is the final electric state found in nanoparticles. Therefore, the synthesis of

AuNPs is actually a reduction from Au+1 or Au+3 states to Au0 using an electron donor

(reduction agent). The precursor of choice for the majority of researchers is chloroauric

acid, HAuCl4 with gold in its Au+3 oxidation states. [3, 5, 56]

Gold in colloidal form has been used since the 1950s. The research group led by

P. Hahn (Meharry medical college, Nashville-TN, USA) had used gold-198 in several

types of cancer, such as leukemia and lung cancers [57–59]. In 1949, Miller’s group

located in Switzerland proposed an injection of colloidal radioactive gold directly into

the body cavity as an effective way to treat cancer [60]. The research in the field became

scarce with the development of EBRT cobalt units and, later, linacs.

Nanoparticles are generally produced by reducing tetrachloroauric acid with various

agents such as borohydride, amines, alcohols, carboxylic acids, sodium citrate, sodium

borohydride, ascorbic acid, and others (examples in [61, 62]). At the same time, small

organic molecules or polymers should/can be added to the system to prevent the aggre-

gation of the formed nanoparticles. The final shape achieved is generally spherical [3, 63].
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The major question is: Can tetrachloroauric acid be placed inside a nuclear reactor

and only gold be activated? If no, can it be fabricated from radioactive pure gold?

The answers are: no and yes. Chlorine forms a high energy high half-life isotope making

it impossible to use inside a human body. Gold foils or wires can be turned into

HAu198Cl4 by being dissolved with aqua regia.

Aqua Regia dissolves gold, though neither HCl nor HNO3 has the power to dissolve

it alone, because, in combination, each acid performs a different task. Nitric acid is a pow-

erful oxidizer, which dissolves a virtually undetectable amount of gold, forming ions of

gold (Au3+). The hydrochloric acid provides chloride ions (Cl�), which react with the

ions gold to produce tetrachlorourate (III) anions, also in solution. The reaction with

hydrochloric acid is an equilibrium reaction that favors the formation of chlorourate

anions (AuCl4
�). This results in the removal of gold ions from the solution allowing fur-

ther oxidation of the remaining gold. The gold foil then becomes chlorouronic acid [3,

64].

To produce gold-198 a nuclear reactor is necessary. Highly pure gold (99.99+%) is

placed in the reactor neutron flux. The core becomes unstable, radioactive. Stable gold

(197 in mass) turns into radioactive gold-198. After emitting beta radiation with

314.55keV and gamma with 411.8keV, the remaining atom is now stable mercury with

198 mass [65]. Eq. (5) summarizes gold-198 formation and decay.

197
79Au+

1
0n�������!98:65 barns 198

79Au ���!
γ,β�

198
80Hg (5)

In order to estimate the final activity, the following calculation is used (Eq. 6)

[17]. Explanation of Eq. (6) indexes can be found in Table 2.

A¼M :N :θ:σ:ϕ

P
1� e�λt
� �

(6)

Next, we will present the advance in 198AuNPs reported in the literature.

Table 2 Initials meaning for Eq. (1).

Initial Meaning Unity

A Activity Bequerel

P Atomic weight g/mol

M Mass g

N Avogadro 6.02˟1023
θ Isotopic abundance %

λ Decay time�1

ϕ Reactor flow ncm2/s�1

σ Cross section cm2 a

t Irradiation time time

a1barn¼10�24 cm2.

543Radioactive nanoparticles and their biomedical application



The group headed by K. Katti (University of Missouri, EUA) developed a gold-198

nanoparticle coated with gum arabica [62]. The authors state that their new method is

better than the classic ones that consisted in the reduction of Au3+ in AuCl4
�with NaBH4

or sodium citrate, compounds that the author claims are highly toxic. Instead of the tra-

ditional route, the researchers synthesized a novel reducing agent that was named

THPAL-alanine trimeric with phosphines. The amount 0.500g, 4.033mmol of

Tris(hydroxymethyl)phosphine (THPAL) in 5mL of distilled water was added dropwise

to (L)-Alanine/(D)-Alanine (1.077g, 12.00mmol) in 10mL of distilled water at 25°C.
The reaction mixture was stirred under dry nitrogen for 1h. The solvent was removed

in vacuo to obtain a white solid. The white solid was washed with methanol and dried in

vacuo to give the pure product (L)- or (D)- in 90% yield. For H198AuCl4 fabrication, the

research group conveys two routes:

(a) 198AuCl4
� was activated in a nuclear reactor with a flow of 8x1013n/cm2/s in an acid

solution of HCl [62].

