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ABSTRACT

SYNTHESIS AND IN VIVO BIOMEDICAL APPLICATIONS OF ULTRASMALL METAL

NANOPARTICLES

Shahab Ranjbar Bahadori, Ph.D.

The University of Texas at Arlington, 2020

Supervising Professor: Yaowu Hao

Over the past decade, metal-based nanoparticles (MNPSs) have gained much popularity in
the field of nanomedicine owing to their exceptional physiochemical properties. Easy surface
functionalization and conjugation with therapeutic moieties, stability, inertness, and inherent
anticancer activities make MNPs promising diagnostic and therapeutic agents. Among different
sizes of MNPs, which greatly affect their biodistribution and clearance, ultrasmall metal
nanoparticles with the size less than 5 nm demonstrate unique pharmacokinetic properties, making
them suitable for nanomedicinal applications. Therefore, many efforts have been made to
synthesize various kinds of ultrasmall metal nanoparticles.

In this study, a revolutionary synthesis method, termed as liquid diffusion synthesis (LDS)
was developed to produce ultrasmall metal nanoparticles. In this new approach, simply immersing
a dialysis bag containing an aqueous solution of a metal salt mixed with citric acid in a NaOH
solution reservoir for tens of minutes, few-nm sized nanoparticles form inside the dialysis bag. Not

only is this process exceptionally simple and cost effective, conducting at room temperature using
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aqueous solution of metal salt, citric acid and NaOH, but also it can produce a wide range of
colloidal nanocrystals, covering all possible ultrasmall metal nanocrystals used as nhanomedicine.
Using this method, the synthesis of ultrasmall metal nanocrystals of Co, Ni, Cu, Au, Ag, Pd, Pt,
and Lu have been demonstrated. Also, ultrasmall metal oxide nanoparticles can be produced using
the same method. Ultrasmall nanoparticles of MnO, RuO2, Cu20, FeO, Zn0,, and CeO; have been
synthesized. A mechanistic study was conducted to reveal the nanoparticle formation mechanism.
It was found that the gradual change of the solution pH caused by the diffusion of OH" ions through
the dialysis membrane played an essential role in the formation of these nanocrystals.
Synthesized ultrasmall Cu nanoparticles have preliminarily been tested for its in vivo
biomedical applications. It shows that Cu nanoparticles are stable in phosphate-buffered saline and
fatal bovine serum. In vivo studies shows the renal clearability of Cu nanoparticles; about 67% of

nanoparticles is excreted via urine after 48 hours of injection.
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1. INTRODUCTION

With development of science and technology, nanotechnology has rapidly evolved in
varied fields ranging from agriculture, food, to chemical and semiconductor industries, and more
importantly in the healthcare field [1]. To date, many investigations have been done in the
development of novel nano-formulations as therapeutic, diagnostic, or via a seamless combination
of both as theranostic agents. A large subset of these efforts has been focused on inorganic
nanoparticles including silica-based NPs [6], quantum dots [7], and metal-based nanoparticles
(MNPs) [8, 1].

MNPs have drawn increasing attention due to their unique size-and material-dependent
optical, electrical, magnetic, and biological properties, as well as metallic surfaces which enable
chemical modifications to impart biocompatibility [9, 10]. As physicochemical properties of
MNPs are noticeably affected by their size, MNPs are categorized into three classes [11]: (1)
plasmonic nanoparticles with average size of greater than 2 nm, (2) nanoclusters which are smaller
than 1 nm, and (3) ultrasmall metal nanoparticles (USMNPSs) which are considered as a bridge
between nanoclusters and large plasmonic nanoparticles, having the mean size of 1-2 nm.

As MNPs are injected into body, they experience various kinds of nano-bio interactions
including interacting with serum proteins [12, 13], binding to macrophages in the liver [14, 15],
entering tumor through blood vessels [16-18], being internalized by cancer cells [19, 20] and,
finally, they are cleared via liver or kidney. These interactions define the targeting and clearance
of MNPs, which determines the theranostic efficacy [21]. Through many investigations [22, 21]
[22, 23][24, 25], mostly on Au nanopatrticles, it has reached to a conclusion that nanoparticles with
the mean size less than 6 nm can be cleared via kidney (renal clearance), and the highest renal

clearance efficiency can be achieved with the size of 1-2 nm. For in vivo applications of



nanoparticles, renal clearance is a highly desired property, which can minimize the accumulation
of nanoparticles in normal organs, especially in reticuloendothelial system (RES) organs such as
liver, spleen, and bone marrow. Hence, many attempts have been done to the synthesis of
ultrasmall metal nanoparticles with size less than 6 nm [26, 27]. A comprehensive literature review
about metal nanoparticles is presented in Chapter 2.

Here, we present a new simple and general technique, called liquid diffusion synthesis
(LDS), to produce varieties of ultrasmall metal and metal oxide nanoparticles with the mean size
ranging from 2 nm to 5 nm. This synthesis method is conducted at room temperature using citrate
as reducing and capping agent, which makes it suitable for producing nanoparticles for biomedical
application, since citrate coating can be easily replaced with other molecules to render favorable
targeting and biodistribution properties. More importantly, this synthesis method is particularly
suitable for embedding medical radioactive isotopes into these nanocrystals to make radioactive
nanoparticles (nanoseeds) for cancer imaging and therapeutics, providing a new, chelate-free
radiolabeling approach. The simplicity and short synthesis time of this method offers an efficient
means to incorporate almost all medical metal radioisotopes (Cu-64, Cu-67, Pd-103, Lu-177, Y-
90, Au-198, Au-199, Rh-105, Sm-153, Ho-166, Th-161, Pm-149, Re-186, Re-188) into a renal
clearable nanoparticle format, which would make them with a great in vivo stability, suitable for
diagnostic imaging such as single photon emission computed tomography (SPET) or positron
emission tomography (PET) and for internal radiotherapy. Comparing to traditional
radiopharmacheuticals that are composed of radioisotopes bonded to organic molecules, these
nano-radiopharmacheuticals (isotopes are carried by nanoparticles) possess every different
pharmacokinetics after systematic injection into the blood stream: they are too large to rapidly

extravasate across the endothelial barrier in blood vessels, so they will be restricted to the



intravascular space, but the size is small enough to be filtered by the kidney and clear out through
urine. For nano-radiopharmacheuticals, renal clearance is an essential requirement to avoid the
radiation exposure of normal organs. Different radiolabeling methods for MNPs and
biodistributions and pharmacokinetics of these nanoparticles are discussed in Chapter 3.

Using LDS, ultrasmall nanocrystals of Co, Ni, Cu, Au, Ag, Pd, Pt, Lu, MnO, RuO2, Cuz0,
FeO, Zn0,, and CeO, have been synthesized. Using the synthesis process of Cu and Cu20
nanocrystals as a model system, a systematic study was conducted to obtain insight of the process.
The results and discussions are presented in Chapter 4. Synthesized ultrasmall Cu nanoparticles
have preliminarily been tested for its in vivo biomedical applications, and the results are discussed

in Chapter 5.



2. ULTRASMALL METAL NANOPARTICLES

2.1. Introduction

Nanotechnology has gained huge attention since last century. Since nanotechnology was
presented by Nobel laureate Richard P. Feynman [1] during his well famous 1959 lecture “There’s
Plenty of Room at the Bottom”, there have been made various revolutionary developments in the
field of nanotechnology [2]. The fundamental component of nanotechnology is nanoparticle.
Nanoparticles are classified as materials in which at least one dimension (length, width, thickness)
is within the range of 1-100 nm [3]. Nanoparticles are not new to the environment and occur
naturally in the form of minerals, clays, and products of bacteria [4]. It has been used since ancient
times as a colorant for metals, but the systematic design and engineering of nanoparticles for
various uses has started only in the last few decades [5]. Engineered nanoparticles exhibit unique
physical, chemical, and biological properties such as melting point, wettability, electrical and
thermal conductivity, catalytic activity, light absorption and scattering resulting in enhanced
performance over their bulk counterparts [6]. These properties of nanoparticles have led to their
various applications (see Fig. 2.1).

Nanoparticles are broadly divided into various categories depending on their morphology,
size, and chemical properties. Based on physical and chemical characteristics, some of the well-
known classes of nanoparticles are including carbon-based nanoparticles, ceramic nanoparticles,
semiconductor nanoparticles, polymeric nanoparticles, and metal-based nanoparticles (MNPSs) [2].
Among them, MNPs have received much popularity due to the exclusive physiochemical
properties such as high stability, easy synthesis, exceptional optical properties and catalytic

activities, and tunable surface functionalization (see Fig. 2.2) [7-9].
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2.2. Metal-based nanoparticles

Using MNPs dates back to the 14th and 13th century BC when Egyptians and
Mesopotamians started making glass using metals, which can be cited as the beginning of the
MNPs era [12, 6]. These materials may be the earliest examples of synthetic nanomaterials for a
practical application. From the late Bronze Age (1200-1000 BC), red glass has been found in
Frattesina di Rovigo (Italy) that is later found to be colored by surface plasmon excitation of copper
nanoparticles (CuNPs) [12]. Similarly, the Celtic red enamels originating from the 400-100 BC
period have been found to contain CuNPs and cuprous oxide [13]. Nevertheless, a Roman glass
workpiece is the most famous example of ancient MNP usage. The Lycurgus Cups are a 4th-
century Roman glass cup, made of a dichroic glass that displays different colors: red when a light
passes from behind, and green when a light passes from the front (see Fig. 2.3) [14]. Recent studies
showed that the Lycurgus Cups contain Ag-Au alloy nanoparticles, with a ratio of 7:3 in addition

to about 10% Cu.

Fig. 2.3. Lycurgus Cup (British Museum; AD fourth century). This Roman cup is made of ruby glass and

illustrates the myth of King Lycurgus [14].



Later, red and yellow colored stained glass found in medieval period churches was
produced by incorporating colloidal gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs),
respectively [12]. During the 9th century, Mesopotamians started using glazed ceramics for
metallic luster decorations [15]. These decorations showed amazing optical properties due to the
existence of distinct AgNPs and/or CuNPs isolated within the outermost glaze layers. These
decorations are an example of MNPs that display iridescent bright green and blue colors under
particular reflection conditions. Transmission electron microscopy (TEM) analysis of these
ceramics revealed a double layer of AgNPs (5-10 nm) in the outer layer and larger ones (5-20 nm)
in the inner layer. The distance was observed to be constant at about 430 nm in between two layers,
giving rise to interference effects. The scattered light from the second layer leads to the phase shift
due to the scattering of light by the first layer. This incoming light wavelength dependent phase
shift leads to a different wavelength while scattering. Later, the red glass was manufactured using
this process all over the world. In the mid-19th century, a similar technique was used to produce
the famous Satsuma glass in Japan (see Fig. 2.4). The absorption properties of CuNPs were helpful
in brightening the Satsuma glass with ruby color [16].

In 1857, Michael Faraday reported the synthesis of a colloidal AuNPs, which is the first
scientific description to report nanoparticle preparation and initiated the history of nanomaterials
in the scientific arena [6]. He also revealed that the optical characteristics of Au colloids are
dissimilar compared to their respective bulk counterpart. This was probably one of the earlier
reports where quantum size effects were observed and described. Later, Mie [17] explained the

reason behind the specific colors of metal colloids.
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2.2.1. Classification of metal nanoparticles

When size of metals reduces to become metal nanoparticles, the motion of electrons
becomes limited by the size of nanoparticle and interactions are expected to be mostly with the
surface. In fact, much of the interest in nanoscale materials arises from both an understanding of
the physical, chemical, and size-dependent phenomena on the nanometer length scale. Fig. 2.5
shows some of the important physicochemical properties of nanoparticles that dictate their
microscopic as well as their macroscopic behaviors [18]. These properties include size, shape,
surface composition, aggregation, concentration, and their ability to be active, i.e., to have
changing properties as a function of time or some other variables. These properties impact and

dictate the most fundamental characteristics of nanomaterials including their ability to get into

cells.
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Fig. 2.5. Microscopic and macroscopic behavior of nanoparticles which is dependent on a number of

important characteristics and properties [18].

Among the mentioned parameters, the size factor has the greatest effect on the physical
and chemical properties of metals. With the varying size, their behaviors go through several
noticeable transitions [19-25]. Bulk metals are good optical reflectors and electrical conductors.
The electronic situation in bulk metals is characterized by the existence of energy bands. They
result from the combination of infinite numbers of energetically very similar orbitals. The valence
band contains the relevant valence electrons. The conduction band overlaps to some extent with
the valence band and so becomes partially occupied with electrons. These electrons are finally
responsible for the electric conductivity of metals. In contrast to the electrons in a filled band, those
in the conduction band are fully mobile and make conductivity possible. In bulk metals, the energy
levels of the electrons are continuous. Hence, in view of freely moving delocalized electrons in the
conduction band, metals in a bulk state are good optical reflectors and electrically conducting (see

Fig. 2.6).
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Fig. 2.6. The effect of size on behavior of metals due to the electron band structure change [19].

Physicochemical properties of metal nanoparticles including optical properties, catalytic
activity, and biological properties of MNPs are considerably influenced by their size because the
electron band structure changes as the size varies [9]. Accordingly, MNPs are divided into three
classes as shown in Fig. 2.7:

(1) Plasmonic nanoparticles having size greater than 2 nm.
(2) Nanoclusters which are made of only a few to tens of atoms and are smaller than 1 nm,
(3) Ultrasmall nanoparticles with size ranging from 1 nm to 2 nm, which are considered as a bridge

between nanoclusters and large plasmonic nanoparticles.
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Fig. 2.7. Classification of metal nanoparticles based on size variation.

2.2.1.1. Plasmonic nanoparticles

If MNPs are irradiated by light, strong optical absorption and/or scattering phenomenon
will happen forcefully and it relies on their size, morphology, and dielectric environment, which
is recognized as surface plasmon resonance (SPR) [26]. Consequently, MNPs show intense colors
owing to the collective oscillation of conduction electrons upon interaction with light and this
particular property has been widely developed in catalysis, optoelectronics, sensing, and surface-
enhanced resonance Raman scattering (SERS) [27-29]. Metal can be considered as positively
charged atomic nuclei surrounded by a plasma of free electrons from the conduction band. As for
MNPs, a specific size-dependent plasma absorption will be presented when the size is smaller than
the average free path length of conduction electrons (i.e., < 50 nm) based on Mie’s theory [17, 30].

The wavelength dependence of SPR can be modeled using Mie theory and is given by [31]:
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where N, is the density of nanoparticles, a is the radius of the nanoparticle, &, is the dielectric of
the medium, 4 is the wavelength, and ¢, and ¢; are the real and imaginary parts of the metal
dielectric constant.

SPR is a collective oscillation of electron plasma near nanoparticles surface when the
nanoparticle is irradiated (see Fig. 2.8) [32, 33]. Thus, the exact analysis of SPR implies solving
the Maxwell equations with the appropriate boundary conditions [34]. However, a simplified
classical picture can be more useful to understand the physical meaning of SPR [35].

E-field Metal

sphere

‘g

e cloud
Fig. 2.8. Schematic of plasmon oscillation for a sphere, showing the displacement of the conduction

electron charge cloud relative to the nuclei [33].

A MNP can be described as a lattice of ionic cores with conduction electron moving almost
freely inside the nanoparticle (the Fermi sea) as illustrated in Fig. 2.9. When the particle is
illuminated, the electromagnetic field of the light exerts a force on these conduction electrons
moving them towards the nanoparticle surface. As these electrons are confined inside the
nanoparticle, negative charge will be accumulated on one side and positive charge in the opposite
side, creating an electric dipole. This dipole generates an electric field inside the nanoparticle
opposite to that of the light that will force the electrons to return to the equilibrium position. The
larger the electron displacement, the larger the electric dipole and consequently the restoring force.

The situation is similar to a linear oscillator with a restoring force proportional to the displacement

12



from the equilibrium position. If the electrons are displaced from the equilibrium position and the
field is removed later, they will oscillate with a certain frequency that is called the resonant
frequency; in the case of SPR, it is named the plasmonic frequency. The electron movement inside
the nanoparticle exhibits some degree of damping. The ionic cores and the nanoparticle surface
partially damp the electron oscillations. Thus, the system is similar to a linear oscillator with some

damping.
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Fig. 2.9. Scheme of the light interaction with a MNP. The electric field of the light induces the movement
of conduction electrons which accumulate at the NP surface creating an electric dipole. This charge

accumulation creates an electric field opposite to that of the light [35].

When an alternating force is applied to a linear oscillator, the system oscillates with the
same frequency as the external force, but the amplitude and phase will depend on both the force
and the intrinsic parameters of the oscillator. In particular, the oscillating amplitude will be
maxima for the resonant frequency (Fig. 2.10). It is quite straightforward to understand that, if the
frequency of the external force is the same as the plasmonic frequency of the nanoparticle, it will
be easy to make the electrons oscillate, but as we move far away from this frequency the movement
of electrons will be more difficult, i.e. with reduced amplitude.

It is not possible to directly observe the movement of electrons to determine their

oscillating amplitude. However, we can determine this amplitude indirectly. The electronic
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oscillation implies an increase in kinetic and electrostatic energies associated with the electric
fields of the dipole. As energy must be conserved, this increase in energy must be provided by the
illuminating light. Therefore, the light extinguishes partially when exciting SPR inside the
nanoparticle. The larger the electron oscillations, the larger the light extinction, so the optical
absorption spectrum allows one to detect the excitation of SPR. The resonant frequency for these

oscillations in metallic nanoparticles corresponds typically to UV-Vis light and as Fig. 2.10

illustrates [36].

(b)

Amplitude

Absorption (arb. units)

350 400 450 500 550

(g
Frequency Wavelength (nm)
Fig. 2.10. Oscillation amplitude for a linear oscillator as a function of the external force frequency. (b)

Optical absorption spectrum corresponding to 10 nm AgNPs embedded in a silica glass [35].

SPR frequencies of MNPs depend on composition, size, aspect ratio, and the morphology
of the particles. A 20-nm AuNP, PtNP, AgNP, and PdNP has characteristic wine red color,
yellowish gray, black, and dark black color, respectively [2]. Fig. 2.11 shows an example of this
illustration for AuUNPs synthesized with different sizes. These nanoparticles demonstrate
characteristic colors and properties with the variation of size and shape, which can be utilized in

bioimaging applications [37].
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Fig. 2.11. AuNPs commonly applied in biomedical applications. (a) Gold nanorods, (b) silica-gold core-

shell nanoparticles, and (c) gold nanocages. The intense color of these nanoparticles arises from the
collective excitation of their conduction electrons, or SPR modes, which results in photon absorption at
wavelengths which varies with (a) aspect ratio, (b) shell thickness, and/or (c) galvanic displacement by

gold [37].

According to Fig. 2.11, the color of the solution changes due to variation in aspect ratio,
nanoshell thickness, and gold concentration. The alteration of any of the above discussed factor
influences the absorption properties of the nanoparticles, so different absorption colors are
observed. Fig. 2.12 illustrates that AgNPs exhibit a sharp extinction peak at 393 nm, 394 nm, 398
nm, 401 nm, 406 nm, 411 nm, 420 nm, 429 nm, 449 nm, and 462 nm wavelength for silver
nanoparticles with the average size of 5 nm, 7 nm, 10 nm, 15 nm, 20 nm, 30 nm, 50 nm, 63 nm,
85 nm, and 100 nm, respectively [38]. As predicted, the absorption maxima of AgNPs shifted to
longer wavelength with increase in AgNP size. The full width at half maximum (FWHM) of the

corresponding peaks determines dispersity of the nanoparticles, where a large FWHM is attributed
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to peak broadening and hence, polydispersity. As the size of AgNPs increased from 5 nm to 30
nm, FWHM values increased from 55 nm to 85 nm. Further increase in nanoparticle size from 50

nm to 100 nm yielded significant peak broadening with an increase in FWHM from 138 nm to 162

nm, respectively.
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Fig. 2.12. (a) UV-Vis extinction spectra and (b) the dictive color of different-sized AgNPs [38].