(b) Au-198 was produced by direct irradiation of natural gold foil or metal Au-197(n,γ)
Au-198. Gold foil was irradiated at a neutron flux of 8�1013n/cm2/s. After irra-

diation, the radioactive foil was dissolved with aqua regia, dried down, and recon-

stituted in 0.05–1mL of 0.05N HCL to form H198AuCl4 [66].

Gum arabica was used as a coating stabilizing agent. It consists of a mixture of lower

molecular weight polysaccharides and higher molecular weight hydroxyproline-rich gly-

coprotein. Stability studies carried out with AuNPs have demonstrated that the saccha-

ride and protein structure provides exceptional stability for AuNPs for periods of over six

months. Therefore, we have selected gum arabica stabilized 198AuNPs for further in vivo

pharmacokinetic studies [66].

After activation, 50–100μL of H198AuCl4 is added with 6mL of gum arabica along

with 20μL/0.0337 THPAL for eachmL of solution. This reaction occurs results in radio-

active gold nanoparticles in less than 5min.

The analysis of the material, without the radioactive nucleus, was performed obtain-

ing the following results: DLS mean diameter: 7�3nm, TEM mean diameter:

17.5�2.5nm, DLS average diameter (with gum arabica coating): 85nm, zeta potential:

�24.5�1.5mV, and UV-Vis plasmon absorption band: 540nm. In vitro tests obtained

the following results. Biological stability test performed with 10% NaCl, 0.5% cysteine,

0.2M histidine, 0.5%HSA (human serum albumin), and various pH values were found to

be stable without aggregation or decomposition. The Hemocompatibility test did not

result in hemolysis and the platelet aggregation test showed that the function was inhib-

ited or cause platelet aggregation.

The biodistribution studies were performed in normal, SCID [62] and CF-1 [66]

mice. They were then euthanized, and the tissues and organs were excised from the ani-

mals following at 1h, 4h, and 24h postinjection. Subsequently, the tissues and organs

were weighed and counted in a NaI well counter. Two varieties were reported, yielding
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the following results: 408μCi nanoparticles were injected directly into cancer (PC3 pros-
tate cancer cells) and remained for three weeks. After two weeks, 19.9% of the injected

dose was found in the tumor, 0.91% in the liver, 0.13% in the kidney, 0.09% in the intes-

tine, and 18.5% in the carcass [62]. On euthanasia of the animals, a reduction of up to 82%

of the size of the cancer was observed (Fig. 6).

10–20μCi nanoparticles were injected directly tail vein (20–40μL). The pharmaco-

kinetics and biodistribution studies of gum arabica (glycol protein) coated 198-AuNPs in

mice showed >80% uptake in the liver with minimal accumulation in blood and other

non-target organs. Authors suggest the use in liver cancer [66]. Red blood cell, platelet,

lymphocyte, and antibody count remained the same as in healthy animals for both

experiments.

The same research group developed gold-198 nanoparticles coated with

epigallocatechin-gallate (EGC) as an alternative treatment for prostate cancer treatment

[67]. An advantage of EGC is its ability to target the Laminin receptor (Lam 67R) that is

over-expressed in human prostate cancer cells [68]. The authors initially synthesized the

non-radioactive surrogate EGC-AuNP by mixing sodium tetrachloroaurate (NaAuCl4)

with EGC in deionized water [67]. For EGC-198AuNPs, a 0.76mg gold leaf was irradi-

ated for 3.5h (no extra information on the nuclear reactor characteristics was provided).

The calculated activity achieved was 20.5mCi. The now radioactive foil was dissolved in

800μL of aqua regia. The solution was heated until the volume reaches approximately

200μL. Then 600μL of 0.05M HCl was added and heating continued until most of the

Fig. 6 Therapeutic efficacy of GA-198AuNPs in prostate tumor-bearing mice. (Reproduced from
N. Chanda, et al., Radioactive gold nanoparticles in cancer therapy: therapeutic efficacy studies of
GA-198AuNP nanoconstruct in prostate tumor-bearing mice. Nanomedicine 6 (2) (2010) 201–209 with
permission. Elsevier RightsLink: 4,680,770,734,640.)
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acid had evaporated. The solution was then allowed to cool followed by the addition of

200μL of 0.05M HCl. A 0.17mg/mL solution of EGC was prepared under constant

stirring at 25°C for 3min. To this solution, 2μL of H198AuCl4 (0.41–1.3mCi) and

98μL of 0.1M NaAuCl4 carrier solution were added. The wine-red expected color

change occurred after 5min. The reaction mixture was stirred for an additional

15min at 25°C [67]. Probably, the carrier solution formed EGC-Au:198AuNPs.