According to Gan’s theory [39], when shape of AuNPs changes from spheres to rods (Fig.
2.13(A)), the SPR band is split into two bands: a strong band in near-infrared (NIR) region
corresponding to electron oscillations along the long axis, referred to longitudinal band, and a weak
band in the visible region at a wavelength similar to that of gold nanospheres, referred to transverse
bands. While the transverse band is insensitive to the size changes, the longitudinal band is red
shifted largely from the visible to NIR region with increasing aspect ratios (length/width), causing

the color change from blue to red (Figs. 2.13(B) and (C)) [40].
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Fig. 2.13. Tunable optical properties of gold nanorods by changing the aspect ratios. (A) Gold nanorods
of different aspect ratios exhibit different dimensions as seen by TEM, (B) in different color and (C)

different SPR wavelength [40].

Besides the shape factor for optical tuning into NIR region, structure variation can result
in similar phenomenon [40]. Two examples are the gold nanoshells and nanocages. Developed by
Halas and co-workers [41], gold nanoshell is composed of a silica core around 100 nm and a thin
shell of gold about few nanometers. The shell is formed by aging the gold clusters attached on the
silicon core. The red shift has been explained as the results of the hybridization of the plasmons of
the inner sphere and outer cavity [42]. The SPR wavelength of gold nanoshells can be controlled
by changing the shell thickness. Decreasing the thickness of the gold shell from 20 nm to 5 nm
leads to SPR red shift about 300 nm, which is attributed to the increased coupling between the

inner and outer shell surface plasmons for thinner shell particles [42].
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2.2.1.2. Metal nanoclusters

Nanoclusters are made of only a few to tens of atoms and the size of their cores is usually
below 1 nm [43]. On this length scale, the properties of particles disappear, and the electronic band
structure of metal nanocluster is broken down into discrete energy levels under the condition of
free electrons’ size near Fermi wavelength (i.e., < 1 nm), resulting in the acquisition of molecule-
like behaviors like the discrete electronic state (see Fig. 2.14) [44, 45]. Metal nanoclusters are not
conductors any more as the energy levels are too far separated. Thus, the collective oscillation of
electrons is obstructed, and nanoclusters do not give rise to SPR effect. However, they will follow
quantum mechanical rules for interaction with light and electronic transitions between the energy
levels; they will show luminescence. The production of luminescence in metal nanoclusters is
believed to comes from the electronic transitions caused by energy splitting, including intraband

transition (sp «— sp) and interband transition (sp « d) [46-48].
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Fig. 2.14. Geometric and electronic structures of single atom, clusters, and nanoparticles [49].

Fig. 2.15 (A) shows that the emissions at 3.22 eV, 2.72 eV, 2.43 eV, 1.65 eV, and 1.41 eV
correspond to Aus, Aug, Auiz, Auzs, and Auasi, respectively. That is, the excitation and emission
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maxima shift to longer wavelength with increasing initial Au concentration [50]. For the Au
nanoclusters, the dependence of emission energy on the number of gold atoms (N) in each

nanocluster, demonstrated in Fig. 2.15(B), can be quantitatively fit with a simple scaling relation

of Epermi = Ni, in which Erermi is the Fermi energy of bulk gold (5.53 eV), similar to the scaling
law observed from electronic absorptions of alkali metal nanoclusters in gas matrices [51, 50].
These results indicate that the electronic structure of dendrimer coated few-atom gold lusters is
determined by the number of free electrons in Au nanoclusters, following a free-electron (Jellium)

model [52, 53].
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Fig. 2.15. (A) Excitation (dashed) and emission (solid) spectra of different gold nanoclusters, (B)

correlation of the number of gold atoms (N) per cluster with emission energy [51].

Luminescence observed from few-atom gold cluster follows the free electron model,
suggesting that emission fundamentally arises from intraband (sp-sp) rather than interband (sp-d)
transitions. Fig. 2.16 shows the evolution of the energy level spacing of the sp band with the cluster
size number [54]. With the increase of the gold atom number, the energy level spacing becomes
smaller and smaller and eventually becomes comparable to thermal energy (KT), resulting in

disappearance of luminescence. Conventional local electrical field enhancement was not involved
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in the emission from few-atom gold clusters, in contrast to emission observed from large gold

nanorods and bulk gold films. For the smallest Au clusters (Aus to Auzs), cluster-emission energies

can be well fit with the energy-scaling law Egppm; = Né, indicating that electronic structure
transitions of these small Au clusters are well-described by a spherical harmonic potential. With
increasing size, small anharmonicities distort the potential well, which at larger sizes gradually
distorts into a Woods-Saxon potential surface, and eventually becomes a square-well potential

characteristic of electrons in large metal nanoparticles [50].
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Fig. 2.16. Schematic of size-dependent surface potentials of Au clusters on different size scales [50].

2.2.1.3. Ultrasmall metal nanoparticles (USMNPs)

USMNPs with the core size of 1 nm to 2 nm lie in between metal nanoclusters and larger-
sized nanoparticles and, consequently, exhibit intermediate structural, optical, electrical, catalytic,

and magnetic properties [55]. Some of these unique properties are summarized in Fig. 2.17.
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Fig. 2.17. Schematic diagram juxtaposing the differences in size of particles and their resultant properties

[55].

When the size of a material decreases to 1-2 nm, the number of atoms constituting the
material falls to less than 500. Consequently, USMNPs can be regarded as large molecules in
which the majority of the component atoms are located at the interface with the solvent [56]. This
means that a greater number of the constituent atoms of USMNPs are exposed to the outer
environment. This tendency is shown in Fig. 2.18, where the smallest USMNPs are almost entirely
exposed to the solvent and thus have essentially no true core. The percentage of atoms on the
surface of a 1.2 nm particle is 76%, while a 2.5 nm particle exposes 45% of its atoms [57]. Below
1 nm, the particles are almost complete molecular dispersions, which is a partial reason for the
differences in the macroscopic properties of USMNPs compared with clusters. Additionally, as
many properties are derived from interfacial interactions of the surface atoms with the solvent, it
is easy to see why USMNPs accentuate these properties compared with their bulk counterparts.
Dominant surface states and the surrounding environment in USMNPs can also lead to unique

physical properties [55].
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The electronic structure of the USMNPs is similar to the large size nanoparticles but
optically, they are luminescent. Due to the large density of states and extremely small electron
Fermi wavelength (~ 0.5 nm) of metals, their luminescence is much more sensitive to the size than
that of semiconductor quantum dots (exciton Bohr radius: ~10 nm) [58]. For example, once the
number of Au atoms in a gold cluster reaches 55 atoms (about 1.2 nm in diameter), Auss(PPhz)12Cle
no longer fluoresces [59]. Recently, Qian et al. [60] reported that Auzs3(SR)79 clusters (about 2.2
nm in diameter) start to give surface plasmons at 520 nm because the energy level spacing in the

cluster is so small that collective oscillation of free electrons can occur.
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Fig. 2.18. The percentage of surface atoms changes with the cluster diameter [57].

These studies suggest that quantized states can rapidly diminish with the increase of the
particle size from a few atoms to a few nanometers; therefore, in theory, the few-nanometer
nanoparticles should no longer give fluorescence. However, in the past decade, a large number of
luminescent few-nanomater AuNPs (1.5-3 nm) has been synthesized, suggesting that additional

emission mechanisms exist in AUNPs [61-65]. Based on the emission wavelength, they are divided
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into NIR emitting and visible emitting USMNPs [50]. Emission can be tuned through changing
the particle size, surface ligands, and valence states of metal atoms and the grain size. While there
is significant progress in the understanding of emission mechanisms, most of these mechanisms

are not completely clear.

2.3. Luminescence of ultrasmall metal nanoparticles
Researchers have made great efforts to explore the luminescence mechanism in metal
nanoclusters. Although no complete mechanism has been mapped out, there has been important

progress in identifying some important factors.

2.3.1. Size effect

As previously stated, when the size of nanoparticles decreases to the Fermi wavelength of
conduction electrons, the number of electrons reaches a critical value (e.g. < 200), and the
continuous band (for nanoparticles) becomes discontinuous (for nanoclusters) [66]. The
luminescence characteristics of nanoclusters are critically depended on the energy gap (Eg). The
relationship between Eg of metal cluster and the Fermi level (Es) of bulk metal can be described

as.:

1
E, = E;Nz Eq. (2.2)

where N is the number of metal atoms [54]. When the luminescence of metal cluster is from the

electronic transition in the metal core, the size increase (i.e., the N value) will lead to a red shift of
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the emission wavelength of luminescence. For gold clusters, when N > 30, luminescence will shift

out of the visible light range (see Fig. 2.19) [50].
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image of OGS-AuNPs with the average size of 1.7 nm, (C) the excitation and emission spectra of YGS—

AuNPs, and (D) a typical TEM image of GS-AuNPs with the average size of 2.1 nm [50].

2.3.2. Ligand effect

The complexes of metal and ligands can also produce luminescence due to the ligand-to-
metal charge transfer (LMCT) and ligand-to-metal-metal charge transfer (LMMCT) [67].
Compared with the luminescence being from the electronic transition in the metal core, the

luminescence from LMCT or LMMCT usually has a much longer lifetime [68]. The electron-
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donating ability of the ligands will affect the luminescence quantum yield, as the charge transfer
in LMCT and LMMCT comes from S atom to Au (or to Au-Au).

Wu et al. [68] found that the luminescence quantum vyields of [Au,s(SC,H,Ph)5]™,
[Au,s(SCiHp5) 18], and [Au,s(SCoHy3)15]™ Were ~ 1 x 1074, 5 x 10°°, and 2 x 107°, and
correspondingly the order of emission intensity is [Au,s(SC,H4 Ph)1g]™ > [Auys(SCi2Hos)1g]~
> [Au,s5(SCeHy3)15] ™. Fig. 2.20 demonstrates that the emission intensity of metal nanoclusters is
consistent with the electron-donating ability of ligand; in other words, the increase of electron-
donating ability leads to the increase of emission intensity. In addition, the emission intensity can
be effectively enhanced by adopting ligand with electron-rich groups or increasing the ligand ratio

[69].
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Fig. 2.20. PNA-affected fluorescence enhancement of [Au,5(SG),g] ™. (the initial concentration of

[Au,5(SG)1g]~ was 1.1 uM, excited at 514 nm) [68].
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2.3.3. Structure effect

The optical properties of USMNPs are also found to be related to their geometrical
structure. Wang et al. [70, 71] synthesized Ags> through a two-phase ligand exchange method (NC-
I) and a one-pot method (NC-11), respectively. Both nanoclusters were similar in morphology, as
both had a face-centered-cubic (FCC) core and an Agss(StBu)sz shell. However, these nanoclusters
had different structures, as NC-I1 had a central S atom, which was not existent in NC-I, resulting
in differences of structure and free electron number. Therefore, NC-II exhibited strong red
fluorescence, while NC-1 had complete fluorescence quenching (see Fig. 2.21). The oxidation state
of the core also affects the optical properties of metal nanoclusters. Duan et al. [72] found that
after reduction with NaBH4, the luminescence color of polyethylenimine (PEI) stable AuUNCs
turned from green to blue [73]. According to Fig. 2.22, the luminescence of metal nanocluster has
a close relationship with the charge transfer from S to metal atom. Thus, the core with a reduced

state will enhance the efficiency of charge transfer, resulting in stronger luminescence intensity.
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Fig. 2.21. (a) UV-Vis absorption spectra and (b) photoluminescence spectra of NC-1 and NC-I1 [71].
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Fig. 2.22. (A, C) TEM micrograéhs .of Au nanocrystals before and after ligand-induced etching. (B)
Optical absorption spectra of the original Au nanocrystals (black curve), the solution mixture after etching
(green curve), the etched nanocrystals after separation (red curve), and the pure supernatant after
separation (blue curve). (D) Color photographs of the original Au nanocrystals in chloroform (left) and
the supernatant nanocluster in water after etching and separation (right). Both were illuminated with a UV

lamp (365 nm) [72].

2.3.4. Effect of composition

Recent studies have shown that the metal composition in the core is also an important factor
for the luminescence of USMNPs due to the synergetic effect of different metals. Bootharaju et al.
[74] conducted a comparative study of the fluorescence for Agzs, PdiAg24, and AuiAges, and found
that the fluorescence emission intensity of Aui1Agzs was ~25 times higher than that of Agzs. Kang

et al. [75] synthesized trimetal nanoclusters, PtiAus.4AQ17.6 (of note, the fractions are statistical
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averages of 25-metal atoms) and Pt2Au10Ag13, based on the template of AuitAgz4. Compared with
Au1Ag2s, the emission intensity of rod-like Pt2Aui0Ag13 increased by 15 times, while fluorescence

quenching occurred in Pt1Aus4Ag (see Fig. 2.23).
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Fig. 2.23. The optical properties of the trimetallic nanoclusters and digital photo of each cluster in CH.Cl,
under visible and UV light; (a) energy scale optical absorption spectra of the different nanoclusters, (b)

photoluminescence intensity of the Agzs, PtiAgas, PtiAuxAg2ax, and PtaAuioAgas nanoclusters [74].
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2.3.5. Effect of pH

Feng at al. [76] invented a simple protocol to prepare water-soluble fluorescent copper
nanoclusters using trypsin as a stabilizer and hydrazine hydrate as a reducing agent. They found
out that pH of the reaction solution was critical in determining the fluorescence of copper
nanoparticles. According to Fig. 2.24, copper clusters with blue and yellow fluorescent emission

were obtained under basic and acidic conditions, respectively [76].
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Fig. 2.24. Effect of synthesis pH of copper nanoclusters on fluorescence emission [76].

Fig. 2.25 demonstrates that copper nanoclusters were highly uniform and monodisperse.
The average diameters of clusters for blue and yellow emission were about 1.8 nm and 2.5 nm,
respectively. These results were highly in accordance with the phenomenon of fluorescence
wavelength dependence on the size of copper nanoclusters. That is, the larger size of clusters
corresponded to the red-shifted fluorescence emission wavelength, similar to that for other

fluorescent nanostructures such as gold clusters [77].
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Fig. 2.25. TEM images of (A) the blue-emitting and (B) yellow-emitting copper clusters [76].

2.4. Synthesis of ultrasmall metal nanoparticles
In general, there are two strategies to produce USMNPs [78, 79]:

(1) Bottom-up method: In this technique, nanoclusters are synthesized from metal ion precursors
by reducing them in the presence of suitable ligands. It is the most efficient way to nucleate
clusters, and most importantly, nucleation can be controlled by varying the quantities of the ligands
and reducing agents or by varying the solvents (see Fig. 2.26). Aqueous and organic soluble
clusters can be produced using this approach [80-82, 79].

(2) Top-down method: In this approach, the nanoclusters are synthesized from bigger nanoparticles
by either core etching or size reduction. Initially, a metal nanoparticle is synthesized which is then
treated with extra ligands or metal ions to form nanoclusters [73, 83-89]. Fig. 2.26 summarized

some of the most common techniques which are used for USMNPs synthesis.
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Fig. 2.26. Schematic of various techniques used for synthesis of USMNPs [90].

2.4.1. Microwave-assisted method

Microwave-assisted techniques have attracted considerable attention in enhancing
nanomaterial preparations due to their distinct, fascinating advantages of uniform heating, low
energy consumption, cost effectiveness, and environment-friendly features [91, 92]. The driving
force for speeding up chemical reactions comes from the electromagnetic field, resulting in the
oscillating friction between polarized molecules, which heat up the entire solution. Homogeneous
and rapid heating in a solution induced by the microwave irradiation can offer homogeneous
nucleation and shorter crystallization times. Hence, microwave energy is frequently utilized to
shorten the reaction time and to produce uniform nanocrystals in terms of size and composition.

Obviously, microwave irradiation is also very suitable for the synthesis of uniform and
monodisperse metal nanoclusters. Zhu and coworkers [93] prepared highly fluorescent water-

soluble silver nanoclusters in by means of microwave irradiation using polymethacrylic acid
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sodium salt as templates. The reaction was fast, and the reaction time was reduced to seconds. The
resultant gold clusters are highly stable, monodisperse, highly fluorescent under visible light as
illustrated in Fig. 2.27. Moreover, Yue et al. [94] prepared highly fluorescent gold cluster with 16
gold atoms under microwave irradiation for 6 h with power of 700 W using BSA as the reducing

agent and the stabilizer.

BSA + HAuCI, Au NCsaBSA
Fig. 2.27. Schematic of an one-step microwave-assisted method used for the synthesis of small gold

nanoclusters, Au;isNCs@BSA [94].

2.4.2. Sonochemical method

Sonochemical synthesis is another effective strategy for preparing nanomaterials, and its
advantages include being non-hazardous, rapid reaction rate, controllable reaction conditions and
the ability to form nanoparticles with uniform shapes, narrow size distribution and high purity [95,
96]. As it is shown in Fig. 2.28, ultrasound is irradiated into a liquid and triggers the nucleation,
growth, and implosive collapse of bubbles (acoustic cavitation) in liquid [97]. During treatment,
very high temperature, pressure, and extremely rapid cooling rates can be achieved, so providing
a unique platform for the growth of nanomaterials [98, 99]. Consequently, highly reactive species,
such as radical HO,e, He, OHe, and possibly free electrons are generated during the irradiation

of ultrasound [100, 101]. These highly reactive species can reduce metal ions into metal atoms.
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Fig. 2.28. A typical sonochemical apparatus. Ultrasound can be easily introduced into a chemical reaction

with good control of temperature and ambient atmosphere [95].

Suslick et al. [102] prepared light-emitting, stable, and water-soluble Ag clusters by a
handy sonochemical process with polymethy-lacrylic acid as a ligand. The properties of the Ag
clusters could be regulated by varying the time of sonication, ratio between two species
(carboxylate groups and Ag ions), and the molecular weight of polymer. Liu and co-workers [103,
104] reported an easy, one-pot, sonochemical route for the preparation of BSA-AuNCs for the
selective and sensitive detection of nitrite (see Fig. 2.29). Compared with other methods of
synthesis, microwave-assisted synthesis and sonochemical synthesis require short reaction times,
and the particle sizes are relatively uniform due to the even distribution of heat and energy supply.
However, the major limitations of sonochemical synthesis are that byproduct formation and noise

pollution are inevitable in many circumstances [105].
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Fig. 2.29. Schematic of the synthetic strategy for BSA-AUNCs and the principle of nitrite sensing [104].

2.4.3. Photoreduction method

In 2001, Dickson et al. [106] first demonstrated that nanoclusters could be produced by
photoreduction without the addition of reduction agents. Metal ions encapsulated in microgel could
efficiently and spontaneously form nanoclusters under sunlight. Aqueous microgel dispersions can
produce He, OHe, and perhaps organic radicals by the irradiation of UV, which can reduce metal
ions into metal atoms [107]. Soejima et al. [108] synthesized gold nanoclusters with a mean
particle size less than 3 nm by the photoreduction of a Au complex at a UV-irradiated TiO; surface.
The preparation process consisted of two steps: chemisorption and subsequent photoreduction.
[Au(OH); — Cl]~ was adsorbed on the TiO2 surface via the ligand-exchange mechanism, and then
it was reduced to Au® on the TiO, surface under light irradiation. The chemisorbed and
physiosorbed H20 acted as the reductant in the photoreduction of the Au complex to Au®.

Banerjee et al. [109] prepared a stable hydrogel with Ag ions encapsulated using N-
terminally Fmoc-protected dipeptide and then formed Ag clusters upon the sunlight irradiation at
a physiological pH value of about 7.46. Later, the same group used an amino acid that was Fmoc-
protected at the N-terminal to form a hydrogel and then prepare Ag clusters under a similar
condition [110]. In addition to hydrogels, polymer is the other excellent template when the

photoreduction method is used to synthesize nanoclusters. Ras et al. [111] mixed polystyrene-
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block-poly (methacrylic acid) block copolymer (PS-b-PMAA) and Ag salts in selected organic
solvents to prepare nanoclusters with the irradiation of a visible light. Furthermore, Sun et al. [112]
synthesized Ag nanoclusters through a photoreduction process using small molecules like D-
penicillium and L-penicillium.

Solid templates can also be used to facilitate the formation of nanoclusters by
photoreduction. Takagi et al. [113] reported a photosensitized template reduction method to
prepare gold cluster presented in Fig. 2.30. Porphyrin molecules were assembled on the clay
surface and formed a unique pattern. Then gold clusters were deposited on its surface via the UV

photoreduction of Au precursors.

Porphyrin molecule

hv

+TEA
+[Au(en),]Cl,

Clay nano-sheet
Fig. 2.30. Schematic of synthesis of gold nanoclusters through the assembling of porphyrin molecules on

a clay surface and the subsequent deposition of gold nanoclusters via UV photoreduction of gold

precursors [113].