Characterization, in vitro, and in vivo studies were performed with the non-

radioactive version. The nanoparticles showed particle size of 125�5nm with DLS

while TEM of the core nanoparticles without the EGC layer demonstrated a mean diam-

eter of 47.5�7.5nm and zeta potential of �37.7mV with UV-Vis plasmon absorption

band: 535nm. The hemocompatibility assay involved direct exposure of EGC-AuNP to

freshly drawn whole human blood for 2h at 25°C. The results obtained confirmed that

the EGC-AuNP remained intact. A size variation of 10nm (monitored through changes

in surface plasmon resonance—UV-Vis) when tested in presence of with 10% NaCl,

0.2M, histidine, 0.5% human serum albumin (HSA), 0.5% Bovine Serum Albumin

(BSA), and at various pH values. No detectable aggregation/decomposition was noted

in EGC-AuNPs when assessed by incubating the nanoparticles in cell culture media.

SCID mice received intratumoral injections of EGC-198AuNP (3.5μCi) in DPBS

(20μL) while performed under brief inhalational anesthesia. Analysis of 198Au radioac-

tivity revealed that 72.4�5.9% was retained in prostate tumors at 24h. Slow clearance

(leakage) into the bloodwith only 0.06% at 24hwas observed. Lungs and pancreas exhib-

ited low uptake at 24h, with only 0.33% and 0.22%, respectively.

Cancer size and treatment progression are shown in Fig. 7. The end-of-study biodis-

tribution on Day 42 showed that 37.4�8.1 of EGC-198AuNP remained in the residual

tumor, while 17.8�6.1 was noted for carcass and 2.5�1.7% was observed in the liver.

Retention in other tissues was negligible, with radioactivity near background levels for

blood, heart, lung, spleen, intestines, stomach, bone, brain, and skeletal muscle.

In comparison, EGC-198AuNP was retained in tumors for more than twice time

period when compared to GA-198AuNPs.

Efforts continue with new research continuing being done in synthesis, validation,

and dosimetry approach.

3.3 Palladium-103 nanoparticles (Pd103NP)
Palladium-103 brachytherapy was introduced in 1987 as an alternative to iodine-125,

also suitable for interstitial implantation. The characteristics of palladium-103 are similar

to iodine-125 in that it emits a low-energy photon with an average energy of 21KeV.

The shorter half-life of palladium-103 (17days), relative to that of iodine-125 (60days),

results in a higher initial dose rate [69]. They are being used mostly for prostate cancer in

the seed form.
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Palladium nanoparticles are used as catalytic materials [70] (due to high surface-area-

to-volume ratio), hydrogen storage [71], sensing [72], and more recently as radioactive

nanoparticles for cancer treatment. Their synthesis can follow chemical or electrochem-

ical methods using a variety of stabilizers including organic ligands, salts/surfactants, poly-

mers, and dendrimers [73]. The palladium precursor used can have an important impact

on the nanoparticles formed. The Pd(acetylacetonate)2 salt gave more monodispersed

distributions than the corresponding nitrate or chloride salts [74]. This is maybe due

to carbon monoxide molecules being formed by the decomposition of the

acetylacetonate [75].

By far the most common synthesis direction is to use ligands. They are also successful

in avoiding agglomeration. Sulfur-based ligands, such as thiols, acting as electron donors,

are highly efficient stabilizers due to strong interactions with Palladium (and other

metals). The method developed in the 1990s by Brust-Schiffrin [37] is based that metal

salt is dissolved in water and first transferred to the organic phase using a suitable phase-

transfer agent, such as tetraoctylammonium bromide (TOAB). Then, an aqueous sodium

borohydride solution is added to the stirred biphasic system, leading to the formation of

nanoparticles. The ratio of metal to organo-thiol and the reaction temperature control

particle size. The nanoparticles, protected by a compact shell of organo-thiols, are stable

for long periods of time, either in solution or as solids that can be readily redispersed in

organic solvents [3, 37, 74]. To synthesize small nanoparticles, the use of long thiols in

excess with an additional quantity of reducing agent will increase reaction yield [74].

Fig. 7 Therapeutic efficacy of EGC-198AuNPs in prostate tumor-bearing mice. (Reproduced from R.
Shukla, et al., Laminin receptor specific therapeutic gold nanoparticles (198AuNP-EGCg) show efficacy in
treating prostate cancer, Proc. Natl. Acad. Sci. U. S. A. 109 (31) (2012) 12426–31 with permission.)
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The Brust-Schiffrin pathway has successfully been used to prepare palladium nano-

particles stabilized by simple lipophilic n-alkanethiols. The two-phase methodology

allows easy nanoparticle separation from the aqueous by-products. However, whenmore

polar ligands are used, the purification can get more complicated [74].