The Au nanoclusters were assembled into a pattern defined by the pattern of porphyrin
molecules. The deposition density and aggregation of nanoclusters could be precisely controlled

by this method without protective agents. Compared with the use of reducing agents,
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photoreductive synthesis is a low cost, non-toxic, less time-consuming and more environment-

friendly method for preparing Au nanoclusters [105].

2.4.4. Chemical etching

The etching-based strategy has been used to synthesize metal nanoclusters in the presence
of excess ligands. Accordingly, two possible routes are proposed by researchers: ligand-induced
etching and core etching. In the first perspective, atoms are detached from the nanoparticles surface
by the ligand and then form nanoclusters through strong atom-atom interactions [114]. For the case
of gold nanoclusters, in the presence of excess thiol, the surface-Au atoms of AuUNPs are removed
leading to the formation of Au(l)-thiolate complexes and these complexes can then undergo strong

Au(D-Au(l) interactions to form gold nanoclusters [115].
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Fig. 2.31. Two possible routes for forming gold nanoclusters (AuNCs) via etching MSA-protected gold

nanoparticles (AuNPs) [105].
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Ligand-induced etching may also be regarded as a ligand-exchange or complete
mechanism of synthesis. In the second approach, the nanoparticles are etched by the ligand and
their sizes are reduced in steps till proper NCs have formed [116]. The etching process usually
occurs at the interface between water and oil [117, 118]. These two possible routes for etching are
shown in Fig. 2.31. Muhammed et al. [116] prepared two kinds of AUNCs from a single MSA
(Methanesulfonic) acid-protected AuNPs precursor by pH-dependent glutathione etching, yielding

Auys and Aus, respectively at pH 3 and 7-8.

2.4.5. Electrochemical method

This synthesis technique was first developed by Reetz et al. [119] in 1994. During the
progress of electrochemical synthesis, metal ions are produced from a sacrificial anode and
reduced into metal atoms at the cathode. These metal atoms further aggregated into nanoclusters
in the presence of surfactants or ligands. It is easy to manipulate the nanocluster size through
controlling the current, voltage, concentration of stabilizers, and electrolyte etc. Also, solid
template can be used in an electrochemical reduction to prepare metal atomic clusters. Gosele et
al. [120] introduced the metal deposition method on ordered alumina pores with pulsed
electrodeposition. Gonzalez et al. [121] later modified this process and used porous alumina to
produce nanoclusters (see Fig. 2.32). Briefly, a hexagonally ordered porous alumina substrate was
generated. The diameter, depth and interpore spacing of the nanoporous structure were 10 nm, 1
um and 35 nm, respectively. After being immersed into a metal plating bath, the system was
subjected to a pulsed electrodeposition program. Gold and nickel nanoclusters were generated at

the bottom of pore in nanoporous alumina. This strategy showed many advantages including
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simplicity, high stability against aggregation, and cluster size control. In addition, the metal

nanoclusters provide a non-blocked active surface because of the absence of stabilizers.

Fig. 2.32. Cluster synthesis scheme: (1) aluminum anodizing, (2) etching of the oxide barrier, (3) metal

pulsed electrodeposition [121].

2.4.6. Chemical reduction method

This approach is the most widely used method in preparing nanoclusters. Different from
the other methods described above, reducing agents are needed in chemical reduction process.
Brust-Schiffrin method and their variants are the representative chemical reduction synthetic
strategies. Whyman et al. [122] first developed the Brust-Shiffrin method in 1994. They
synthesized gold nanoclusters by using BH; as a reducing agent and C;,H,sSH as a protecting
ligand. This synthesis can be described by the phase transfer of metal precursors (Eq. (2.3))

followed by the reduction of metal ions (Eq. (2.4)):

AuCl; (aq) + N(CgH;,)7 (toluene) —» N(CgH;,)+AuCl; (toluene) Eqg. (2.3)
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mAuCl; (toluene) + nC;,H,sSH (toluene) + 3me~ - 4mcCl~ (aq) +

(Au,,)(C,,H,5sSH),, (toluene) Eq. (2.4)

A modified Brust-Schiffrin method directly reduced metal ions in solution by using one-
phase system without the phase transfer of metal precursors. There are many elements that can
affect the core size and the surface properties of metal nanoclusters, such as the ratio of ligand to
metal, reducing agents, the stabilizing ligands, time and temperature of reaction, and the pH value.

The nature of the protecting ligands is very important for the application of nanoclusters in
biomedical applications. Phosphine, thiols, polymers, proteins, and DNA have been widely used

as templates and/or protecting ligands in the chemical reduction process (see Fig. 2.33).
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Fig. 2.33. Various types of stabilizers for metal nanoclusters synthesis [67].
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2.4.6.1. Thiols

Thiols are often used as self-assembled monolayer (SAM) agents to modify the nanocluster
surface [78]. They have been mostly employed to synthesize Au clusters. The interaction between
the thiolate ion and gold atom is similar to that between two Au atoms, making it possible for
thiolate ligands to break Au-Au bond and consequently form S-Au bond. Thus, thiols as protecting
ligands are widely used to prepare and functionalize Au clusters. For instance, Xie et al. [123]

developed a two-step reduction approach using carbon monoxide as a reducing agent to synthesize

highly luminescent Au clusters (Au,,(SR)), , where SR represents a thiolate ligand. First, Au-
glutathione complexes were reduced into (Aulg(SR))14 by CO. Then the final production of
(Au22 (SR))18 was achieved by a pH-induced aggregation of small Au-glutathione complexes onto
(Aus5(SR)) - To date, a number of thiolate-protected Au clusters (e.g. Aw;g [124], Auzo [125],

Au, 35 [126], etc) have been prepared and their structures have been confirmed.

2.4.6.2. Small molecules

Inspired by the success of the thiolate-stabilized nanoclusters preparation, other small molecules
such as phosphines and alkynyl were applied to protect nanoclusters. Wang and coworkers [127] prepared
a novel Au,9 NCs composition: [Au;4(PhC = C)o (Hdppa);](SbFg),. They were composed of a centered
icosahedral Au, 5 core and coated by three V-shaped PhC=C—Au— C=C(ph)—Au—C=CPh motifs (Fig. 2.34).
More recently, Zheng et al. [128] prepared an intermetallic Au,,Au,, superatom nanocluster
Au,,4Au,0(2 — Spy)4(PhC = C),,Cl, which displayed three kinds of anionic ligands, including
phenylalkynyl, 2-pyridylthiolate, and chloride, on its surface at the same time as a concentric three-shell

(see Fig. 2.35).
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Fig. 2.34. (a) Structure of the dicationic [Au19(PhC = C)9(Hdppa)3]?* cluster. (b) Three V-shape
PhC=C—Au— C=C(ph)—Au—C=CPh “staple” motifs with six surrounding gold atoms highlighted in green.

Phenyl groups omitted for clarity. (c) The PhC,—Au—C2Ph—Au—C,Ph motif [127].

Fig. 2.35. Crystal structure of the Au2sAg20(SPy)s(PA)2Cl, cluster, (a) Overall structure of the cluster, and
(b) concentric three-shell Au..@Ag20@Au;. framework of the 44 metal atoms in the cluster. Color
legend: orange and pink spheres, Au; green sphere, Ag; yellow sphere, S; blue sphere, N; cyan sphere, Cl;

gray sphere, C. All hydrogen atoms are omitted for clarity [128].
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2.4.6.3. Proteins

Proteins are biological macromolecules and are widely used to produce nanoclusters with
improved biocompatibility. Xie et al. [82] first applied bovine serum albumin (BSA) as both a
protecting agent and a reducing reagent and prepared fluorescent Au clusters. Motivated by Xie’s
research, lrudayaraj et al. [129] used denatured bovine serum albumin (dBSA) and synthesized
highly stable fluorescent Ag clusters shown in Fig. 2.36. So far, numbers of proteins have been
successfully adopted to prepare nanoclusters such as lysozyme [130], insulin [131], trypsin [132],

ovalbumin [133].

Fig. 2.36. Schematic of the formation of Au nanoclusters in BSA solution [82].

It was found that the eggshell membrane, a solid protein, could serve as a unique platform
to generate fluorescent Ag and Au clusters [134]. Moreover, peptides and amino acids are excellent
templates and/or reducing agents. Ogawa et al. [135] designed and synthesized a-helical coiled
coils in the forms of peptide trimers, tetramers, and hexamers; these peptide polymers could be

specifically combined with 6, 8, and 12 Ag* ions (see Fig. 2.37).
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Fig. 2.37. Schematic of the denatured protein directed synthesis of fluorescent Ag clusters [129].

When treated by the NaBH,, a set of peptide-capped Ag clusters were produced. They
further demonstrated that these nanoclusters exhibited a strong visible fluorescence, and that their
emission energies were associated with the number of metal atoms included by the nanoclusters.
Glutathione (GSH) includes a y-amido bond and a thiol and can serve as a ligand and reducing
agent. Luo et al. [136] mixed aqueous solutions of HAuCl, and GSH to synthesize strongly orange-

emitting Au clusters.

2.4.6.4. Polymers

The other categorized ligands for preparing nanoclusters are polymers, such as dendrimers
and polyelectrolytes. Mattoussi et al. [137] synthesized bidentate ligands by conjugating a poly
(ethylene glycol) short chain or a zwitterion group on a lipoic acid (LA), i.e. LA-PEG and LA-
Zwitterin. Then they successfully prepared a series of intense fluorescent Au clusters employing
these ligands in the presence of NaBH,. Dispersions of these Au clusters showed excellent long-

term stability and fluorescent lifetimes. In addition, due to the functionalization with reactive
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radicals (for instance, carboxylic acid or amine), these nanoclusters were suitable for common
coupling strategies. More recently, Pal et al. [138] reported a convenient and eco-friendly approach
for the preparation of Ag clusters. In this process, a poly(N-vinylpyrrolidone) homopolymer acted
as a stabilizer and acetonitrile or N,N-dimethylformamide (DMF) was used as both a solvent and
a reducing agent. On the other hand, polymers can also form micelles which can assemble metal
atoms into nanoclusters. Zhang et al. [139] prepared an interfacially cross-linked reverse micelle
by cross-linking a cationic surfactant with a hydrophilic dithiol. The cationic surfactant was capped
with a triallylammonium headgroup. The interfacially cross-linked reverse micelle could extract
AuCl; into the hydrophilic core, followed by the reduction of the captured AuClj into gold clusters

without the presence of extra reducing agent (see Fig. 2.38).

OH
HS SH
oy OH DTT
- H,0 in CHCly/heptane
—0 1 hv, photoinitiator

AuCl,

ICRM Au@ICRM
Fig. 2.38. Preparation of interfacially cross-linked reverse micelles and template synthesis of

subnanometer gold clusters [139].

2.4.6.5. DNA

DNA oligonucleotides have also been used in the synthesis of nanoclusters. In 2004,
Dickson et al. [140] used DNA as a template and synthesized DNA-capped Ag clusters. Thereafter,
various DNA sequences have been applied to synthesize nanoclusters, and to reveal the mechanism
based on which DNA interacts with nanoclusters [141, 142]. Han et al. [141] reported that duplex,
hairpin, i-motif and G-quadruples DNA could stabilize nanoclusters. Fluorescence stability of Ag

clusters capped by these polymorphic DNA is related to their binding affinities and the C-rich
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strand could stabilize Ag clusters for over 300 h. Wang et al. [142] used DNA monomers
(deoxycytidine, deoxyadenosine, de-oxythymidine and deoxyguanosine monomers) as the
scaffolds to synthesize Ag nanoclusters. As it is illustrated in Fig. 2.39, Martinez et al. [79]
synthesized Au nanoclusters of ~1 nm in diameter using a hybrid DNA and a dimethylamine

borane (DMAB), which functioned as a template and a reducing agent, respectively.

HAuCl,, 12h, RT DMAB, 12h, RT
— _—

Fig. 2.39. Synthetic scheme of the gold clusters. Black curves represent DNA backbone, pink lines
represent DNA bases, individual yellow spheres represent Au, while gold cluster is shown as the cluster

of yellow spheres [79].

Fig. 2.40 illustrates that formation and stabilization of Ag nanoclusters in solution could
be accomplished in various ways [21]. Fig. 2.40(a) shows polymers such as poly(methacrylic acid)
can act as an excellent scaffold for the preparation of Ag nanocluster in water solution, by
photoreduction with visible light [143], UV-light [144] or sonochemistry [102, 145]. Furthermore,
Fig. 2.40(b) demonstrates Ag nanoclusters could be produced by etching large nanoparticles and
stabilized with small molecules such as mercaptosuccinic acid [118, 117]. Fig. 2.40(c) also shows
that DNA oligonucleotides, mainly consisting of 12 bases, were found to be excellent scaffolds for
the formation of emissive Ag nanoclusters by sodium borohydride reduction of solutions with

molar ratio of 2 : 1 [146, 140].
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Fig. 2.40. (a) Schematic drawmg of silver nanoclusters protected by carboxyl groups of
poly(methacrylic acid). Photograph under UV-light of samples in water/methanol mixtures, from pure
water on the left to pure methanol on the right [143, 145]. (b) Silver nanoclusters prepared by interfacial
etching from silver nanoparticles and stabilized with small molecules (i.e. mercaptosuccinic acid).
Fluorescence quenching by addition of NHs [117]. (c) Representation of silver nanoclusters encapsulated
in DNA oligonucleotides. Photographs under UV light of samples with different oligonucleotides and
hence different emitters. Emission spectra of the last sample, showing red emitters. Confocal fluorescence
microscopic image shows the live cells incubated with (anti-heparin sulfate)-(DNA oligonucleotides)-

(silver nanoclusters) [146, 140].
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3. RADIOACTIVE METAL NANOPARTICLES

3.1. Radiolabeling of metal-based nanoparticles

Designing a successful radioactive MNP theranostic platform is based upon the
amalgamation of three major components including MNP selection, radionuclide selection, and
radiolabeling strategy. MNP selection is dependent upon the intended in vivo pharmacokinetics in
order to attain desirable targeting efficiency with minimal toxicity. AuNPs [147-149] and iron
oxide nanoparticles (IONPs) [150, 151] are extensively employed as core-particles for
incorporating/attaching radionuclides in radiotherapy (RT) and nano-diagnostics due to their low
toxicity, superior biocompatibility, and ease of functionalization, as well as MRI capabilities of
IONPs. Other MNPs have also been reported, including Ag, Gd203, TiO2, Co, Ce, CeO2, Mn30s4,
and ZrO2 among many others. The exploration of these nanoparticles has generally been limited
to a very few research groups that have developed special nanoparticle synthesis methods. Due to
the lack of comprehensive in vitro and in vivo evaluation of these nanoparticles, the prospect of
using them for real clinical applications remains to be tested. However, these studies still provide
valuable information about radiolabeling and pharmacokinetics of MNPs.

While the radionuclide selection depends on the physical characteristics of the isotope such
as emission mode, decay half-life, as well as chemical properties, availability, and cost, the
radiolabeling reaction is chosen based on the maximum attainable yield within a reasonable
timeframe set by the radionuclide’s half-life, which affords a stable product without significantly
altering their physical, chemical, and biological properties with minimal radiation exposure [152,
153]. The radiolabeling strategy of MNPs is in turn dependent on the selected radionuclide and the

ultimate theranostic goal (imaging and/or therapy) [154, 152]. To date, several strategies have been
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established for radiolabeling of MNPs [155], which can be categorized as direct or indirect

methods.

3.2. Indirect radiolabeling

In the methods of indirect radiolabeling, exogenous coordination chemistry moieties,
namely bifunctional chelators (BFCs) and prosthetic groups, are employed to conjugate an MNP
for labeling with a radionuclide through chemical linkers [156, 157]. By selecting a proper BFC
or prosthetic group, indirect radiolabeling is a simple approach that has been commonly used.
However, appending bifunctional groups to the surface of MNPs can negatively impact their
particle size, charge, and solubility [158]. Furthermore, enzymatic interactions in vivo can cause
probable dissociation of the radionuclide from the MNP, resulting in false imaging readout [153].
Hence, for indirect radiolabeling to be successful, selection of a BFC with high in vivo stability
with the radionuclide has the highest priority. Summarized in Table 3.1 are the main indirect

radiolabeling methodologies that have been reported for radiolabeling of MNPs.
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Table 3.1. Indirect MNPs radiolabeling techniques.

Metal nanoparticle Radionuclide Therapeutic and/or imaging Reference
function

IONPs 84Cu PET, MRI [159]
IONPs 84Cu PET, MRI [160]
IONPs 84Cu PET, MRI [161]
AUNPs 7Ly PTT,RT [162]
AUNPs 7Ly RT [163]
IONPs 8Ga PET, MRI [164]
ZrO; NPs 8Ga PET [165]
IONPs Wn [166]
IONPs 1l|n [167]
AuNPs WLy [168]
AUNPs 7Ly RT [169]
AUNPs 7Ly PTT,RT [170]
AUNPs 7Ly RT [171]
AuNPs Ly - [172]
Au nanoseeds Ly [173]
AuNPs 77y RT [174]
AUNSs s4Cy [175]
AUNSs s4Cy PET [176]
AuNPs s4Cu PET [177]
AUNPs s4Cy PET [178]
AUNCs ®4Cu PET [179]
IONPs s4Cu PET, MRI [180]
GdVO.:Eu nanoshells ®4Cu PET, MRI, FLI [181]
Hollow gold nanospheres ®4Cu PET, PAI [182]

NOTA-based bifunctional chelators

RGO-IONPs ®4Cu PET [183]
IONPs 68Ga PET, MRI [184]

IONPs 84Cu PET, MRI [185]
Au/Fe;04 heterostructure 4Cu PET, MRI [186]

49



Au tripods 84Cu PET, PAI [187]

Mn30O4 NPs 4Cu PET, MRI [188]
MnsO4 NPs s4Cy PET, MRI [189]
IONPs 8Ga PET, MRI [190]
AuNPs 68Ga PET [191]
IONPs 18 PET, MRI [192]
USIONPs ®mT¢ SPECT, MRI [193]
MnO,-MS NPs ¥mTe SPECT, MRI [194]
AuNPs in --- [195]
IONPs ®mTe PET, MRI or SPECT, MRI [196]
68Ga
IONPs *Ga [197]
IONPs 166 [198]
AuNPs 'Ga [199]
AUNPs ®mT¢ SPECT [200]
AUNPs ®mT¢ SPECT [201]
AuNPs 1) RT [202]
10 nanocapsules in SPECT, MRI [203]
IONPs 18Re RT [204]
AuNPs YLy --- [205]
IONPs 9mTe SPECT, MRI [206]
IONPs % RT [207, 208]
MnyZn:xFe,04 NPs 188Re RT [209]
Bi>S3 NPs ®mT¢ SPECT, PAI, PTT, RT [210]
AUNPs ®mT¢ SPECT [211]
AUNPs omTe SPECT [212]
AuNPs ®mT¢ --- [150]
AgNPs 9mT SPECT [213]
IONPs omTC SPECT, MRI [214]



NaGdF4:Yb,Tm,Ca@NaLuF,
core@shell upconversion
Endorem/Feridex
USIONPs
Endorem/Feridex

Ferucarbotran/Perimag-COOH

IONPs

Ferumoxytol

AUNPs
GdzOs NPs

99mTC

4Cu
99mTC
99mTC
897r
99mTC
897r
8Ga
897r
99mTC

99mTC

SPECT, NIRFUCL

PET, MRI
SPECT, MRI
SPECT, MRI

PET, MRI

PET, MRI
SPECT
SPECT, MRI, NIRF

[215]

[216]
[217]
[218]
[219]

[220]

[221]

[222]
[223]

Strategies using prosthetic groups

IONPs
IONPs
CeNPs
NaGdF4: Yb3*/Er3*
Au nanorods
IONPs
Si0s@10 NPs
CoNTs
AUNPs
AUNPs
AUNPs
IONPs
USIONPs
AUNPs
Fe@Fe304 NPs
AUNPs

Fe**/GA/PVP (FGP) complex

11C
14C
18|:

124|
125|
125|
125|

131|

18':
18':
18':
18':

125|
125|

125|

1N or

6ACU/125|

125|

PET, MRI

PET

NIRFUCL , PET, MRI

SPECT, PTT
SPECT, MRI
SPECT, MR, FLI
PET
PET
PET
PET
SPECT, MRI
SPECT
SPECT, MRI, PTT
SPECT

SPECT, MRI, PAI
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[226]
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[229]
[230]
[231]
[232]
[233]
[234]
[235]
[236]
[237]
[238]
[239]

[240]



3.2.1. Indirect radiolabeling via BFCs

Indirect radiolabeling via a proper BFC is based on the coordination chemistry between the
metal radionuclide and the BFC conjugated to the MNP surface. BFCs are molecules consisting
of a metal chelating unit and a reactive functionality [241]. While the former binds to metallic
radionuclides, the latter has been covalently conjugated to the surface of MNPs [156]. Conjugation
of BFCs to the MNP usually requires surface modification by attaching carboxyl, thiol, or amino
groups to the MNP surface. As the BFCs can be designed to be reactive to the aforementioned
functionalities, their conjugation with MNPs are often straightforward and can be carried out by

standard operating procedures [151].