An alternative synthesis route that allows a wider variety of ligands to be used was

presented by Yee et al. [76]. Superhydride (lithium triethylborohydride, LiEt3BH)

was used as a reductant agent. The combination of palladium (II) acetate with octadeca-

nethiol resulted in a soluble metal-thiolate complex in tetrahydrofuran (THF). The addi-

tion of superhydride solution to this resulted in stable nanoparticles being formed with an

average diameter of 2.3nm [74, 76].

Another strategy for preparing palladium nanoparticles soluble in aqueous systems is

to use ω-substituted thiol ligands (contains a charged functional group, such as ammo-

nium or carboxylate salts). The sodium borohydride reduction of potassium

tetrachloropalladate(II) in the presence of the chloride salt of the

N,N-trimethyl(undecylmercapto)ammonium ligand in a one-phase system results in

water-soluble PdNPs with an average diameter of 2.7nm [74, 77].

The use of phosphine ligands has also been used for palladium nanoparticle preparation.

Kim et al. [75] used thermolysis of palladium-trioctlyphosphine (TOP) complex to synthe-

sized nanoparticles. Nanoparticles with 3.5nmwere formed when Palladium (acetylaceto-

nate)2, and TOP were heated to 300°C under an argon atmosphere. Oleylamine was used

as a stabilizer solvent. Monodispersed nanoparticles up to 7.5nm were formed [74, 75].

Adaptations from an existing route for gold nanoparticles by phase transferring were

made by Tamura et al. [78]. Potassium tetrachloropalladate(II) was phase transferred into

dichloromethane using tetraoctylammonium bromide before sodium borohydride

reduction in the presence of optically active bidentate BINAP (2,20-bis(-
diphenylphosphino)-1,10-binaphthyl) ligands [74, 78].

Nitrogen-based ligands, such as long-chain primary amines, are used to strongly

chemically adsorb onto NPs surface. The alkyl group prevents agglomeration via steric

stabilization [74]. Boron tributylamine (BTB) used in conjunction with oleylamines was

presented by Sun et al. [79]. BTB was used as a coreductant and oleylamine served as a

solvent, stabilizing ligand, and reductant. Several other nitrogen-based ligands have been

reported, such as pyridines [80], amines [81], and imidazole derivatives [82, 83].

Surfactants have also been extensively used as stabilizers [84]. Tetra-N-

alkylammonium halide salts are the most chosen for this purpose (examples in [85,

86]). Imidazolium-based ionic liquids are also being used, especially in biodiesel

improvement. [87, 88]. The stabilization can also be achieved by incorporating PdNPs

within an organic matrix, such as polymers [89], dendritic structure [90], or biomolecules

(such as proteins [91], polypeptides [92], and DNA/RNA [93]).

Production of 103Pd is mostly performed via 103Rh(p,n)103Pd nuclear reaction in a

cyclotron. The highly enriched target was bombarded with protons with an electric

548 Nanoparticle therapeutics



current for a determined amount of time. A classical route is 18MeV protons at 200μA
beam current for 15h [94]. After irradiation, radiochemical separation of the target is nec-

essary. The remaining rhodium is separated from palladium-103 by an exchange resin

(such as Amberlite®IR-93) in acidic conditions. After emitting mostly x-rays with an

average of 21keV, the remaining atom is now stable rhodium with 103 mass [65].

Palladium-103 is mainly produced by the proton bombardment of rhodium (103Rh

(p, n)103Pd). The electroplating of the target can be carried out by applying either a

DC constant voltage (or current) or an AC constant voltage (or current) at an elevated

temperature (typically 40–60°C). Eq. (7) summarizes palladium formation and decay.

103
45Rh+ 0

1p! 103
46Pd ���!

γ,X�
103
45Rh (7)

To estimate final number of atoms formed, the following calculation is used (Eqs. 8

and 9) [17, 95] (Table 3):

R¼ nTI

ZE0

ES

σ Eð Þ
dE=dx

dE (8)

nT ¼ ρxm
AT

N (9)

Next, we will present the advances in 103PdNPs reported in the literature.