Macrocylic chelators
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Fig. 3.1. Macrocyclic (upper) and acyclic (lower) bifunctional chelators for radiometal labeling of MNPs.
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The chelator selection is dependent upon the radionuclide of choice and the desired
physicochemical properties of the radiolabeled MNPs, by which the intended pharmacokinetics
will be determined. Nevertheless, the guiding principle of BFC selection is to ensure the in vivo
inertness of the resulting radiometal complex [242]. Based on their structures, BFCs are
categorized into two groups: (1) Macrocyclics, such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), 1,4,7-
triazacyclononane macrocycles substituted with phosphonic acid (NOTP), and 3,3',3”-(((1,4,7-
triazonane-1,4,7-triyl)tris(methylene))tris(hydroxyphosphoryl)) tripropanoic acid (TRAP), and (2)
Acyclic  chelators such as diethylenetriaminepentaacetic acid (DTPA), bis(2-
hydroxybenzyl)ethylenediaminediacetic acid (HBED), desferrioxamine-B (DFO), and

tris(hydroxypyridinone) (THP), and their derivatives (Fig. 3.1) [243].

3.2.1.1. Radiolabeling via DOTA-based chelators

A multidentate chelator, DOTA is one of the most commonly used BFCs, which exhibits
high affinity to most metal radionuclides, including ®*Cu [159-161], *""Lu [163, 162], ®Ga [165,
164], and *!In [166, 167] [244]. Among them, Y"Lu (t1> = 6.734 days), that decays by both B
emissions and y rays, is of particular interest to the development of theranostics. To date, AUNPs
have been radiolabeled with Y’Lu via conjugation with a Gly-Gly-Cys (GGC) peptide chain
containing DOTA [169, 168] or modification by a multi-thiol functional group including a
copolymer with a polyethylene glycol (PEG)-block, a polyglutamide-block with 8 pendant DOTA,
and 4 terminal lipoic acid groups [PEG-pGlu(DOTA)s-LA4]. Such co-polymer functionalization
was reported with capabilities to increase the desired biological stability, facilitate a desirable

curvature formation on the MNP surface for multifunctional presentation and easy accessibility by
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the surrounding molecules [245], and reduction in the in vivo hepatic uptake [172, 173, 171, 174].
Another interesting approach to label AuNPs with 1//Lu was recently reported by trapping AuNPs
inside the dendritic cavity of a generation 4 (G4) polyamidoamine (PAMAM) dendrimer, which
had been pre-conjugated with p-SCN-benzyl-DOTA as well as folate/bombesin for cancer
targeting [170].

By using the same DOTA chelating moiety, Xie et al. [176, 175] reported methods of
labeling Au nanoshells (AuNSs) with %4Cu, which were then evaluated for photothermal therapy
(PTT). As illustrated in Fig. 3.2, the anchoring of DOTA at the surface of AuNSs was through the
Au-S linkage rendered by bifunctional O-pyridyl disulfide-polyethylene glycol 2000-DOTA
(OPSS-PEGx-DOTA). The labeling of resultant DOTA-PEGa-OPSS-AuNSs with %Cu was
straightforward. Similar approaches have also been reported for ®*Cu-labeling of AuNPs with
PEGak linker [177, 178], Au nanoclusters (AuNCs) with PEGsy linker [179], and IONPs with a
linker  containing  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)2000] (DSPE-PEG2«) [180]. To further enhance the stability of the coating of MNPs,
reduced lipoic acid with two free thiol groups has been used to construct a bifunctional linker.
While the disulfide linkage provides a strong anchoring of the linker onto the MNP surface, a
DOTA chelator is conjugated to the other side of linker for labeling with radiometals. Employing
such an approach, Tian et al. [182] first reported ®*Cu-labeling of gold nanospheres to enable PET
imaging. However, the labeling efficiency of this approach was lower because of the existence of
metal impurities (e.g., Co?*) from the gold nanospheres synthesis, which were in competition with

64Cu?* for the DOTA moiety.
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Fig. 3.2. Schematic step-wise synthesis of *Cu-labeled AuNSs: 1) conjugating p-NH2-Bn-DOTA to

OPSS-PEGx-NHS, 2) coating the surface of AuUNSs with OPSS-PEGx-DOTA , 3) ®Cu labeling of

AuNS-OPSS-PEGx-DOTA, and 4) further pegylation with longer PEGsk-thiol to shield the 54Cu-

labeled AuNSs from external attacks [176].

3.2.1.2. Radiolabeling via NOTA-based chelators

A hexadentate N3Os chelator, NOTA and its derivative are commonly used for gallium and
copper radiopharmaceuticals. To date, they have been used for labeling of MNPs with ¢’ Ga/%®Ga
and ®*Cu [184, 183]. It is noteworthy that NOTA and its derivatives exhibit similar radiolabeling
efficiency and kinetic stability with ®*Cu comparable to, if not higher than, other BFCs including
DOTA, DTPA, ethylenediaminetetraacetic acid (EDTA), and triethylenetetramine (TETA) [246,
247]. To conjugate MNPs with a NOTA moiety for 5867Ga or 5Cu labeling, the general approach

is to functionalize NOTA with a thiol group (NOTA-SH) for radiolabeling and conjugation with
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MNPs, respectively. The thiol-functionalized NOTA (NOTA-SH) can be readily synthesized by
reacting p-SCN-Bn-NOTA with 2-aminoethanethiol hydrochloride in the presence of
triethanolamine [185]. If necessary, NOTA-SH can be further conjugated with a PEG chain to
optimize the in vivo Kinetics of the resultant MNPs. To date, this approach has been reported for
%4Cu labeling of Au/FesO4 hybrids [186], Au tripods [187], and MnsO4 NPs [248].

In addition to the commonly used PEG chains, many other linkers or spacers have also
been seen in the surface modification of MNPs. For instance, polyethyleneimine (PEI) was
reported to functionalize Mn3zO4 NPs for 54Cu labeling through NOTA conjugation [189]. The ®Cu
labeling yield of the resultant Mn3O4 nanoprobe was high (> 85% yield) due to the exceptional
characteristics of PEI, such as branched internal cavity and multiple terminal amines [249].
Stearylamine (SA), an amphiphile, was also seen in the construction of IONPs for highly efficient
radiolabeling with ®3Ga through NOTA conjugation [190].

It has been well-documented that the linker lengths play an essential role in the in vivo
kinetics of resultant MNPs [250, 251]. For instance, two thiol-functionalized NOTA-SH
constructs, one built from an 11-carbon atom aliphatic chain (C11) and the other lipoic acid (Lip),
can result in very different biodistribution profiles when presented onto a common AuNP platform
[191]: the AuNPs with the shorter Lip linker exhibited lower accumulation in the liver than the
ones with the longer C11 linker. Recently, NOTA has also been commonly used for *8F labeling
after loaded with AI®*, which has high affinity to 8F fluoride [252-254]. As such, the NOTA-SH
methods described above can also be used for ®F labeling of MNPs. As illustrated in Fig. 3.3,

IONPs were labeled with 8F through an AI-NOTA moiety for PET/MR imaging [192].
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Fig. 3.3. (a) Coating the IONPs with a layer of comb-like oleylamine-branched polyacrylic acid (COBP)-
NOTA, and (b) chelating *®F-aluminum fluoride ions with NOTA on COBP-NOTA functionalization of

IONPs [192].

3.2.1.3. Radiolabeling via DTPA-based chelators

A polydentate acyclic chelator, DTPA is commonly used in the construction of MRI and
nuclear imaging agents [255, 256, 244]. For radiopharmaceuticals, it has been used for labeling
with many radiometal ions such as *°"Tc [193, 194], 1*1In [195], ¢”Ga/%®Ga [197, 196], and *%®Ho
[198]. Given its acyclic nature, DTPA and its derivatives can be readily labeled with metal
radionuclides (matter of minutes) [244]. However, the resultant complexes demonstrate low in
vivo Kinetic stability. In a comparative study [199] using a thiolated DOTA (trimethyl2,2",2""(10
2(3-(tritylthio)-propamido)ethyl)-1,4,7,10 tetraazacyclododecane-1,4,7-trityl)triacetate) and a
thiolated DTPA (2-[bis[2-[carboxymethyl-[2-0x0-2 (2sulfanylethylamino)ethyl] amino] ethyl]
amino]acetic acid) to label a common AuNP nanoplatform with 6’Ga, it was found that the in vivo
stability of ’Ga-AuNPs was unequivocally higher if constructed with the thiolated DOTA than
with the thiolated DTPA. Nevertheless, DTPA chelation complexes showed reasonable stability
when used for ®MTc labeling of generation 2 (G2) PAMAM-functionalized AuNPs [200] and PEI-
modified AuNPs [201], which was evidenced by the high quality of SPECT/CT imaging. In
addition, because DTPA is a good chelator for indium-111 radiopharmaceuticals, radiolabeling of
MNPs with *In has been reported through conjugation with thiolated DTPA, such as an AuNP
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nanoplatform functionalized with epidermal growth factor (EGF) [202]. Similarly, a multi-
modality (fluorescence/MR/SPECT) imaging nanoprobe was so constructed on an IONP
nanoplatform, which was coated by poly lactic-co-glycollic acid and conjugated with DTPA for

M n-labeling [203].

3.2.1.4. Other chelators

In addition to DOTA, NOTA, DTPA, and their derivatives, there are other BFCs that have
been used, though less commonly, for radiolabeling of MNPs [209, 207, 208, 205, 210, 204, 206].
Among them, 6-hydrazinonicotinamide (HYNIC) plays an important role if ®™Tc is the
radionuclide of choice. Although DTPA can be used for *™Tc-labeling of MNPs as described
above, HYNIC is of particular importance as it is commonly used in the design and synthesis of
¥MTc radiopharmaceuticals [257-259]. Not surprisingly, HYNIC has been reported for %°MTc-
labeling of AuNPs via a short peptide linkage, HYNIC-Gly-Gly-Cys-NH; (HYNIC-GGC), where
the thiol group is incorporated for its attachment to the surface of AuNPs [211]. Due to the high
radiochemical stability, the AuNPs were evaluated for sentinel lymph node (SLN) detection via
SPECT imaging. Similarly constructed %™Tc-labeled AuNPs were also reported for cancer
imaging via SPECT when conjugated with specific ligands to target gastrin-releasing peptide
receptors (GRP-r) and alpha-v-beta-3 integrin (owfs) [212, 150]. Recently, the first silver-based
SPECT imaging nanoprobe was reported using this HYNIC approach for **™Tc-labeling of AgNPs
[213].

Besides HYNIC, diphosphate can also be used for ®™Tc labeling of MNPs, given that
9mTc-labeled methylene diphosphate (**™Tc-MDP) is an FDA approved bone scan agent. To do

s0, a methylene diphosphate moiety needs to be incorporated into the surface coating of MNPs or
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other linkages. For instance, ®™Tc-labeling of IONPs can be readily realized by replacing the
oleate ligand on IONPs with an asymmetric PEG containing the diphosphate functionality [214].
Such an approach was also reported for ®°™Tc labeling of NaGdFs:Yb,Tm,Ca@NaLuF4
core@shell upconversion NPs [215]. Other bisphosphonate functionalities can also be exploited
for ®*™Tc labeling of MNPs. For instance, dipicolylamine-alendronate (DPA-ale) has been used to
coat ultrasmall TONPs (USIONPs) [217], super paramagnetic IONPs (SPIOs) namely
Endorem/Feridex [218], and Ferucarbotran/perimag-COOH [219] for ®™Tc labeling to enable
SPECT imaging. Indeed, the methylene diphosphate (or 1,1-bisphosphonate) moiety and its
derivative can find applications in the functionalization and surface modification of metal oxide
NPs because of their high affinity to metal oxide in addition to facilitating **™Tc labeling of MNPs.

Currently most of FDA-approved nuclear medicine agents are *°™Tc-based [260, 261].
Therefore, the chelating moieties that have been used in %™Tc radiopharmaceuticals can
technically all be used to design and construct MNPs for **"Tc labeling. MAG3 is an FDA
approved agent for renography. As such, it has been used as a chelating agent to label AuUNPs with
¥mTc [222] for SPECT imaging of atherosclerotic plaques containing apoptotic macrophages
(AuNPs conjugated with Annexin V).

It is noteworthy that a common acyclic chelator, dithiocarbamate (DTC), can also be used
to label metal oxide NPs, as DTC binds to virtually all transition metals. For instance, DTC was
reported for 54Cu labeling of IONPs [216]. However, the long-term stability of ®*Cu-DTC could
be a potential issue. A polydentate acyclic chelator, DFO natively binds Fe3* [262]. As such, this
acyclic chelator has been employed for 88Ga- and 3Zr-labeling of IONPs [221, 220]. Of note, the
complex moiety of %Ga-DFO or 8Zr-DFO is highly stable in vivo, and as such, they have been

employed in FDA-approved clinical trials [263-266].
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3.2.2. Indirect radiolabeling through prosthetic groups

An important consideration about indirect radiolabeling via chelators is that the radiolabel
can potentially suffer from issues of radiometal trans-chelation in vivo upon interaction with a
large number of native biological chelators and ions including transport proteins, storage proteins,
and metal-containing enzymes inside the body [267, 244]. A technique to minimize this problem
is by employing non-metallic radionuclides instead of metallic radionuclides [242]. The most
common non-metallic radioisotopes which are covalently bound to MNPs through prosthetic
groups are 11C [224], 4C [225], 18F [226], 1231 [156], 1241 [227], 1251 [229, 228, 230], and 311 [231].

[‘8F]-fluoro-2-deoxy-D-glucose (*®F-FDG) is the most commonly used PET imaging agent
for non-invasive assessment of glycolysis. It has been used for radiolabeling AuNPs [232]. For
this purpose, cysteamine was first conjugated to mannose triflate (Man-CA) before 8F labeling,
leading to a cysteamine linked radiotracer (**F-FDG-CA\) after 8F labeling. Then, *¥F-FDG-CA
was mixed with gold chloride (HAuCls) to obtain AuNPs. In addition, silicon-fluorine (SiFA-SH)
[233] and N-succinimidyl-4-fluorobenzoate (SFB) [234] prosthetic groups were also used for 8F-
labeling of AuNPs. Dextran-coated IONPs have also been radiolabeled with *F. In a study by
Nahrendorf et al. [235], dextran-coated IONP surface was first functionalized with amines and
then reacted with hydroxysuccinimide-derivatized fluorochromes and azides for click-reacting
short '8F-labeled PEGs to the MNPs. Comprised of *8F and a far-red fluorochrome, these IONP-
based nanoprobes were capable of dual-modality imaging of fluorescence-mediated tomography
(FMT) and PET, which could enable parallel interrogation of up to five molecular targets for
imaging cancers in mouse models. Recently, arginyl-glycyl-aspartic acid (RGD) peptides have
attracted much attention as a potent targeting ligand due to their low immunogenicity, high

stability, and ease of synthesis [236]. Additionally, cyclic RGD (c-RGD) peptides provide 30-
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times higher stability and integrin owf3 binding affinity compared to their linear counterparts. They
have been used for 1%I-labeling of Fe@FesO4 NPs (see Fig. 3.4) [237, 238] after incorporating a
tyrosine moiety for radioiodination. Replacing *2°I with *21/2%41, or 31 could enable SPECT/MR,

PET/MR, or radiotherapy, respectively [268].
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Fig. 3.4. Schematic presentation of Fe@Fe;04 NPs conjugation with DSPE-PEG2-RGD and subsequent

addition of Na'?l to synthesize the ?°I-RGD-PEG-MNPs [238].

The same radioiodination approach can be applied to label other MNPs. For instance, Black
et al. [239] radiolabeled AuNPs with 121 through a tyrosine moiety, in addition to **In or %Cu via
a DTPA BFC. The ®I-labeled AuNPs were used for multispectral SPECT imaging of the
expression level of matrix metalloproteinase-9 (MMP9) in tumors after conjugation with an
MMP9-cleavable peptide. Recently, an interesting multifunctional ultrasmall MNP system was
reported through simple coordination reactions between ferric ions and gallic acid (GA) in

presence of polyvinylpyrrolidone (PVP) in aqueous solution [240]. The resulting Fe**/GA/PVP
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complex NPs (FGPNs) were stable due to the surface capping with PVP. The radiolabeling of
FGPNs with 21 or other iodine radionuclides is straightforward due to the presence of GA. As
such, the 12°I labeled FGPNs were evaluated for their in vivo pharmacokinetics by SPECT imaging.
The results indicated that the ultrasmall multifunctional FGPNs might be of potential to be
developed as theranostic agents capable of SPECT/photoacoustic (PAI)/MR imaging and
photothermal therapy (PTT) because of their colloidal stability, low toxicity, intrinsic

photothermal conversion ability, and paramagnetic characteristics of Fe/GA complexes.

3.3. Direct radiolabeling

For indirect radiolabeling, it is important to consider whether or not the addition of a BFC
or a prosthetic group might negatively impact the biological behaviors of the resulted MNPs,
because the modification may change the particle’s size, surface charge, and hydrophilicity [267,
269]. Besides, the probable detachment of radionuclide in vivo may result in erroneous
interpretations of the particles’ distribution, which is the main determinant of MNP’s potential
biomedical applications [267]. Hence, chelator-free radiolabeling strategies have gained attention
in the field to overcome the potential issues [152]. Through direct and chelator-free radiolabeling,
MNPs were incorporated with proper radionuclides via surface interactions, while maintaining
their native pharmacokinetic characteristics [269]. Furthermore, the range of radionuclides for
radiolabeling MNPs can be broadened because the limitation of chelator selection does not exist
in order to achieve stable radiolabeled nanoformulations in vivo [270]. Summarized in Table 3.2

are recently reported direct radiolabeling methods for MNPs.
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Table 3.2. Direct MNPs radiolabeling techniques.
Metal nanoparticle Radionuclide Therapeutic and/or imaging Reference

function

Chemisorption

Al(OH)s Lep PET [271]

HA (hydroxyapatite)
Gd-UC (NaYF4 (co-doped with 18 PET, MRI, RLI [272]

Yb, Er, Tm, Gd)

Gd**/Yb3**/Er®* co-doped NaYF, 18 PET, MRI, UCL [273]
USPd nanosheets 125] SPECT, PTT [274]
AgNPs 125 SPECT [275]
AuNPs 125 RT [276]
AgNPs 125| [277]
Au nanorods 125] [278]
KGdF, 18 PET, MRI [279]
FesO4-Ag heterodimer 125] SPECT, MRI [280]
TiO2-Ag NPs 2UAL RT [281]
AuNPs 2UAL RT [282]
AuNPs 2LAL RT [283]
AgNPs ZHAL --- [284]
CuNCs 4Cu [285]
Fe-GA-PEG CPNs %4Cu PET, MRI, PAI, NIRF, PTT [286]
W-coordination polymer NDs 84Cu PET, RT [287]

(W-GA-PEG-CPN)
Au nanorods Cu [288]
CDPGMNPs 84Cu PET, MRI, PAI, PTT [289]
Silica-coated 10 nanorods 8Ga [290]
SiO2-coated IONPs %8Ga PET, MRI [291]
IONPs ¥’Ga PET or SPECT [292]

8Ga

SiO;-coated AuNPs 8Ga PET, SERS [293]
USIONPs 897r PET [294]
MxOy 897y PET, MRI [295]
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M : Gd, Ti, Te, Eu, Ta, Er, Y, YD,

Ce, and Mo,
X:1-2,
y=2-5
MNPs ((Zno.4Mno.s)Fe;04) 897r PDT [296]
Feraheme 897r PET [297]
Gd,0,S:Eu NPs 897y PET, RLI [248]
Mn3O4 NPs 897r PET, MRI [298]
Iron-doped hydroxyapatite 9mTe PET, MRI or SPECT, MRI [299]
(FeHA)
Cu-Fe-Se (CFS) NSs mTC SPECT, PAI, PTT [300]
ZnFe(CN)sNO NSs 2p CL, FLI, RT-ICB [301]
AuNPs 9mTe [302]
CaBP NPs 9mTe RT [303]
2p
AuNPs 125] SPECT [304]
IONPs i SPECT, MRI [305]
IONPs As PET, MRI [306]
2As
"“As
®As
IONPs Ge PET, MRI [307]
IONPs 223Ra [308]
CoxFe;x0s@NaYF,4 core-shell 18 PET, SPECT, MRI, UCF [309]
®4Cu
99mTC
Feraheme 8Zr or %*Cu for PET, MRI or SPECT, MRI [310]
PET
4n for SPECT
CuS s4Cu PET, PTT, NIRF [311]
AuNPs 4Cu PET [312]
AUNPs 4Cu PET, CRET, NIRF [313]
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AuNPs ot PET [314]

AuNPs 64Cy PET [315]
AuNPs U [316]
AgNPs 131 [317]
IONPs %8Ga PET, MRI [318]
GdFs NPs 0y [319]
CuS NPs 64Cy PET, NIRF [83]
CuS NPs 84Cu PET, NIRF, RT, PTT [320]
CuS NPs o [321]
CuS NPs 64Cy PET [322]
AUNCs s4Cy PET [323]
Au nanocages 4Cu PET [324]
IONPs 1) SPECT [325]

125|
IONPs Fe SPECT, MRI [326]

1“C

1
AUNPs 198y PET, PAI, RLI [327]
AuNPs %A [328]
AuNPs %A [329]
Au nanocages 18AY CL [330]
AuNPs 19Au SPECT [331]
AgNPs HomAg - [332]
CeO, NPs 11Ce0, [333]
AuNPs 19Au --- [334]
PdCu@Au tripods Cu PET, MRI [335]
LaPO4 NPs 25A¢ RT [336]
Multilayered LaPO4 25A¢ RT [337]
Au/LaPO, 25A¢ RT [338]
LaPO, core, LaPOy core + 1 22Ra TAT [339]

LaPO; shell, and LaPOs core + 2 25Ral?»Ac
LaPO; shells

Hadronic bombardment
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HA-Gd NRs 159G RT [340]

32P
AuNPs 18AY [341]
HolG-Pt 1%6Ho [342]
CeO, NPs 1iCce [343]
TiO2 NPs 8y == [344]
Be
CeO, NPs 13%99Ce, 141Ce, [345]
and **Ce
AuNPs W n [346]
198Au
AUNPs 18Au/4C PET or SPECT [347]
AuNPs 18AY [348]
AuNPs 1%AU [349]
AuNPs 18AY [350]
AgNPs HomAg - [351]
Co/Co0304 %Co [352]
Ag 1omAg
CeO» 141Ce
CeO; 141Ce [353]
ZnO Zn
SiO2-coated CeO;
SiO-coated ZnO
CeO, NPs 1iCce [354]
CeO, NPs 1iCce [355]
ZnO Zn [356]
Zn(NOs)2
Al,03 NPs 13N PET [357]
TiO, NPs 18F PET [358]
AgNPs 1omAg - [359]
TiO, NPs 44Tj [344]
Ti
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IONPs YFe PET, MRI or SPECT, MRI [360]

IONPs YFe [361]
IONPs *Fe [362]
HA:Gd NRs 15353 SPECT, MRI [363]
Mg.Al-based Layered double 4Cu PET [364]
hydroxide (LDH) 4se
TiO, NPs 25A¢ RT [365]
AuNPs 124) [366]
125|
AuNPs 124) [367]
125|
10/M0S; nanocomposite 84Cu PET, MRI, PAT, PTT [368]
rGO-MnO; nanocomposites 131 MRI, FLI, RT [369]
FeSe,.decorated Bi,Sesz NSs %4Cu PET, MRI, PAI, PTT [270]

3.3.1. Chemisorption

Chemisorption involves a direct chemical bond formation between the radionuclide and
the MNP surface. For radiolabeling of MNPs, chemisorption synthesis is carried out in solution
by mixing the radionuclides with MNPs that have high affinity towards the radionuclides. There
are several non-metallic radionuclides adsorbed onto MNPs by this method, such as *8F [271, 273,
272, 279], %1 [278, 276, 275, 277, 280, 274], and 21*At [284, 281-283]. These radionuclides are
attached to the surface of MNPs based on the strong affinity between halogen and metal surface
[370-372]. For instance, Au nanorods were radiolabeled with 21 by leveraging the strong
interaction of the radionuclide with AuNPs and its capability to replace citrate functionalization
on the surface of AuNPs (Clanton et al., 2018 [276]. The synthesized AuNPs could be stabilized
rapidly upon the addition of sodium citrate and thus further addition of *2°I did not cause any
aggregation. Another study proposed a solution for binding of 2!*At to MNPs, which consists of
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TiO2 NPs modified with Ag atoms acting as carriers for 1At [281]. Silver cations were adsorbed
onto the TiO2 NPs through ion exchange and then reduced by Tollens’ reaction. The obtained
TiO2-Ag NPs could be readily radiolabeled with 2**At based on the high affinity of astatine towards
the metallic silver.

Based on the Pearson acid-base concept, in which soft and hard Lewis acids react faster
and form stronger bonds with soft and hard Lewis bases, respectively [373], various MNPs can be
directly radiolabeled with metal radionuclides such as ®*Cu [285, 288, 287, 286, 289], 8’Ga and
%8Ga [290-293], 89Zr [294, 297, 248, 296, 298, 295], *°™Tc [302, 300, 303, 299], *In (* = 111 and
125) [304, 305], *As (* = 71, 72, 74, and 76) [306], °Ge [307], and 22Ra [308].

Of particular interest is using hard Lewis radiometal ions (e.g., 5/%8Ga, %*Cu, '!In, *MTc,
and 8Zr, etc.) to directly label MNPs that present electron-rich atoms such as nitrogen, oxygen,
and sulphur through chemisorption. For instance, Feraheme (FH) NPs, which can be used for
treating anemia, have been radiolabeled with 8Zr* or $*Cu?* for PET, *'1In®" for SPECT [310] for
non-invasive monitoring of the MNP’s tissue distribution profiles. Similarly, CuS NPs, which
possess consistent NIR absorbance and are cheaper comparing the other photothermal probes such
as AuNPs [374], have been radiolabeled with 8*Cu?* for both PET imaging and PTT [311]. Of
note, for such direct radiolabeling via chemisorption, temperature may be increased to facilitate
the labeling as necessary under the condition that the high temperature would not be detrimental
to the MNP’s physicochemical properties.

Recently, MNPs have been reported for targeted delivery of toll-like receptor 9 (TLR-9)
agonists (CpGs). Shown in Fig. 3.5 is an MNP system that consists of an IONP nanoplatform
directly labeled with 6’Ga or ®Ga to enable imaging (SPECT or PET, respectively), whose surface

was coated with both ovalbumin and toll-like receptor 9 agonists (CpGs) through lipid micelles
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[292]. The magnetite-filled PEGylated phospholipid (PEG-PLs) micelles are thought to promote
direct attachment of ¢’Ga®" (or %Ga>") ions and protect the radiolabel from in vivo dissociation.
Impressively, the ovalbumin coated IONP micelles were able to improve the magnitude of
immunoglobulin G1 (IgG1) and immunoglobulin G2a (IgG2a) ovalbumin specific antibody
responses by more than 2 times in the test animal model. Together with loaded toll-like receptor 9
agonists, ovalbumin-coated IONPs triggered strong immunostimulatory response in targeted
organs (spleen and lymph nodes) and stopped the systemic release of proinflammatory cytokines,

as compared to viral nucleic acids which lead to a widespread systemic immune activation.
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Fig. 3.5. (a) Schematic OVA and CpG lipid micelles presented on an IONP core directly labeled with
67Ga and (b) Microdosing of the nanosystem developed to deliver vaccine components to secondary

Ilymphoid organs such as the lymph nodes [292].

In addition to electron-rich nitrogen, oxygen, and sulphur, **™Tc also exhibits high affinity
towards phosphorus and selenium atoms. When these electron-rich atoms presented in an MNP
system, direct ®MTc labeling of the MNPs can be considered. Two-dimensional (2D)

nanomaterials are another type of MNPs which exhibit superior physiochemical properties,
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making them attractive for biomedical applications [375]. Jiang et al. [300] reported the synthesis
of Cu-Fe-Se nanosheets (CFSNSs), a 2D MNP system, using a sequential co-precipitation
approach, followed by surface functionalization with doxorubicin (DOX) anticancer drug via a
PEG linker (NH2-PEG2k-NH2). Because of the presence of selenium, the 2D MNPs were directly
labeled with ®*™Tc through surface adsorption. The drug loaded (CFSNs@DOX) exhibited
excellent enhanced antitumor efficiency by combining chemo/photothermal therapy. Tian et al.
[301] synthesized ZnNO 2D nanosheets including zinc ions and sodium nitroprusside as a clinical
drug. By *?P-labeling of this 2D structure, CL emission causes persistent release of NO which can
be used to modulate hypoxic immunosuppressive tumor microenvironment (TME), resulting in
complete destruction of tumor by combined RT- immune-checkpoint blockade (ICB) therapy. For
sequestration of the alpha emitter 2°Ac and its decay products, Cedrowska et al. [365] proposed
the use of TiO, NPs which exhibit high affinity for 22Ac3* and its daughter radionuclides 2!Fr*
and 2BBi®". The radiolabeled MNPs could retain ?*°Ac in phosphate-buffered saline (PBS),
physiological salt, and cerebrospinal fluid (CSF) for up to 10 days. Regarding the daughter
radionuclides, about 30% leaching of 22'Fr radioisotope, which is the first decay daughter of 22°Ac,
was detected only in CSF after 10 days.

Hybrid MNPs can be designed as multimodal imaging agents with a well-organized core-
shell structure to facilitate MNP core and surface modifications. Cui et al. synthesized
CoxFesxOs@NaYFs core-shell-based NPs, in which the shell was co-doped with lanthanide
cations providing optical imaging capabilities [309]. Because of the presence of the YF4 moieties
and electron-rich oxygen atoms in these core-shell NPs, direct radiolabeling of the core-shell NPs

can be done with [*®F]-fluoride and hard Lewis radiometal ions, such as /%8Ga, ®Cu, *™Tc, and
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897r, respectively. Indeed, the authors labeled the NPs with ‘8F, ®4Cu, and **™Tc (though its labeling

could be through DTCBP and DPA-ale conjugates as well) in the report.

3.3.2. Radiochemical doping

Radiochemical doping refers to a direct radiolabeling process that the radionuclide is
incorporated into its cold counterpart or surrogate of the reagents for the synthesis of MNPs, which
results in intrinsically radioactive MNPs with high radiolabeling yield and stability [156, 267,
151]. Although this method forms highly stable radioactive MNPs, the increased radiation
exposure during their production is a significant working hazard [376]. Therefore, automation of
the synthesis in a lead-shielded unit should be considered if a large amount of radioactivity is to
be used. Based on similarities between radioactive and non-radioactive isotope cations, this
technique can be divided into two subcategories of hetero-radionuclide and homo-radionuclide. In
case of hetero-radionuclides, the MNP core cation and the radionuclide are different, such as
doping AuNPs with 84Cu [315, 313, 314, 312], AuNPs with ''*In [316], AgNPs with ***1 [317],
IONPs with 8Ga [318], AuNCs with ®*Cu [323], GdFs NPs with *°Y [319], and CuS NPs with
®4Cu [320, 377, 321, 322]. A typical example of such radiochemical doping methods is illustrated
in Fig. 3.6 [324]. For radiolabeling, a trace amount of #*CuCl, was added to the mixture of HAuCl4
and CuClz, which was reduced onto the AuNCs by ascorbic acid in presence of NaOH and PVP

for surface-coating, that was then replaced with methoxy-PEGk-SH.
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Fig. 3.6. Schematic synthesis of ®*Cu-doped Au nanocages via co-deposition of Au and Cu atoms on the
pre-synthesized Au nanocages and subsequent #*Cu-labeling through radiochemical doping technique

[324].

Multifunctional MNPs feature multiple functionalities presented on a single nanoplatform.
As such, the integrity of the nanosystem is essentially important. Radiolabeling of different
components of a multifunctional MNP system with different radionuclides emitting y-rays with
distinct energies enables non-invasive imaging evaluation of the in vivo integrity of the
nanosystem. Llop et al. [325] assessed the in vivo stability and degradation of PLGA-IONPs that
were dual-labeled with tIn and *2°I. During IONP formation, *tIn was co-precipitated into the
core, followed by NP surface-coating with PLGA, and surface-adsorption of bovine serum
albumin (BSA), which was then radiolabeled with *2I. The biodistribution results illustrated that
the MNP core and coating behaved differently in vivo, with slow dissociation of 121 from the NPs
into the thyroid. While the **In-core was retained in the liver until 6 days post-injection (p.i.), the
1251 activity was almost completely cleared indicating that in vivo deiodination is a serious issue to
be considered. A similar observation was reported with IONPs radiolabeled with >°Fe, *C, and
111 via radiochemical doping, chemisorption, and chelation techniques, respectively [326]. The
radiolabeling was performed sequentially. To radiolabel with *°Fe, a small volume of *Fe3*

chloride solution was added to the mixture of ferrous and ferric chloride solution before ammonia
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addition. Next, IONPs were coated by *C-oleic acid in solution. Finally, '!In-labeling was
conducted by attaching 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
diethylenetriaminepentaacetic acid (DMPE-DTPA) to the IONPs and subsequent incubation with
M citrate at room temperature for 1 hour. The biodistribution studies enabled by the three distinct
radiolabels demonstrated that the dissociation of the surface components from the core was not a
negligible issue.

The main problem of hetero-radionuclide approach is the potential dissociation of the
metallic radionuclide from the MNPs or the add-on radiolabel component may change the
physicochemical properties of the radiolabeled-MNPs. Some of the changes may be detrimental
to the biomedical applications of MNPs. An alternative is to employ the homo-radionuclide
doping, in which a radioisotope of the metal element to form the MNP core is used. Given the
identical chemical properties of the radioisotope to the cold element, the MNP synthesis and more
importantly the MNP’s properties would stay the same. This approach has been exploited
extensively as well for radiolabeling of MNPs, such as making homo-radionuclide labeled AuNPs
by adding H®®AuCl, to HAuCI, [328, 330, 327, 331, 329], AgNPs from 1°"AgNO; and AgNOs
[332], and CeO, NPs from 1#'Ce(NOs)s and Ce(NOs3)s [333]. Displayed in Fig. 3.7 is a typical
homo-radionuclide doping method for radiolabeling of AuNPs with **°Au [334], whose surface
was conjugated with a cyclic-RGDfK peptide as a cancer targeting molecule. Biodistribution
studies of the '**Au-labeled AuNPs in relevant mouse xenograft models confirmed the tumor
targeting specificity of the AuNPs. Further experiments indicated that this AuNP system might
find applications in neoadjuvant brachytherapy for avf33-0Overexpressing cancers.

If the core of an MNP system is formed by more than one metal elements, the radioisotope

of any of the elements if available can be used for direct radiochemical doping labeling of the
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MNP system. For instance, %Pd, %Cu, or %¥%Au can be used for direct radiochemical
doping/labeling of a PACu@Au core-shell tripod nanosystem. Indeed, ®*Cu-labeled PACu@Au
core-shell tripods were reported [335], in which ®*Cu was directly incorporated into the crystal
lattice of Pd-Cu core and a conformal Au shell was formed on it to prevent Cu and Pd atoms from
being leached out.

Recently, targeted radiotherapies with a-emitters have gained a tremendous momentum
partially powered by the availability of the radionuclides made by the National Isotope
Development Center (https://www.isotopes.gov/catalog), such as ?2%%?%Ra and ??°Ac.
Radiolabeling of MNPs with these a-emitters through BFCs suffers from the fact that their
daughter isotopes are often also radioactive, but do not have good binding affinity towards the
BFCs. Consequently, the hazardous daughter radioisotope engenders a severe concern for the
further advancement of the MNPs to translational or clinical use. Direct labeling of MNPs with o-
emitters may potentially overcome this problem if they are doped into the core of MNPs or shielded
components so that their daughter radioisotopes can be locked in situ as well. For instance,
Woodward et al. [336] incorporated 2%Ac into lanthanum phosphate (LaPOs) NPs via
radiochemical doping, followed by surface-modification with 6-aminohexanoic acid, which
enabled conjugation with the monoclonal antibody 201B targeting thrombomodulin in the lung
endothelium of mice. While the MNPs showed high lung uptake (e.g., ~30% of the injected dose
at one hour post-intravenous (IV) injection), it was found that more than 80% of the daughter
radionuclide (***Bi) stayed together with the MNPs even after 120 hours p.i. The target retention
of 2°Bi can be further increased by employing a multi-layered approach as in
(GdosLaos)(?>Ac)PO,@4GdPO4 shel@AUNPs. Later, the desirable targeted alpha therapy (TAT)

was achieved by similar MNP nanosystems [338, 337]. Moreover, it was confirmed that the core
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LaPO4 and core-shell (with up to two shells) MNPs [339] can be used as effective nanocarriers for
TAT with 22%2%5Ra and ®Ac, as they successfully retained both, the a-emitters and their daughter

radioisotopes, within the MNP matrix over an extended period longer than 35 days.
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Fig. 3.7. A schematic illustration of direct radiblabeling of AuNPs via homo-radionuclide doping with

19 [334].

3.3.3. Hadronic bombardment

Hadronic bombardment is performed by irradiating the pre-fabricated MNPs via
accelerated particles, such as neutrons [341-343, 340], protons [344, 359], or deuterons [345], to
induce nuclear reactions converting the stable isotopes in MNP lattice to radioisotopes, thus
resulting in radiolabeled MNPs [154]. Since the induced nuclear reactions occur at the level of
nuclei, whose yields are determined by the cross sectional area of the corresponding nuclei [378],
the radiolabeling of the MNPs by this approach can be technically controlled by the beam-line
energy, current, and bombardment time. However, because the beam-line energies (often > 10
MeV) are orders of magnitude higher than chemical bonding energies (< 10 eV), most MNPs are
not able to survive the heat generated by the bombardment if no effective heat dissipation

techniques are employed for the process. In other words, as a prerequisite for this method to be
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used for radiolabeling of MNPs, the integrity of the MNPs must be maintained, as issues such as
structural damages caused by high energy beam bombardment may often occur and are still not so
controllable. Because the damages have to be identified during characterization after the
bombardment, along with the induced radioactivity the defective MNPs may become of no use to
in vivo applications [379]. No need to mention, this method is highly resource demanding and
costly as a high energy particle accelerator or nuclear reactor is required for the hadronic
bombardment.

In cases that an MNP can sustain the hadronic bombardment, this method possesses
advantages for consideration. For instance, because the MNPs are already fully synthesized and
characterized, they can be bombarded for radiolabeling as needed [152] and therefore very short-
lived radionuclides can be exploited for imaging applications as long as a sufficient amount of
radioactivity can be produced by a short bombardment. If the induced element conversion is deep
within the MNP matrix, the resultant radioactive signals would faithfully reflect the distribution of
the MNPs. However, this can hardly be realized in reality, because all the nuclei presented in the
MNPs facing the beam-line are bombarded, which often generates radioisotopes outside the matrix
as well as unwanted radioactive impurities that are detrimental to further biomedical applications.
To date, many MNP nanosystems have been reported with reasonable suitability for hadronic
bombardment radiolabeling in order to enable non-invasive and quantitative tracking of their in
vivo distribution, such as AuNPs [348, 350, 349], AgNPs [351, 352], CeO, NPs [354, 355, 352,
353], ZnO and Zn(NO3)2 NPs [356, 353], and Co and Co304 NPs [352].

An interesting example of using very short-lived radionuclides induced by hadronic
bombardment for imaging was presented in a report by Pérez-Campafia et al. [357]. Shown in Fig.