Table 3 Initials meaning for Eqs. (8) and (9).a

Initial Meaning Unity

R N Nuclei/second

Converted to activity by

using Eq. (3)

nT The target thickness nuclei/cm2

I Incident particle flux per second and is related to the

beam current;

particle flux/second

N Avogadro 6.02�1023

σ Reaction cross-section, or probability of interaction,

and is a function of energy

cm2

E The energy of the incident particles eV

x The distance traveled by the particle cm

E0 Initial energy of the incident particle along its path eV

Es
a Final energy of the incident particle along its path eV

AT Atomic weight of the target material Grams

ρ Density g/cm3

xm The distance the particle travels through the material cm

aAs the particle passes through the target material, it loses energy due to the interactions of the particle with the electrons of
the target. This is represented in the above equation by the term dE/dx (also called the stopping power).
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The group led by M.A. Fortin presented nanoparticles species fabrication by follow-

ing the core-shell (denominated by @) pathway: PEG-103Pd:Pd@AuNPs [96] and

PEG-103Pd:Pd@198AuNPs [97]).

Basic synthesis involved the following steps:

• 0.075mM of H2PdCl4 precursor solution was mixed with 103PdCl2. Centrifugation

(3000�g, 2min) to remove any aggregate was performed.

• The 103Pd:PdCl2 mixture was rapidly transferred into a 0.3mM DMSA (2,3-

meso-dimercaptosuccinic acid, acting as a capping agent) solution and 30mM ascorbic

acid solution, under vigorous stirring (final NP concentration of 0.06mM). A change

from light yellow to dark brown indicated the formation of ultrasmall Pd cores.

• Then 103Pd:PdNPs were used as seeds for the growth of a gold shell (Pd@Au).

• HAuCl4 solution was added to the Pd nanocores suspension under stirring.

• NH2-PEG-SH was added to the solution to ensure colloidal stability. The reaction

proceeded for 2 more hours, followed by centrifugation (16,000�g, 15min). The

supernatant was discarded, and the nanoparticles were washed twice with nanopure

water, followed by ultracentrifugation.

• NPs were concentrated by centrifugation into small volumes (typically: 30–60μL).
Route for alginate-PEG-103Pd:Pd@AuNPs synthesis is as follows:

• Same route, but with H2Pd
103Cl4 precursor in solution with 54mL and 39.1mCi

• The particles were centrifuge-filtered, followed by rinsing in nanopure water and two

centrifugation-filtration cycles

• HAuCl4 (0.5mM) was added to Pd nanocore solution with an ascorbic acid solution

(0.9mM); Diameter was 49.5nm

• NH2-PEG-SH was added—same procedure, d¼84.5nm

• The suspension was supplemented with 20μL of an aqueous solution of sodium algi-

nate (2% m/v) up to a final volume of �55μL (1.7mCi/4μL injection)

Route for alginate-PEG-103Pd:Pd@198AuNPs synthesis is as follows:

• The same as the first three items for alginate-PEG-103Pd:Pd@AuNPs synthesis

• HAuCl4 solution with H
198AuCl4 (9.4mCi) was mixed with 0.9mM of ascorbic acid

(d¼58.1nm)

• NH2-PEG-SH was added, same procedure (d¼86.2nm)

• The suspension was supplemented with 25μL of an aqueous solution of sodium algi-

nate (2% m/v) up to a final volume of �55μL (1.6mCi/4μL injection).

To follow the characteristics of regular brachytherapy seeds (volume ranging from 2 to

4mm3 and radioactivity between 0.5 and 2mCi), the NP solutions were concentrated by

centrifugation until similar levels: 4μL volumes, 1.7mCi for PEG-103Pd:Pd@AuNPs,

and 1.6mCi for PEG-103Pd:Pd@198AuNPs. The balance between both isotopes in

the double radioactive species was 103Pd�1.2mCi to 198Au�0.4mCi. The injected

concentration of Au was kept between 2 and 6mg Au per kg of body weight of BALB/c

mice. According to the authors, a small fraction only of the injected dose is expected to
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transit to vasculature over time, but this quantity is not expected to lead to acute toxicity

issues in vivo. To slow this process, biocompatible alginate was used. They gradually

degrade over several weeks in physiological conditions due to calcium exchange. Overall,

both types of nanoparticles remained massively in the tumors (>75%). Significant frac-

tions of nanoparticles were also found in the liver (�16%).

Since this was an initial study, tumor cells continue to multiply in the periphery, but

tumor size diminished considerably (56% smaller for stable gold and 75% for radioactive

gold). In the future, multiple injections of radioactive NPs will be tested [97].

Moeendarbari et al. [98] also used 103Pd@Au nanoseeds as a brachytherapy agent.