3.8, under the bombardment of a 16 MeV proton beam (current = 5 pA, irradiation time = 6 min),
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the 0 nuclei in Al,O3-NPs that were placed in a solid aluminium target capsule were transformed
into 1N (t12 = 9.97 min) via *O(p,a)**N nuclear reaction. Because of the strong chemical bonding
of Al-O and Al-N, the resultant [**N]AIOs-NPs remain stable as long as they can sustain the
proton bombardment. Followed by characterization and resuspension in saline, the [**N]AI.Os-

NPs were injected into rats for PET imaging up to an hour p.i. despite the short half-life of *N.

@ oatom
' Metallic atom
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160 activation
by proton beam

METAL OXIDE NP 13N.LABELED
METAL OXIDE NP
Fig. 3.8. Schematic production of [**N]AI.Oz NPs by proton irradiation of Al,O3 NPs via the *O(p,0))13N

nuclear reaction [357].

The same group went further to apply this approach to make [*®F]TiO2 NPs (*®F: ti.= 110
min) via the 0(p,n)*8F nuclear reaction [358], by irradiating 80-enriched TiO, NPs using a 12.8
MeV proton beam (current = 5 pA, irradiation time = 6 min). As mentioned above, radioisotope
impurities were also produced, such as short-lived *N and #'V (ti2 = 32.7 min), and long-lived
449S¢ (ty2 = 3.97 h) and 8V (t12 = 16 d), because all Ti isotopes and °0 in the *80-enriched TiO;
NPs along with other chemical impurities were irradiated by the proton beam as well. As these
radioisotopes are all positron-emitters, factors that affect the quality of PET imaging with
[8F]TiO2 NPs have to be considered judiciously. Thanks to the low positron-decay probabilities

of 449Sc and “8V, a delayed imaging that allows the complete decay of >N and #’V can afford
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reasonable images of quality from [*F]TiO. NPs. In addition, the authors performed the
biodistribution studies of [*8F] TiO2 NPs out to 7.7 hours p.i. and PET imaging after the short-lived
radionuclides had decayed. Given its low abundancy and positron-emitting probability, 8V did
not interfere with the biodistribution quantifications. On the other hand, because of its long half-

life, “®V also facilitated the long-term quantification of ex-vivo measurements by y-counting.

3.3.4. Isotope exchange

Isotope exchange is a radiolabeling process through chemical equivalent exchange between
the stable and radioactive isotopes of an element in different chemical states [242]. Since the
exchange is proportional to their molar ratio, this technique results in lower specific activity. In
other words, when high specific activity is required for imaging or therapy, this method is not an
option [156]. To date, a few MNP systems have been radiolabeled by this approach [359, 344,
360]. For instance, *°Fe-labeled IONPs can be prepared by the isotope exchange method [361].
Functionalized with oleic acid, IONPs are soluble in chloroform. A simple incubation of IONPs
with °FeCls could lead to 0.01-0.5% of the Fe3* in the IONPs exchanged with >°Fe. The resulting
9Fe-labeled IONPs were stable. Recently, Pospisilova et al. [362] compared the radiolabeling
methods of radiochemical doping and isotope exchange using the same *°Fe-labeled IONP system.
Shown in Fig. 3.9, radiochemical doping and isotope exchange afforded >°Fe radiolabeled IONPs
with 90% and 83% of *°Fe-incorporation efficacy, respectively. Interestingly, the methods showed
no impact on the size and morphology of IONPs. However, further assessment of radiochemical
stability of the *Fe-IONPs revealed that *°Fe incorporated via radiochemical doping was more

stable than that via isotope exchange. This is likely due to the fact that the isotope exchange of
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S9Fe/Fe only occurs on the surface of the IONPs but the *°Fe atoms doped inside the core are more
evenly distributed throughout the core.

We would like to note that the isotope exchange method presented in this section is similar
or even identical to chemisorption described earlier unless the ferric ions displaced by *°Fe are
quantified to confirm the isotope exchange. Since ferric ions are a hard Lewis acid, they can be

tightly bound to the hard Lewis base, namely the electron-rich oxygen atoms on the surface of

IONPs.
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Fig. 3.9. Comparative preparation of >*Fe-IONPs through (a) isotope exchange and (b) radiochemical

doping techniques [362].

3.3.5. Cation exchange

Cation exchange is a cost effective and fast method developed recently. It is similar to the
isotope exchange approach, but the process happens between a cation within an MNP and a
different cationic radionuclide. The relative thermodynamic stability of the reactants compared to
the products is the driving force for this mechanism [242, 151]. Because this new method still
requires much improvement regarding the stability and the yield of resulting radioactive MNPs,
its application is currently limited to only a few MNPs [153]. For instance, through the cation

exchange of Ca?* with 13Sm?3*, 153Sm was rapidly labeled onto gadolinium-doped hydroxyapatite
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nanorods ([Cai0(PO4)s(OH)2; Gd]-NRs) [363] in quantitative yield (100%). Impressively the
153Sm-labeled nanorods stayed intact in fetal bovine serum after 48 hours of incubation, indicating
the effectiveness of this technique for radiolabeling of MNPs with radiotherapeutic lanthanides.
Understandably, the valency of metal ions involved in the radiolabeling process of cation exchange
plays a critical role. Indeed, it was found that the valency of radioisotope cations was a major
determinant in the radiolabeling of Mg2Al-based layered double hydroxide (LDH) MNPs [364].
While bivalent (®*Cu?") and trivalent (**Sc®") cations exhibited superior cation exchange
efficiencies with Mg?* in the MNPs, tetravalent cation 8Zr** failed to label the LDH-MNPs as it
did not fit into the LDH crystal structure.

Apparently, the cation exchange is also similar or even identical to chemisorption unless
the cations displaced by radiometal ions are quantified to confirm the exchange, because the
radiometal ions are all hard Lewis acids with a strong tendency to bind with the electron-rich

oxygen atoms on the surface of the NPs.

3.3.6. Encapsulation

Encapsulation is achieved by physically trapping the radionuclide of choice, or one of its
chemical entities inside the native cavities or defects within MNPs [158], or the core-shell/layered
structures of MNPs. Most of the time, it refers to the latter cases. As shown in Fig. 3.10, Lee et al.
[366] synthesized radionuclide-embedded AuNPs (Rle-AuNPs) via encapsulation approach. They
first modified the amine groups of the adenine-rich oligonucleotides pre-anchored on the surface
of AuNPs (A10-AuNPs) with sulfosuccimidyl-3-[4-hydroxyphenyl]propionate (sulfo-SHPP) for
radiolabeling with %1 or 1241, followed by reacting the MNPs with HAuCl4 to create an Au shell

to shield the dissociation of 2°I or 1%l from the resultant Rle-AuNPs with excellent in vivo
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stability. Later, the same group further applied this radiolabeling approach to produce ?*I-labeled

tannic acid gold core-shell NPs (***I-TA-Au@AuNPs) [367].

‘—LL‘ § "rr' 1) Sulpho-SHPP '—.i'g ¢r' Eé'xf
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WA Au vYWN ——mm J\M Au ¥\~ —» A Au AN
2)Ch|oramme T NH,OH+HCI Jﬁ T’L"
J"J g L‘ﬂ_ Na'‘lor ?11‘_ HAuCI, ?
A,,-AuNP Radionuclide-modified Radionuclide-embedded
AuNP (RI-AuNP) AuNP (Rle-AuNP)

Fig. 3.10. Schematic synthesis of 12°| or *?*l-encapsulated AuNPs [366].

Nanocomposites with 2D layered structures can be readily radiolabeled by encasing a
radionuclide of choice or one of its chemical forms in layered spaces. Shown in Fig. 3.11, Liu et
al. [368] reported a novel 2D nanocomposite by self-assembly of IONPs on MoS; nanosheets that
were sandwiched by PEGylation, into which ®4Cu ions were stably adsorbed onto the surface of
MoS: through doping into the Mo structural defects. These double PEGylated MoS,-IONPs (**Cu-
MoS,-10-(d)PEG), which simultaneously exhibit high NIR absorbance and strong T2-MR
contrast, potentiate tri-modality imaging of PET/PA/MR. The authors performed such multi-
modality imaging in a mouse model bearing 4T1 tumors. Tao et al. [369] employed encapsulation
technique to label PEG modified reduced nano-graphene oxide-manganese dioxide (rGO-MnO-
PEG) nanocomposites with 3!l radioisotope to reduce hypoxic tumor microenvironments.
Furthermore, released MN?* ions from MNO; NPs in the presence of H,O2 act as MR contrast
agents, improving the efficiency of imaging guided RT. Similarly, other 2D nanocomposites, such
as FeSe»/Bi»Ses, can be radiolabeled via cation exchange, followed by surface PEGylation to

encapsulate the radiolabels [270].
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Fig. 3.11. (a) Schematic synthesis of MoS,-10 2D nanocomposites by self-assembly of meso-2,3-
dimercaptosuccinnic acid (DMSA)-modified IONPs on the MoS; nanosheets followed by PEGylation; (b)

Radiolabeling of MoS;-10-(d)PEG with %4Cu within the PEG layers [368].

3.4. PHARMACOKINETICS OF RADIOLABELED MNPs

While the use of radiolabeled MNPs for nanotheranostics has surged with the recently
reported advances and promises, many factors regarding their in vivo pharmacokinetics and
toxicity remain to be elucidated [380]. The “fallout” presented by the nanoscale X-ray contrast
agent “Thorotrast” in the 1960’s exemplifies the hazards that can be presented by nanoscale
radiopharmaceuticals [381]: while possessing a desirable property for biomedical application
(thorium’s high opacity to X-ray), “Thorozrast” is highly, but not acutely (thus not immediately
observable) toxic when disintegrated, and its emission of o particles is extremely carcinogenic.
Thus, the interactions of MNPs with all potential biological compartments for absorption,

distribution, and elimination must be evaluated, to ensure their safety prior to their application to
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human subjects. This section discusses the factors associated with MNP design that may affect the
overall pharmacokinetics of the MNPs, including their translocation through the bloodstream,
subsequent uptake in organs, and their ultimate elimination through renal and/or non-renal

pathways.

3.4.1. Blood circulation and absorption of radiolabeled MNPs

Upon entry into the bloodstream, MNPs are known to interact with varied biomolecules,
including proteins, liposomes and ions present in the physiological microenvironment. Such
interactions of MNPs with in vivo proteins can result in formation of a surface coating on the
MNPs, known as the “protein corona”[382, 383]. This resultant surface modification may possess
physicochemical characteristics independent of the original MNP design, and as a result, it may
significantly dominate the pharmacokinetic properties of the resultant “in vivo modified” MNPs
[384, 385]. Additional factors that have implications to influence this formation of protein coronas
include MNP size [386, 387], morphology [388], surface charge [389], and hydrophobicity [390].

In order to improve the biocompatibility of MNPs, many biopolymers and synthetic
polymers have been used to coat the surface of MNPs, by not only preventing or delaying in vivo
protein interactions but also providing secondary functions (e.g., improving the MNP’s dispersion
in media, and preventing aggregation) [391]. One of the well-documented and most extensively
used surface modification polymers for MNPs is PEG. Surface modification of MNPs using linear
and branched PEG and their derivatives is widely used to promote their retention in the blood
circulation, while reducing their clearance through the mononuclear phagocytic system (MPS)
[392-394]. Moreover, varying the molecular weights, chain lengths and densities of such PEG

polymers may significantly impact the in vivo pharmacokinetics of the resultant nanoformulations.
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One such study by Zhang et al. [195] investigated the impact of PEG chain lengths on the
pharmacokinetics of an AuNP system, which was ‘**In-labeled via DTPA incorporated into the
PEG chains that were built on thiotic acid (TA) for attachment to the AuNP surface. It was found
that the PEG chain lengths determined the size variations of the modified AuNPs. At the fixed
PEG chain length using TA-PEGsk, the blood retention of the MNPs was highly dependent on their
core sizes. For instance, the MNPs with core diameters of 20, 40, and 80 nm showed substantial
variations in the blood retention of ~55.2%, ~39.1%, and ~5.2% ID/mL, respectively, after 8 hours
p.i. This significant difference observed could be attributed to the result of increased PEG surface
density in the smaller (20 and 40 nm) MNPs, which essentially protected them from the non-
specific protein and opsonin interactions in vivo, thus reducing their uptake by the MPS system,
and clearance organs like the liver and spleen.

As a surface modification strategy for MNPs, introduction of target specific moieties
(vectors such as proteins, peptides, aptamers, small molecules, etc.) in conjunction with the surface
modification polymers, can synergistically act to facilitate biocompatibility as well as
accumulation of the MNPs in their intended targets, thus potentially improving their
imaging/therapeutic efficacy. One such example is a study by Zhao et al. [331], in which methoxy-
PEGsk-SH modified [**Au]AuNPs were surface-conjugated with a specific ligand, D-Alal-
peptide T-amide (DAPTA), for C-C chemokine type 5 receptor (CCR5) targeted SPECT imaging
in 4T1 breast cancer models. Impressively, these DAPTA-conjugated AuNPs exhibited
significantly higher bloodstream retention (~4.77% ID/g) than their non-targeted counterparts
(~0.5% ID/qg) at 24 hours p.i., in addition to the much desired ~60% reduction in hepatic uptake.

The observed favorable in vivo kinetics could be attributed to the surface functionalization

with DAPTA, which along with active-targeting had been reported to optimize the surface
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properties thus resulting in favourable biodistribution profiles of other polymeric NPs [395].
Similarly, Wang et al. [238] reported that the biodistribution profiles of a nanotheranostic IONP
platform coated with DSPE-PEGa were further improved after functionalized with 2|
radiolabeled cyclic-RGDyK for imaging and PTT in xenograft models bearing ayvf3-expressing
glioblastomas. The cyclic-RGDyK functionalized MNPs demonstrated a prolonged blood
circulation time as compared to their non-targeted counterparts, which in turn facilitated the
designed theranostic application by enabling more effective active-targeting as well as the
enhanced permeability and retention (EPR) effect for increased tumor accumulation [396].

With surface modification of MNPs using PEG-derived polymers comes a consequential
increase in the size of the PEGylated MNPs, which is often measured by their hydrodynamic
diameters (HDs) in situ, due to the inherent length of the polymer chains and the added hydrophilic
chemical interactions with the surrounding media [397]. This can become an issue, in particular
for renal clearable NPs, where the HDs must be maintained below the glomerular filtration
threshold of 6-8 nm. However, PEGylation significantly increases the MNP’s HDs, thus
significantly reducing or even blocking their renal clearance [195]. To address this issue, tuning
of the PEG-derived polymer chain-lengths and/or modifications is necessary to render the MNPs
with sufficient surface PEG coverage density, while keeping the MNPs renal clearable. Illustrated
in Fig. 3.12, Zhao et al. [398] synthesized renal clearable AUNCs coated with TA-PEG7so and
AMD3100, an antagonist for the chemokine receptor CXCR4 that is highly expressed in tumor

cells.
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Fig. 3.12. Tumor targeting capability of MNPs was achieved while retaining their renal clearance by
tuning surface modification strategies. (a) PET/CT axial images depicting the accumulation of ®Cu-
AMD3100, %*Cu-AuNCs-AMD?3100, and ®Cu-AuNCs radiotracers in 4T1 breast cancer tumor models
after 1 week and 4 weeks of tumor implantation in mice, (b) Quantitative 4T1 tumor uptake of the three
treatments after 1, 2, 3, and 4 weeks of tumor implantation, and (c) Tumor-to-muscle uptake ratios of the
mentioned treatments after 1 week of tumor implantation (*p < 0.05, **p < 0.005 and ***p < 0.001)

[398].

To enable PET imaging, the core of AUNCs was labeled with %Cu. It was found that a
shorter PEG chain (~750 Da) coupled with a bidentate di-sulfide TA linker for attachment to the
MNP surface resulted in a closely packed design with reduced HD and increased surface polymer
density, thus promoting active targeting capability in vivo. Consequently, the resultant 84Cu-
AUNC-AMD3100 (HD ~4.5 nm) showed a shorter blood circulation half-life than its control ®*Cu-
AUNCSs (HD ~4.2 nm), namely, 0.57 hours vs. 1.22 hours. Nevertheless, they exhibited comparable

blood activity retention after 4 hours p.i., namely ~3% for ®4Cu-AuNC-AMD3100 vs. ~2% ID/g
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for ®4Cu-AuNCs. Similar observations were reported by Heo et al. for a renal clearable CuNC
nanosystem (HD: ~5.5 nm; core 5Cu-labeled) coated with TA-PEG;2 and targeted with CXCR4
receptor specific peptide FC131 for imaging triple negative breast cancer xenografts [399].
Another group of molecules that has been increasingly employed for surface coating of
MNPs is zwitterionic ligands such as glutathione [400], cysteine [389], and carboxybetaine [401].
Owing to their ionic nature these ligands form strong electrostatic interactions with water
molecules, and as a result provide a physical and thermodynamic barrier for the MNPs for protein
interactions in vivo, thus avoiding corona formation [402, 403]. Moreover, due to their low
molecular weights, zwitterionic ligands result in negligible size changes when used for MNP
functionalization, in sharp contrast to large polymers such as PEG chains [404]. Zhou et al. first
reported using glutathione to coat renal clearable ultrasmall [**®Au]AuNPs (HD ~3 nm), which
were synthesized by a one-pot synthesis method [400]. The resultant glutathione-coated AuNPs
(GS-[*®Au]JAuNPs) were fluorescent thus enabling dual-modality imaging (SPECT and
fluorescence), and the bloodstream activity retention of GS-[**® AuJAuNPs was determined to be
~7.06% and ~6.13% ID/g at 1 and 4 hours p.i., respectively, comparable to those observed with
MNPs modified with other known polymers, such as TA-PEG7so-coated ultrasmall “Cu-AuNCs
(HD ~4.2 nm) described above [314]. Shown in Fig. 3.13, GS-[**® Au]JAuNPs were effectively
cleared from kidneys and the NP integrity was demonstrated by the strong fluorescence of the
excreted GS-[**® Au]AuNPs in the urine. The result shows the effectiveness of using glutathione as
a coating agent to prepare renal clearable MNPs. Further pharmacokinetic analysis revealed that
the rapid in vivo distribution and clearance of these ultrasmall GS-[** Au]JAuNPs followed a two-
compartment model with distribution and elimination half-lives of ~5 minutes and ~12.7 hours,

respectively, similar to small molecular imaging probes [405]. Similar in vivo Kinetics were also
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observed for luminescent ultrasmall [®*Cu]CuNPs coated with glutathione (GS-%*Cu-CuNPs, HD

~2.7 nm) [406].

I I ! I -
*(Nl

Fig. 3.13. SPECT and fluorescence imaging evaluation of renal clearable ultrasmall glutathione-coated-
[*8Au]AUNPs. SPECT images of Balb/c mice after (a) 10 min, (b) 1 h, (c) 4 h, and (d) 24 h of injection
with GS-[*®Au]AuNPs and in vivo fluorescence imaging of () pre-injection, (f) 5 min, (g) 20 min, (h) 1

h, and (i) 24 h GS-[**®Au]AuNPs post-injection [400].

3.4.2. Distribution of radiolabeled MNPs in normal organs and target sites

After administered into the bloodstream, the translocation and accumulation of
radiolabeled MNPs in the unintended organs or tissues can result in unwanted acute and/or chronic
side-effects and toxicities. The physicochemical parameters in MNP design, such as size, surface
charge, and surface modification, would largely determine the organ distribution and retention as
well as the clearance profiles of the MNPs. As described earlier, MNPs with the same surface
coating may display very different in vivo distribution and clearance if the core size varies. For

instance, the TA-PEGsk coated AuNPs [195] showed substantially higher hepatic and splenic
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uptake (53.16% and 62.75% ID/g, respectively) if the core size led to large MNPs (HD 80 nm),
than to small ones (HD 20 nm) (30.31% and 15.15% ID/g, respectively). Consequentially, this
would result in a decreased elimination rate of the larger MNPs from the circulation as compared
to the smaller ones, which is not a favourable feature of pharmacokinetics for the design of targeted
nanotheranostics that requires reasonable blood circulation half-lives for both active targeting and
passive retention at the intended site of action.

It has been well-documented that pre-coating the MNP surface with physiological proteins
such as albumin may render the MNPs with desired stealthiness to evade the MPS sequestration
by minimizing protein corona formation, thus enhancing the intended target delivery [407, 408].
However, the protein coatings have to be judiciously selected, as their interactions with
physiological proteins/pathways can cause accumulation of the MNPs in unintended organs. A
study by Schaffler et al. [409] utilized [**®Au]AuNPs coated with two different physiological
proteins, human serum albumin (HSA) and apolipoprotein E (APOE), to investigate their effects
on the overall biodistribution of the MNPs. Interestingly, the HSA-coated [**®*Au]AuNPs (HD
~112 nm) showed significantly higher accumulation in the brain (5.53 x 10 accumulated
fraction/g) than the citrate-stabilized [**®*Au]AuNPs (HD: ~21 nm) (1.98 x 10 accumulated
fraction/g) and the APOE-coated ones (HD: ~115 nm) (1.64 x 10" accumulated fraction/g). The
group attributed the result to HSA's modulation of MNPs’ transport across the blood brain barrier.

Most research studies employ the intravenous route for preliminary testing of
investigational formulations to circumvent the challenges associated with other conventional
routes of dose administration, such as gastrointestinal absorption issues and first pass metabolism
encountered for oral formulations, skin permeation and skin irritation issues for transdermal

formulations [410, 411]. However, depending on their intended application, non-conventional
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routes of administration may hold more relevance for testing. Depending on the size of the MNPs,
the route of MNP administration may be an important factor affecting their overall biodistribution
and organ retention patterns. For instance, Moeendarbari et al. [412] tested naked °*Pd/Pd coated
hollow Au nanoshells (1*Pd/Pd-HAUNPS) as neoadjuvant brachytherapy agents, by performing

intratumoral injections of the nanoseeds in prostate cancer subcutaneous xenograft mouse models

=@

(see Fig. 3.14).
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Fig. 3.14. Substantially high tumoral retention was observed for the large sized Pd/Pd-coated hollow
gold nanoshells (**Pd/Pd-HAUNPS) after intratumoral injection for brachytherapy application (a) Simple
schematic of 1°*Pd/Pd-HAUNPs synthesis through a Cu layer electrodeposition and subsequent Pd
galvanic replacement and (b) SPECT/CT images of PC3-tumor bearing SCID mice after 0, 1, 2, 4, 7, 14,

21, and 35 days of 1.51 mCi %Pd/Pd-HAuUNPs injection [412].

Notably, even after 5 weeks post-administration, these large °Pd/Pd-HAuUNPs showed

nearly perfect tumor retention and minimal leakage to the liver (~3.31% ID/g) and spleen (~0.39%
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ID/g), which was visualized and quantified by SPECT/CT imaging. This high tumor retention of
103pd/Pd-HAUNPSs was attributed to the injection route (intratumoral) combined with their large
size (HD: ~140.5 nm), which retained high concentrations of °*Pd/Pd-HAuUNP deposits at the
injection sites in the tumors with minimal to no diffusion into the surrounding vasculature.
However, it should be noted that this is largely a size dependent feature, and such intratumoral
administration of smaller sized MNPs, may result in their diffusion from the tumor

microenvironment into the blood circulation and surrounding organs.

3.4.2.1. Accumulation in target site

Functionalization of radiolabeled MNPs using target-specific vectors allows increased
accumulation of the NPs at the desired diseased site, with the intent to accentuate their therapeutic
and/or diagnostic action, while limiting spread to other sites post-administration. Although the
application of radiolabeled MNPs has been investigated for varied disease conditions such as
respiratory diseases, neurological conditions, etc. [413, 414], most studies have focused on MNPs
targeting cancers. Thus, for better clarification, tumors will be highlighted as the target site for
discussion. Target accumulation strategies for MNP design can be implemented by two main
approaches, passive accumulation, and active targeting.

Passive accumulation includes both, passive diffusion of ultrasmall MNPs (< 1 nm) [415,
416] and a preferential accumulation of large (> 30 nm) MNPs in tumors, known as the EPR effect
[417, 396]. A study found that proteins > 30 kDa would preferentially distribute in the interstitium
of tumor tissues and accumulate there for an extended time [418]. While initially attributed to the
fenestration in tumor blood vessels and poor drainage, further research determined that several
interwoven biological processes undergoing in tumors contribute towards EPR, including

angiogenesis and vascular permeability [417]. The degree of passive accumulation by EPR is
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determined by the MNP size and their blood retention [419, 417, 420, 421]. Several factors limit
the distribution and effectiveness of passive accumulation for MNPs in tumors, such as
compromised tumor vasculature and irregular blood pressure, that limit the flow of MNPs to the
tumor core, thus leading to their distribution in the peripheral edges, commonly called as the “rim
effect” [422]. One such example is a study by Frellsen et al. [312] wherein PET imaging in mice
xenograft models showed that the ®*Cu-AuNPs-PEGs.-OMe were heterogeneously distributed in
the tumors, with higher concentrations of the injected MNPs accumulating in the tumor’s periphery
owing to EPR effect and insufficient tumor perfusion. Similar observations were also reported in
other studies using the EPR effect-based strategy for tumor accumulation of MNPs [203, 335].

However, there is a caveat to this approach, despite promising preliminary results. The
MNP accumulation levels in tumors by EPR may be highly exaggerated in animal models when
considering translational applications, as the tumor-grafts represent a much larger fraction of body
mass in the animal models than they do in humans [423]. Also, clearance mechanisms and tumor
microenvironment differ substantially between the most commonly used rodent animal models
(mice and rats) and humans. This has to be taken into account when considering translational
applications of an MNP nanotheranostic agent that has shown promising results in rodent models
[417].

One widely exploited strategy in the field of oncology is to target the cell membrane
proteins that are known to be over-expressed by cancer cells in comparison to the normal cells
[424, 425]. This has led to the design of numerous high-affinity vectors (including proteins,
peptides, aptamers, or even small molecules) targeting specific cancer cells for theranostic
applications. Surface functionalization of the MNPs with such vectors (e.g., the monoclonal

antibody trastuzumab for targeting human epidermal growth factor receptor 2 over-expressed in
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breast cancers [171, 391]) can significantly improve their tumor targeting specificity and
accumulation level. Moreover, due to the substantially higher surface-to-volume ratios in nano-
sized particles, in general, the density of these targeting vectors upon MNP surface
functionalization can be high as compared to the individual vectors by themselves or in a small
molecular combination [426]. Such features can potentially translate into the much-desired high
tumor targeting capability for nanotheranostics, and thus significantly accentuating their
theranostic efficacies. Gao et al. [285] reported that the tumor uptake of BSA-coated [**Cu]CuNCs
was substantially (~4 times) higher after functionalization with luteinizing hormone releasing
hormone (LHRH) peptide, known to target receptors over-expressed by various cancers including
lung cancers, as the non-targeted [**Cu]CuNCs only had the EPR mediated tumor accumulation.
This difference was further confirmed by the tumor-to-background PET imaging contrast enabled
by 84Cu owing to their high renal clearance and reduced MPS uptake caused by their ultrasmall
size (<5 nm).

However, it should be noted that functionalizing MNPs with the receptor/protein-specific
ligands may also enhance their uptake in other organs that express the targeted receptor, which is
undesirable. For example, Zhao et al. [314] reported renal clearable Cu-AuNCs targeted with
AMD3100 (a CXCR4 antagonist) as PET imaging agents for primary breast cancer tumors and
metastases in mouse models. To their surprise, the targeted ®*Cu-AuNCs were found with
significantly (p <0.001) higher accumulation in the liver, spleen, and bone marrow than the control
4Cu-AuNCs after 24 hours p.i. This likely reflects the fact that CXCR4 receptors are also
expressed on the immune and inflammatory cells harbored in these organs. Moreover, due to
CXCRA4 receptor-mediated (rather than non-specific) endocytosis in the hepatocytes, which led to

increased retention and then delayed hepatobiliary elimination, a delayed but substantial (6-fold
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higher) increase in fecal elimination was observed for the targeted *Cu-AuNCs, as compared to
their non-targeting controls after 48 hours p.i. This demonstrates that an effective targeting strategy
must be judiciously considered.

As discussed earlier, there exist many other disease conditions wherein the applications of
MNP theranostics are gaining more attention. By using a common MNP nanoplatform, active
targeting strategies could be game changers towards the desired applications. Active targeting
relies on the interaction among targeting moieties conjugated on the surface of MNPs and antigen
or receptor on cell target and increase the drug delivery efficiency compared to passive targeting
mechanism [427-429]. Li et al. [430] showed that antibody conjugated AuNPs improved the
contrast of in vivo PA imaging of xenograft squamous tumor (Cal27) in mice improved for 3.5 dB.
In another research, Au nanocages, conjugated with (Nle4,D-Phe7]-melanocyte-stimulating
hormone as the targeting molecule, exhibited 3.5-time higher accumulation than the untargeted Au
nanocages [431].

In one such study evaluating in vivo PET imaging of lung inflammation, Pellico et. al.
reported that [8Ga]-labeled IONPs (~14.5 nm HD) functionalized with N-cinnamoyl-F-(D)L-F-
(D)L-F (cFLFLF) peptide were able to specifically target neutrophils in acute lung inflammation
in mouse models [318, 432] because the cFLFLF ligand avidly binds to the formyl peptide
receptor-1 expressed by neutrophils. This approach was further developed to detect atherosclerosis
with bio-orthogonal click reactions between trans- cyclooctene (TCO) and tetrazine (Tz) [433].
The monoclonal antibody E-06, which targets lipoproteins integral to athesclerotic progression,
was functionalized with TCO and injected into ApoE™ mice, followed by an injection of [®3Ga]-

labeled IONPs functionalized with Tz. The bioorthogonal click-reaction between TCO and Tz

94



resulted in much higher accumulation of IONPs in pre-targeted mice with atherosclerosis (14.7 £

2.7 %I1D/g) compared to control models (1.5 + 0.5 - 3.4 + 1.5 %ID/q).

3.4.2.2. Distribution in normal organs/tissues

The most notable unintended uptake for MNPs injected intravenously is their accumulation
in the organs governed by the MPS, specifically the liver, spleen, lymph nodes, and bone marrow
(H. S. Choi et al., 2010). The non-specific uptake of MNPs is primarily determined by their size,
shape, and surface charge and chemistry (Q. Huang et al., 2020; Kettler et al., 2014; Panzarini et
al., 2018). Particles larger than ~10 nm can be easily taken up by the macrophages and endothelial
cells (Nam et al., 2013), whereas particles larger than 100 - 200 nm can be trapped in the red pulp
of the spleen (Cataldi, Vigliotti, Mosca, Cammarota, & Capone, 2017). In another research,
Geertsma et al. (Wim H De Jong et al., 2008) confirmed broad distribution of 10 nm AuNPs
throughout the body, which the larger nanoparticles were just confined in liver, blood, and spleen.

Xie et al. (X. Xie, Liao, Shao, Li, & Lin, 2017) synthesized AuNPs with the same size and
coating (mMPEG) but different shapes of stars, triangles and rods to evaluate their cellular uptake
by RAW 264.7 macrophages. The results demonstrated that triangular and stars AuNPs have the
highest and lowest uptake, respectively, with various internalization mechanism. In fact, Yu et al.
(S. S. Yu et al., 2012) reported that the size was a much stronger factor than the charge in
determining the non-specific uptake of IONPs. Compared to their counterparts with negative or
neutral surfaces (Wilhelm et al., 2016), positively charged NPs are taken up more easily by
macrophages and even normal cells, due to their stronger interactions with cell membranes that
have a net negative charge potential (Ma, Poole, Goyette, & Gaus, 2017). In another research, Saha

et al. (Saha et al., 2013) demonstrated that the uptake of cationic AuNPs in normal (MCF10A)
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cells is dependent on the AuNPs surface monolayer. Also, various endocytic pathways and relevant

specific cell surface receptors such as scavenger receptors are involved through this process.

3.4.3. Disposition of radiolabeled MNPs

Given the fact that only a small fraction of MNPs would be delivered to and retained in the
target organs to elicit the intended theranostic actions after administration, understanding the
metabolic and clearance pathways that govern the disposition of MNPs in the body is critically
important to the rational design of an efficacious and safe MNP nanoplatform towards a
nanotheranostic. In general, NPs are cleared from the body by renal and/or biliary excretion

pathways, which are largely dependent on the size and surface properties of the NPs.

3.4.3.1. Renal clearance

In order to be renal clearable, the HD of MNPs must stay below the size threshold for renal
glomerular filtration, which refers to either the physical size (6-8 nm) under the physiological
condition or the molecular weight (30-50 kDa) of the nanoplatform [434, 435]. In addition, a net
positive surface charge [436, 437] with minimal interactions with proteins facilitates the desired
renal clearance. When the size of MNPs falls below the threshold, surface modification with
hydrophilic polymers that shield the MNPs from interacting with proteins, such as PEG or
zwitterionic-molecules, tends to increase the excretion of MNPs from the renal pathway [438].
Further, functionalization of MNPs may also alter the balance of the two excretion pathways. For
instance, 61.4% ID of ultrasmall ®*Cu-CuNCs (HD < 6 nm) were cleared via the renal pathway at
24 hours p.i. After functionalization with a CXCR4 targeting peptide, FC131, the degree of their
renal clearance dropped to 40.4% ID [399]. The decreased renal clearance of FC131-

functionalized ®*Cu-CuNCs could be attributed to the significantly elevated hepatic uptake (from
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~7.5% to ~15% ID/g 24 hours p.i.; p < 0.05) due to the CXCR4 expression in the inflammatory
cells that might result in elevated fecal excretion (biliary clearance, from 13.5% to 22.8% ID), and
the significantly increased tumor uptake (from ~2.44% ID/g to ~6.08% 24 hours p.i.; p < 0.005).
An optimal renal clearable MNP nanoplatform should have high in vivo stability, in
addition to the desired high renal excretion within a reasonable timeframe. However, many MNPs
may undergo in vivo surface degradation or even some forms of metabolism under the
physiological conditions, prior to their disposition from the body. For example, in a study reported
by Lin et al., the HD of neutron-activated **® Au-AuNPs nanocomposites increased from 2 nm to
60 nm after coating with gum arabic [439]. The ®Au-Au/gum arabic nanocomposites were not
expected to be seen upon urinary excretion because of their size being well above the renal
clearance threshold. However, a significant amount of **®Au activity (~5%) was found in the urine
over the course of 2 weeks after their injection, likely because of the disintegration of the gum
arabic coating from the *® Au-Au/gum arabic nanocomposites, which resulted in the observed renal

clearance of the core 1®Au-AuNPs (diameter: 2 nm).

3.4.3.2. Metabolism and clearance through the MPS organs

Previously called the “reticuloendothelial system (RES)”, the MPS, which mainly involves
the liver, spleen, and lymph nodes, where phagocytic cells (e.g., macrophages) reside, is the first
line of defence in the body against foreign pathogens or substances [440-442]. Regarded by the
body as foreign substances, most of all NPs including MNPs after injection are sequestered by the
MPS and/or eliminated by the renal excretion pathway if their sizes are below the renal clearance
threshold. As the matter of fact, the MPS sequestration of NPs is the main determinant of the in
vivo distribution of NPs, which results in high off-target deposition and thus gives rise to the main

safety concern with respect to the nanomedicine [443-445]. To date, the desired “stealthiness” to
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the MPS sequestration is still an unmet need in the field of nanomedicine. As discussed earlier,
immediately upon their entry into the bloodstream, NPs interact with serum proteins to form a
protein corona on their surface, which elicits their uptake by the MPS organs. As such, the common
strategy of evading the MPS sequestration is to coat the NP surface with non-immunogenic and
hydrophilic polymers, such as varieties of PEGs [446-448], to minimize the protein corona
formation. Once ingested by the phagocytes in the MPS organs, NPs are transported to the
endosomes for metabolism and degradation, which often takes much longer than renal clearance
[449].

While the specific degradation mechanism is highly dependent on the material composition
of the MNPs, their size, and surface charge, intracellular metabolic pathways relevant to the MNPs
also play an important role [450], in particular when the metal components are bioinorganic
elements in the body as in IONPs, where iron is a life essential metal. For instance, in a study
reported by Pospisilova et al. [362], it was found that the iron readout by °°Fe, which was
incorporated into the IONPs by radiochemical doping (HD: ~82.7 nm), could be used as a measure
of the in vivo degradation of IONPSs, because the iron (read by 5°Fe) from the lysosome-degraded
IONPs was identical to the endogenous iron for iron metabolism within the MPS organs, where
IONPs were sequestered. Of course, the iron (read by °Fe) can further incorporate into the overall
iron pool in the body. Consequently, only < 2% of the injected *°Fe dose was excreted in feces or
urine over a 7-day period.

Copper is also a life-essential element. As such, similar observations were found with
[¢*Cu]CuNPs. For instance, copper ions catalyse oxidation of biomolecules including glutathione,
a thiol antioxidant found in high concentrations in the liver, which results in the trapping of copper

(read by ®*Cu) decomposed from the CuNPs in the form of Cu(ll) glutathione disulphide
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complexes (Cu(I11)-GSSG) in the liver, thus delaying the clearance of injected %Cu activity [451].
Yang et al. [406] evaluated this degradation process using ultrasmall renal clearable luminescent
glutathione-coated [**Cu]JCuNPs (HD: ~2.7 nm) by a comparative study with $*Cu[Cu](11)-GSSG
complexes in mouse models. Despite the size difference, the glutathione-coated [**Cu]CuNPs
showed much higher renal clearance and lower hepatic uptake than the small molecule
$4Cu[Cu](11)-GSSG complexes due to the fact that the ultrasmall glutathione-coated [**Cu]CuNPs
were processed by the body as a single entity, which was reasonably stable during the period of
study without copper being translocated to participate in copper metabolism as measured by the
small #*Cu[Cu](11)-GSSG complexes.

For MNPs made from life essential metals, such as iron and copper described above, their
metabolic fate, either by excretion or metabolism for entry into the endogenous metal pool in the
body, would not raise a severe safety concern if the nano-entities themselves are non-toxic, because
the metal absorption and homeostasis is tightly regulated in healthy individuals [452-455].
However, the administration of the MNPs indeed would raise the concentration level of the
corresponding metal in the body if the metal gets into the endogenous pool. Therefore, the use of
MNPs for clinical trials has to take into consideration some rare genetic disorders [456-459], such
as hemochromatosis and Wilson’s Disease that prevent the body from removing extra iron and
copper, respectively. For MNPs made from or comprised of non-life essential metals, such as
heavy metals, an extra safety measure will have to be factored into the overall design and
development of the MNPs-based nanotheranostics, because the leakage of toxic metal ions from
the MNPs may implicate a severe hazard to the body, sometimes irreversible or even fatal, similar
to the nephrogenic systemic fibrosis caused by breakdown of gadolinium(l1l) from MRI contrast

agents accumulated in individuals with kidney failure or reduced kidney function [460-462]. In
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other words, the metabolic fate of MNPs along with their in vivo stability is of paramount

importance to their potential use as nanotheranostics in humans.
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4. LIQUID DIFFUSION SYNTHESIS

4.1. Introduction

The last two decades have seen an exponential growth of research on the synthesis of
colloidal metal and metal oxide nanocrystals, and it has become one of the most active research
fields in chemistry. This was initially driven by the potential usage of colloidal nanocrystals as a
building block for heterogeneous catalysts for chemical industry and as a model system to study
the catalytic mechanisms [463, 464]. Later, their potential applications as nanomedicine [403, 465]
and artificial enzymes (nanozymes) [466, 467] further fuel the enthusiasm in this research field.
Myriad methods have been developed and optimized to synthesize a variety of nanocrystals [468,
469]. Among them, wet chemical methods [470] such as the reduction of metal salts [471-477]
and the decomposition of organometallic precursors [478-481] are the most popular synthesis
methods. The synthesis is usually conducted at an elevated temperature, and often using expensive
or dangerous reducing agent such as inorganic or organic hydrides and organic solvent. Here, we
report a simple process, called liquid diffusion synthesis (LDS), using aqueous solution at room

temperature to produce a variety of ultrasmall metal and metal oxide nanocrystals.