They report a Cu-mediated surface modification process to efficiently incorporate
103Pd onto hollow gold nanoparticles (�120nm in diameter). The authors used the elec-

trochemistry route by using hydrogen nanobubbles that served as templates and reduce

Au ions into metal Au0. The high concentration of hydrogen molecules in the bubble

boundary reduces the Au+ ion to form Au0 clusters. Subsequently, the metal clusters

act as catalysts to trigger the autocatalytic disproportionation reaction of Na3Au

(SO3)2, which leads to the formation of a gold shell around the hydrogen bubble.

The metallic gold covers the bubbles to form hollow Au nanoparticles. Anodic alumi-

num oxide (AAO) membrane with 300nm diameter through channels was used inside

the solution to collect nanoparticles (diameter larger than 100nm). The AuNPs feature a

25nm polycrystalline shell with a 50nm hollow core.

The hollow Au nanoparticles were first coated with Cu by an electroless deposition

process. Then, the Cu layer was partially (about 70%) replaced by Pd through a galvanic

reaction. To prepare 103Pd@Au nanoseeds, 103Pd solution was added after the electroless

plating of Cu. Copper can be readily replaced by less reactive metals, such as 103Pd:PdCl2,

through a single displacement reaction in an aqueous solution containing metal ions

without any other additives. The plating of 103Pd was allowed to continue for 24h upon

the addition of the Pd plating solution. Exactly 3mL of 0.1M citric acid solution contain-

ing 4.37mCi 103Pd was added. Plating of 103Pd on HAuNPs was then continued for 24h,

followed by the addition of cold Pd plating solution (containing 0.0025MPdCl2 in 0.4M

citric acid solution) to replace all Cu. After 1h, 2M NaOH was added to dissolve the

membrane and the resultant 103Pd@Au nanoseed suspension was washed thrice with

water. The incorporation yield was >80%. The total synthesis time of 103Pd@Au nano-

seeds was approximately 26h. They were found to be extremely stable and retain their

original size even after being shelved for 2months at 8�2°C.
The resulting 103Pd@Au nanoseeds as a colloidal suspension were administered by

direct injection into a prostate cancer xenograft model using Severe combined immuno-

deficiency (SCID) mice bearing human prostate cancer tumors. PC3 cells were

implanted subcutaneously; tumors were allowed to grow for 4weeks to reach a palpable

size. The injection was performed intratumorally at 6–9 locations for each tumor. The

injected radioactivity was 1.5mCi and volume under 40μL. The gold nanoparticle
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concentration in each injection was 2.03�1010 nanoparticles/mL. The size of the nano-

seeds was large enough to prevent diffusion, resulting in>95% nanoseeds being retained

inside the tumor over the entire course of the 5-week treatment. A high therapeutic effi-

cacy was observed without noticeable side effects on the liver, spleen, and other organs.

Over the 5-week treatment period, the group treated with 103Pd@Au nanoseeds showed

a significantly retarded tumor growth or tumor size shrinkage (82.75�46.25mm3 to

19.83�20.12mm3).

3.4 Other nuclei
3.4.1 Indium-111
Indium-111 has a half-life of 2.8days and emissions: γ with 245.35 KeV (94%) and

171.3KeV (90%); and X with main emission 23 KeV [65]. It is produced by proton irra-

diation in a cyclotron following: (p,2n) for 112Cd target or (p,n) for 111Cd target [94].

Indium-111 nanoparticles have been considered as an alternative to treat HER2 breast

cancer by the group led by R. M. Reilly from the University of Toronto, Canada. They

have produced and tested Tras-111In@AuNPs [99]. Trastuzumab (tras) is a monoclonal

antibody used to treat breast cancer, specifically for HER2 receptor-positive cancer.

Briefly, 500μg of trastuzumab in 50μL of 100mM NaHCO3, pH9.3 was reacted

with a 25-fold molar excess of orthopyridyldisulfide-polyethyleneglycol-N-

hydroxysuccinimide (OPSS-PEG5k-SVA) overnight at 4°C. PEGylated trastuzumab

(trastuzumab-PEG-OPSS) was purified and buffer exchanged into phosphate-buffered

saline (PBS), pH7.5, by ultrafiltration. Thiolated PEG derivatized with benzylisothio-

cyanate diethylenetriaminepentaacetic acid (SH-PEG2k-Bn-DTPA; 10μg) was then

complexed with 111InCl3 in 1M sodium acetate buffer, pH6.0 at room temperature

for 30min. The final radiochemical purity of SH-PEG2k-Bn-DTPA-111In was >95.

Finally, Tras-111In@AuNPs were constructed by reacting 1mL of 30nm AuNP

(2�1011 particles per mL) with 0.4μg of SHPEG2k-Bn-DTPA-111In (with

0.7–0.8MBq) at 4°C for 30min, then with 10μg trastuzumab-PEG5k-OPSS for

5min. Tras-111In@AuNPs were finally surface-coated with an excess (7.6μg) of

PEG2k-SH for 30min to prevent aggregation in vitro and minimize liver and spleen

uptake in vivo. The final product was then purified from excess reagents by centrifuga-

tion at 2500�g for 30min at 4°C followed by 15,000�g for 30min at 4°C. The super-
natant was carefully removed, and trastuzumab-AuNP-111In was re-suspended in 1mL of

PBS, pH7.5 [99].

MDA-MB-361 human breast cancer (BC) cells overexpressing HER2 were injected

subcutaneously into female CD1-athymic mice. 10MBq in 100μL of normal saline of

Tras-111In@AuNPs was injected directly into cancer arresting tumor growth over a

70-day observation period. In contrast, untreated mice receiving only normal saline

injections exhibited rapidly increasing tumor growth reaching 8-times their initial size

over 70days [99].
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3.4.2 Lutetium-177
Lutetium-177 has also being studied as a viable isotope for use in nanobrachytherapy. It

has a half-life of 6.6days and mainly β� emissions of 149keV [65]. It is produced by neu-

tron irradiation in a nuclear reactor [94]. The main methods for producing 177Lu of high

specific activity are based on irradiation of either 176Lu or 176Yb with reactor neutrons

following Eqs. (10) and (11) [100]:

176
71Lu+

1
0n! 177

71Lu ���!
γ,X,β�

177
72Hf (10)

176
70Yb+

1
0n! 177

71Lu ���!
γ,X,β�

177
72Hf (11)

Lutetium-177 gold nanoparticles were also considered byR.M.Reilly research group

as an alternative to treat HER2 breast cancer. They have produced and tested

Tras-177Lu@AuNPs [101]. The methodology is as follows: Tras-177Lu@AuNPs were

constructed by stepwise incubation of 2�1011 AuNPs (30nm) in 1mL of 20mM

NaHCO3, pH9.0 at 4°C with:

• OPSS-PEG-DOTA consisted of polyethylene glycol (4kDa) functionalized with

ortho-pyridyl disulfide (OPSS) at one end to create a gold-sulfur bond and at the

opposite end with a 1,4,7,10- tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA) that acts as a chelator to complex 177Lu (full description in [102]—

Supporting information).

• Labeling with 177Lu was carried out by incubation with 177LuCl3 in 1M sodium ace-

tate buffer, pH4.5 at 80°C for 30min. The final radiochemical purity of

OPSS-PEG3k-DOTA-177Lu was >95%.

• OPSS-PEG5k-trastuzumab was prepared by reacting trastuzumab (200μg) with a

5-fold molar excess of OPSS-PEG5k-succinimidyl valerate (SVA) in 100mM

NaHCO3 buffer, pH9.3 overnight at 4°C. Trastuzumab-PEG5k-OPSS was purified

and buffer-exchanged into Milli-Q® water by ultrafiltration.

• No details on how OPSS-PEG3k-DOTA-177Lu reaction with OPSS-PEG5k-

trastuzumab to result in OPSS-PEG5k-trastuzumab-DOTA-177Lu were reported.

• Following each step, AuNP were centrifuged at 15,000�g for 15min at 4°C to

remove unreacted ligands [101].

MDA-MB-361 human breast cancer (BC) cells overexpressing HER2 were injected

subcutaneously into female NOD/SCID mice. 20MBq to 1mg AuNP in normal saline

of Tras-111In@AuNPs was injected directly into cancer significantly inhibiting tumor

growth during the 16days observation period [101]. However, tumor growth arrest

was not achieved with Trastuzumab.

A similar study was performed by the same group but with panitumumab [102]. The

mass number of NPs injected in these two studies was the same, but the radioactivity

injected in the trastuzumab [101] study was one-third lower (3.0 vs. 4.5MBq). Tumor
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arrest was achieved in MDA-MB-468 cells with panitumumab. The group is expanding

both studies.

Vilchis-Juárez et al. demonstrated that 20nm diameter AuNP labeled with 177Lu tar-

geted to α(v)β(3)-integrin-positive C6 glioma was able to deposit high radiation doses

(>60Gy) in xenografts in mice preventing tumor progression [103]. The cysteine in

DOTA-GGC (1,4,7,10-tetraazacyclododecane-N0,N0’,N0”-tetraacetic-Gly-Gly-Cys)
molecule is used to interact with the gold nanoparticle surface and DOTA is used as

the lutetium-177 chelator. A 5μL aliquot of DOTA-GGC (1mg/mL) was diluted with

40μ of 1M acetate buffer at pH5, followed by the addition of 10μL of a 177LuCl3 solu-

tion. The mixture was incubated at 90°C in a block heater for 30min. Separately, to 1mL

of AuNP (20nm), 0.025mL of c[RGDfK(C)] (Arg-Gly-Asp cyclo peptide) was added,

followed by 3μL (40MBq) of 177Lu-DOTA-GGC, and the mixture was stirred for

5min to form the 177Lu-DOTA-GGC-AuNP-c[RGDfK(C)]. The complex has

2MBq/0.05mL was injected intratumorally. High tumor retention was observed

(68%). The rest of the activity occurred mainly in the kidneys and liver, as well as in

the spleen, with negligible uptake in other organs. In the end, significantly decreased gli-

oma tumor progression in mice through the effect of a combined molecular targeting

therapy/radiotherapy was observed.

4. Conclusion

With the rapid increase in cancer occurrence, new forms of treatment are and must be

investigated. Also, easy and portable forms are of the utmost importance. Nanoseeds-

based brachytherapy fits perfectly with these conditions, with the potential of:

• bringing effective and easy treatment to remote areas

• enabling effective treatment of smaller tumors: procedure can be performed intrao-

peratively when optimal surgical resection is not possible

• completely halt cancer growth or significantly diminish its size

• controlling nanoseeds size to prevent diffusion, focusing radiation effects on the target

This chapter presented the basics of radiation physics and the routes being investigated to

produce radioactive nanoparticles. Efforts have been made mostly with gold-198,

palladium-106, indium-111, and lutetium-177. Practically, all results reported were suc-

cessful in cancer progression halt or even completely cancer cure. The potential is huge

since the treatment is injectable and radiation activity is considerably low.

Necrosis was found in the skin of the animals injected with alginate-PEG-103Pd:

Pd@198AuNPs [97]. This is due to gold-198 high gamma emission energy. Necrosis con-

firms the impact of the treatment on tumor volume control but elucidates the difficulty of

circumspect the radiotherapeutic treatment to the exact site of the tumor tissue.

There are still several steps that need to be developed so that nanobrachytherapy can

be implemented on large scale. They are:
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(a) Stability tests: radioactive nanoparticles need to be proven stable from the produc-

tion line to the treatment place.

(b) Mercury contamination assay: gold-198 decays to mercury, which is highly toxic.

Effects of this on the cells are yet to be evaluated.

(c) Nanotoxicity: evaluation of the toxicity level of nonradioactive nanoparticle coun-

terparts needs detailed investigation.

(d) More in vitro testing: a complete assessment of inflammatory and immunity response

needs further evaluation.

(e) More in vivo testing: by evaluating possible routes and understanding the nanoma-

terials transport it will be possible to evaluate the distribution of radioactive nano-

particles in the human body after systemic administration and reproducible

demonstration of the therapeutic efficiency.

(f ) Dosimetry: it is imperative that models are created that can accurately measure radi-

ation dose delivered to the target and healthy surrounding tissues. Protocols com-

prising of different dosimetry studies, simulation-based dosimetry systems, and

computer treatment planning systems must be investigated/created.

(g) Industrial or semi-industrial laboratory construction: tabletop research is very

important because it validates the technique. However, fabrication on a

large-scale, to provide to hospitals and clinics, is a different issue on its own.Methods

that are too complicated may not be translated to an industrial scale. Also, these new

products need to be produced with the highest level of precision under good

manufacturing practices and by respecting radiation protection demands.

Even with all these challenges, some non-radioactive NPs are being investigated in clin-

ical studies for cancer treatment. On the U.S. National Library of Medicine website

(www.clinicaltrials.gov) a list of compounds in different stages (Phase I, II, and III oncol-

ogy studies) can be found. As an example, AuroLase (NCT02680535) is a therapy project

by Nanospectra Biosciences based on PEG-Si@AuNPs, that uses focal ablation of neo-

plastic prostate tissue via nanoparticle directed irradiation. Although not radioactive,

these clinical studies open the door to more clinical investigations in the field, including

with radioactive NPs. For nanobrachytherapy to become a viable technique, besides the

higher monetary investment in this area of research, there is no doubt that interdisciplin-

ary teams are of the utmost necessity.
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