4.2. Materials and methods

The chemicals including cobalt(ll) chloride hexahydrate (CoCl2.6H20, 98%), nickel(Il)
chloride hexahydrate (NiCl..6H.O, 98%), silver nitrate (AgNOs, 99%), gold(lll) chloride
trihydrate (HAUCI4.3H20, 99.9%), platinum(ll) chloride (PtClz, 98%), palladium(ll) chloride
(PdClz, 99%), iron(111) chloride hexahydrate (FeClz.6H20, 98%), cerium(1l) chloride heptahydrate
(CeCl2.7H20, 99.9%), ruthenium(lll) chloride hydrate (RuCls.xH20), zinc chloride (ZnCly),

lutetium(111) chloride hexahydrate (LuCl3.6H>O), manganese(ll) chloride tetrahydrate
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(MnCl2.4H,0), sodium citrate dihydrate (HOC(COONa)(CH2COONa)2-2H20), citric acid
(CeHsO7, 99.5%), and dialysis tubing cellulose membrane (MWCO 14000) were purchased from
Sigma-Aldrich (St. Louis, MO). Copper(ll) chloride dihydrate (CuCl..2H20, 99%) was obtained
from Alfa Aesar (Ward Hill, MA). Furthermore, sodium hydroxide (NaOH, 97%) were purchased
from Thermo Fisher Scientific (Waltham, MA) and L-ascorbic acid (C¢HgOs) was provided from
Serva. All aqueous solutions were prepared in Millipore Milli-Q DI water (18 MQ-cm) which was
provided from a Millipore Gradient Milli-Q water system (Billerica, MA).

High resolution transmission electron microscopy (HRTEM) micrographs, selected area
electron diffraction (SAED) patterns, and energy dispersive X-ray (EDX) analysis were achieved
using a Hitachi H-9500 HRTEM operated at an accelerating voltage of 300 kV. The suspension of
nanoparticles in DI water was sonicated for about 20 minutes, and then spread on 300-mesh copper
TEM grid covered with a lacey carbon film and dried overnight. The magnetic measurements were
conducted at room temperature using a MicroSense EV7 vibrating sample magnetometer (VSM).
Ni or Co nanoparticle water suspension (very high concentration) was dropped on a piece of silicon
wafer, and then dried. This silicon wafer was measured. The diamagnetic signal from silicon wafer
and quartz sample holder was subtracted to obtain ferromagnetic signal from Ni or Co.

UV-Vis absorbance spectra of Cu, Au, and Ag nanoparticle suspension was measured
using a Perkin Elmer Lambda 35 UV-Visible Spectrometer. The samples were prepared by re-
suspending the washed metal nanoparticles in about 1.5 ml of DI water, followed by transferring
the suspension into 1.5 ml polystyrene semi-micro cuvettes. The slit width was 1 nm and the
scanning speed was 120 nm/min. Fluorescence spectra of colloidal Cu nanoparticles were recorded
on a PerkinElmer LS 55 Luminescence Spectrometer using 3.5 ml four-sided fused quartz cuvettes.

The slit width was 10 nm and the scanning speed was 100 nm/min.
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4.3. Synthesis process of ultrasmall metal nanoparticles

Fig. 4.1 depicts the setup used in LDS, in which a dialysis bag containing a mixture of a
metal salt and citric acid solution is immersed in a NaOH solution reservoir. After the immersion
for a certain period of time, ultrasmall metal nanoparticles form in the solution inside the dialysis

bag.

100 <«——— NaOH solution

L 50 Solution of metal salt
with citric acid

Fig. 4.1. Simple schematic of liquid diffusion synthesis setup.

The entire synthesis process for making metal Cu nanoparticles is illustrated in Fig. 4.2.
First, a mixture of 1.5 mM of citric acid and 1.5 mM of CuClz is stir-mixed for 30 mins. Next, the
mixture is transferred to a dialysis bag, followed by immersing the dialysis bag into a 0.5 M NaOH
solution for 2 hours at room temperature. The pH variation was monitored during the synthesis
using a Mettler Toledo SevenEasy S20 pH meter (Columbus, OH). At the end of the fixed time
period, the solution inside the membrane is collected, followed by centrifugation using an
Eppendorf Centrifuge 5418 at 14000 rpm for about 20 min to precipitate the large precipitates.
Then, the resultant supernatant is mixed with acetone at a 4:1 (acetone: supernatant) ratio. Such
mixture is centrifuged at 14000 rpm for 20 mins. The precipitation is collected and diluted with

DI water, and then transferred to a new dialysis bag to be washed inside DI water. Simply replacing
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CuCl, with CoCly, NiClz, HAuCls, AgNO3, PdCl,, PtCl», and LuCls, the same process is used to
produce ultrasmall Co, Ni, Au, Ag, Pd, Pt, and Lu nanoparticles. For Cu, Ag, Au, Pd, Pt, and Lu
the washing process lasted 12 hours with replacing DI water every two hours. For Co and Ni, the
washing process lasted 3 hours. After washing, the nanoparticle suspension was frozen and
lyophilized using a Labconco FreeZone freeze-dryer (Kansas City, MO) to attain the final particle

powder.

Transfer the solution to

sohition N I: —
| Y —
T

particles

dialysis bag
| | ) o
Stir the mixture of 1.5 mM CuCl, Dialyze inside 0.5 M NaOH Centrifuge at 14000 rpm to j’ —
and 1.5 mM CA for 0.5 hour solution for 2 hours settle down big Cu(OH); 2 =

Collect the washed

.6 nanoparticles
ﬁ |

Ultrasmall Cu nlancparticlcs Dialyze in DI water for 12
suspension

Collect the precipitate and

transfer to a dialysis bag
ﬁ |

Centrifuge at 14000 rpm to
settle down ultra small
nanoparticles

Collest the supernata

hours (replace DI water every 2
hour)

Fig. 4.2. Schematic of LDS steps to produce colloidal Cu nanocrystals.

Fig. 4.3(a) shows the TEM images of resultant CuNPs, having the average size of 3 nm to
5 nm. The absorption peak at wavelength of about 614 nm, illustrated in Fig. 4.4(b) as a main
characteristic of metal nanoparticles, verifying the existence of metal copper nanoparticles. Fig.
4.4(c) exhibits the copper oxides precipitated accompanied the formation of ultrasmall copper

nanoparticles (which will be examined in the following section).
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Fig. 4.3. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Cu nanocrystals
synthesized through LDS, (b) UV-Vis absorption spectra of Cu nanocrystals, and (¢) TEM micrographs

and SAED patterns of large particles formed during the synthesis process.

4.4. Formation mechanism of ultrasmall metal nanoparticles

The formation mechanism of ultrasmall metal nanocrystals is illustrated in Fig. 4.4. We
chose Cu nanocrystal synthesis process as a model system for more detailed investigations, aiming
to gain insight into this method. The dialysis membrane forms a diffusion barrier for OH" ions to
gradually diffuse from the reservoir into the solution inside the dialysis bag, so that a pH gradient
(decreasing from the pH of the NaOH reservoir to the initial pH) is generated in the solution (see
Fig. 4.4(b)). Based on the Fig. 4.4(c), considered as an element at LSD setup, different parts of the
solution experience a certain pH at different time points, and the entire volume of the solution

experiences a gradual pH change from the initial pH (typically about 2) to the pH of the NaOH

reservoir.
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Fig. 4.4. (a) Simple schematic of LDS setup, (b) pH gradient created in the solution inside the dialysis

bag, and (c) schematics of the formation mechanisms of Cu, Co, and Ni nanocrystals in LDS process.

Here citric acid plays a key role as a chelating agent inside the dialysis membrane. To
understand the functionality of chelating agent, we should define the complexation concept.
Complexation happens when two simple independent species are associated and form a new
species [482, 483]. When one of the initial species is a metal ion, the resulting species is called a
metal complex where the central metal atom is bound to coordinating atoms (or donor atoms) of
ligands. A ligand which binds to a metal ion through one atom is called a monodentate ligand. If
a ligand coordinates the metal atom by more than one donor atom, it is called a multidentate or
chelating agent and, consequently, the metal complex that is formed is a metal chelate [484].
Chelation is originated from a Greek word called “Chela” which means claw of a lobster. The term
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of chelate was first used by Sir Gilbert T. Morgan and H. D. K. Drew in 1920 [485]. They
employed it for the caliper-like groups functioning as two associating units which fasten on a
central atom, so creating heterocyclic rings [486].

Chelating agents can possess ligand binding atoms which create either two covalent
bindings or one covalent and one co-ordinate or two co-ordinate linkages in the case of bidentate
chelates. Mainly atoms like S, N and O performs as ligand atoms in the form of chemical groups
like -SH, -S-S, -NH>, =NH, -OH, -OPOzH, etc. Bidenate or multidentate ligands create ring-like
structures which contain the metal ion and the two-ligand atoms attached to the core metal [487].

Generally, the metal-ligand complex is formed according to the equation mentioned below

[488, 484];

xM™* + yH* + zI"~ & M, H, L, my-zm (Eq. 4.1)
xylz L 4.

the equilibrium constant, K,.,,,, can be expressed as follows:

vz

K _ [MxHyLZ(mx+y—zn)]
XyzZ T [gm+]x[g+]y[Ln-]Z

(Eq. 4.2)

where X, y, and z are stoichiometric coefficients, [M™] is the concentration of metal ion, [H*] is
the concentration of hydrogen ion, [L"] is the concentration of ligand, and [M, H,,L,**¥~%™)]
is the concentration of metal-ligand complex at equilibrium conditions. Accordingly, the logarithm

of equilibrium constant (log K, ,) is considered as the stability constant of the mentioned complex.
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The strength of the metal-ligand complexation is different for various kinds of metal ions
[489]. Besides, various factors affect stability constant. For example, size of chelating agent,
number of chelate rings, strength of chelating molecules, and nature and the number of donor
atoms influence the stability constant [490]. Also, radius of metal atom affects the stability
constant where smaller ions are complexed more strongly, referring to higher electrostatic
interactions. Other parameters such as temperature, ionic strength of chelating agent, and
concentration of hydrogen ions can change stability of complex [491].

Citric acid is considered as a weak chelating agent, binding metal ions in solution to form
highly stable chelate complex, slowing down the outbound diffusion of metal ions. It, furthermore,
decelerates the formation of copper oxide particles. According to the data summarized in Table
4.1, for the case of Cu?* the stability constant of citrate complexes is less than those formed by
EDTA and salicylic acid. The mentioned characteristic is exactly what is required inside the
dialysis bag to form ultrasmall Cu nanoparticles. If a stronger chelating agent is used instead of
citric acid, the binding between copper ions will be strong, so they will not be reduced to copper
atoms. On the other hand, if we employ a weaker chelating agent, the binding between ions will

be dissociated easily, so copper ions will diffuse out the membrane or form oxide particles.

Table 4.1. Stability constant of chelates (log K) [489, 491, 490].
Chelating agent | Ca** | Mg®* | Mn?* | Fe* | Fe¥ | Zn** | Cu*

EDTA 10.70 | 8.69 | 13.56 | 14.30 | 25.70 | 16.50 | 18.80

Citric acid 3.50 | 280 | 3.20 | 3.20 | 11.85| 4.50 | 6.10

Salicylic acid N/A | 470 | 270 | 6.55 | 16.35 | 6.85 | 10.60
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As pH increases, such chelates become unstable; citric acid dissociates with metal ions,
and further dissociates into citrate ions. Citrate has long been used as both the mild reductant and
stabilizer to synthesize precious metal nanoparticles such as Au, Ag and Pd, which is referred as
the Turkivech method [471-476], and has extensively been investigated [492-496]. The citrate

reduction reaction can be expressed as:

o] OH Q o 0 0
30)%0_ :SO_JUJ\/U\O_+ CO,+ 3H"+3e

Eq. (4.3)

The solution pH can be tuned to control the overall reaction rate; the higher pH, the higher
the reaction rate. There exists a pH range for each of these metal ions in which metal ions are
reduced by citrate ions into metal atoms that nucleate and form ultrasmall nanocrystals. For
convenience of latter discussion, we refer to this pH range as pHR:(i) where i represents different
metal elements. As the pH gradually increases from the edge towards the center, the solution
sequentially experiences pHR((i), and the amount of ultrasmall metal nanocrystals gradually
increases. When a part of solution experiences pH outside pHR(i), other precipitation reactions or
particle formation processes occur. For the cases of Co, Ni, and Cu, when pH is lower than pHR(i)
but higher than a certain value, termed as pHo(i), citrate is not capable of reducing metal ions into
metal atoms, but oxide precipitation reactions can take place to produce oxide nanoparticles. As
pH increases to a value above pHR((i), oxide precipitation proceeds at a much higher rate than

citrate reduction, which leads to a product primarily consisting of large oxide nanoparticles.
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Fig. 4.5. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Co nanocrystals

synthesized through LDS, (b) Magnetic hysteresis loop of Co nanocrystals, and (¢) TEM micrographs and

SAED patterns of large particles formed during the synthesis process.

Similarly, Figs. 4.5 and 4.6 show the TEM micrographs of cobalt and nickel nanocrystals
synthesized via LDS, respectively. Measurements of the magnetic properties of Co and Ni
nanocrystals (shown in Figs. 4.5(b) and 4.6(b)) confirm that they exist as metallic nanoparticles in
solution (not as byproducts of high energy electron beam reduction in HRTEM, since these
properties can only result from metal nanocrystals). It should be noted that synthesized Co and Ni

nanoparticles are not stable at a pH below 9, dissolving back into ions.
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Fig. 4.6. (&) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Ni nanocrystals
synthesized through LDS, (b) magnetic hysteresis loop of Ni nanocrystals, and (c) TEM micrographs and

SAED patterns of large particles formed during the synthesis process.

For Ag, Au, Pd, and Pt the whole formation mechanism of metal nanocrystals is similar to
the case of Co, Ni, and Cu nanoparticles, but based on the difference in their reactivities, the
reactions inside the dialysis bag varies. When pH is lower than pHR.(i), metal ions are more stable
comparing less reactive metals like Co, Ni, and Cu, so no reaction occurs. As pH approaches
pHR(i), the citrate reduction reaction takes place. However, if pH is higher than pHR(i), the citrate
reduction reaction rate is too high, which makes nuclei quickly grow into large particles before

they are fully capped by citrate ions. Only at pHR(i), the nucleated ultrasmall nanoparticles can

be sufficiently capped by citrate ions to prevent them from growing larger.
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Fig. 4.7. (a) Simple schematic of LDS setup, and (b) schematics of the formation mechanisms of Au, Ag,

Pt, and Pd nanocrystals in LDS process.

The formation of ultrasmall metallic nanoparticles of Au, Ag, Pd, and Pt, is accompanied
by large particles of Ag, Au, Pt, and Pd, respectively (Figs. 4.8-4.11). These large particles
generated outside pHR(i) can be readily separated from the ultrasmall metal nanocrystals formed
in pHR(i) by a simple centrifugation step at 14000 rpm for 20 minutes which is performed by the

end of dialysis step.
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Fig. 4.8. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Ag nanocrystals

synthesized through LDS, (b) UV-Vis absorption spectra of Ag nanocrystals, and (¢) TEM micrographs

and SAED patterns of large particles formed during the synthesis process.
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Fig. 4.9. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Au nanocrystals

synthesized through LDS, (b) UV-Vis absorption spectra of Au nanocrystals, and (¢) TEM micrographs

and SAED patterns of large particles formed during the synthesis process.
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Fig. 4.10. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Pt nanocrystals
synthesized through LDS and (b) TEM micrographs and SAED pattern of large particles formed during

the synthesis process.
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Fig. 4.11. (a) HRTEM images, corresponding SAED pattern, and (1 1 1) lattice fringes of Pd nanocrystals
synthesized through LDS and (b) TEM micrographs and SAED pattern of large particles formed during

the synthesis process.

In case of Ru, we obtained a set of interesting data. Based on the standard reduction
potential data summarized in Table 4.2, Ru has a reduction potential similar to Ag and Pd, so it

was expected to follow the same formation mechanism and form metal ruthenium nanoparticles.
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However, TEM micrographs and SAED data presented in Fig. 4.12 demonstrate the formation of
ruthenium oxide nanoparticles. The reason is most probably because the reduction potential of
citrate complex differs significantly from metal ions. Hence, due to a decrease in reduction

potential, instead of metal ruthenium nanoparticles, ruthenium oxide nanocrystals are formed.

Table 4.2. Standard reduction potentials of metals employed in DLS process [497-499].

Element Half reaction Reduction potential (V)
Ce Ce’* + 3e™ S Cegy -2.34
Lu Lud* 4+ 3e” S Lug, -2.28
Mn Mn?* + 2e” S Mng, -1.18
Zn In** + 2e” S Ing, -0.76
Fe Fe?* + 2e™ S Fey, -0.44
Co Co** + 2e” S Cogy) -0.28
Ni Ni%* + 2e” S Nig, -0.25
H 2H + 2e7 S Hyy, 0.00
Cu Cu** + 27 S Cug, +0.34
Ru Ru* + 3e” S Rug, +0.60
Ag Agt + e” S Agg +0.80
Pd Pd** + 2e” S Pd( +0.92
Pt Pt** + 2e” S Pt +1.19
Au Au*t + 3e” S Aug +1.52
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Fig. 4.12. (a) HRTEM images and (b) corresponding SAED pattern and (1 1 1) lattice fringes of

ruthenium oxide (RuO) nanocrystals synthesized via LDS.

4.5. Synthesis parameters of LDS

4.5.1. Concentration of CuCl;

To examine the effect of CuCl> concentration on the efficiency of Cu nanocrystals
production, the LDS of copper was conducted using 1.0 mM, 1.5 mM, 6.0 mM, and 60.0 mM of
CuCly. The other process parameters including the volume of solution inside the dialysis bag (10

ml), the NaOH concentration of 0.5 M, and the dialysis time of 2 hours were kept the same for all
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the synthesis experiments. After washing the final product, 10 pl of colloidal copper was taken as
well as the same volume of initial solution (before dialysis) to measure the number of copper ions
via inductively coupled plasma mass spectrometry (ICP-MS) and, consequently, calculate the
efficiency of Cu nanocrystal production. According to the data summarized in Table 4.2, for the
case of 60.0 mM, 6.0 mM, and 1.5 mM of CuCly, the final number of copper ions is almost the
same, indicating that the number of Cu nanocrystals is the same. Therefore, 1.5 mM of CuCl; gives
the higher Cu nanocrystals efficiency. However, by decreasing the CuCl, molarity to 1.0 mM, the
production efficiency is reduced. This is probably because there are not enough copper ions inside

the solution which can be reduced and form copper nanoparticles.

Table 4.3. Efficiency of Cu nanocrystals production based on the CuCl; molarity.

Molarity of CuCl, [mM] | Concentration of Cu?* [ppb] | Efficiency (%0)
Initial Final
60.0 14641.24 203.75 1.39
6.0 2018.99 245.02 12.14
15 529.69 197.82 37.35
1.0 353.13 84.03 23.79

4.5.2. Concentration of NaOH

In section 4.2.2 it was mentioned that Cu nanocrystals were synthesized by employing 0.5
M of NaOH inside the reservoir. Here, to evaluate the effect of NaOH concentration on Cu
nanocrystal formation, LDS experiments were conducted employing various NaOH concentration
of 0.005 M, 0.05 M, and 0.1 M. TEM analysis shows that no Cu nanoparticles were formed by

using reservoir of 0.005 M NaOH. The possible reason is that 0.005 M NaOH cannot make the pH
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of solution inside the dialysis bag high enough to reach the range of pHR(Cu), so citrate ions
cannot reduce the copper ions to copper atoms. However, Fig. 4.13 demonstrates that by
employing both reservoir of 0.05 M and 0.1 M NaOH, Cu nanocrystals are formed. Comparing
Figs. 4.13(a) and (b) shows that the mean size of Cu nanocrystals is not the same; 0.1 M NaOH
creates larger Cu nanoparticles. The possible reason is that higher concentration of NaOH
increases the rate of reactions inside the dialysis membrane, so the Cu nuclei grow faster before
they are completely capped by citrate. Hence, higher concentration of NaOH inside the reservoir

increases the mean size of copper nanocrystals.

(a) _— 0.05M NaOH

L - ~_0.1MNaOH

Fig. 4.13. HRTEM micrographs and the corresponding SAED patterns of CuNPs synthesized via LDS

technique with NaOH concentration of (a) 0.05 M and (b) 0.1 M.
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4.5.3. CuCly/citric acid molar ratio

The next parameter considered was the molar ratio of CuCl; to citric acid. Fig. 4.14 shows
the TEM micrographs of sample processed by using the CuClz/citric acid molar ratio of 4/1. The
resultant microstructure includes two distinctive parts: (1) well-separated Cu nanocrystals which
are completely capped by citrate but have larger size comparing the size of Cu nanocrystals
synthesized with CuCl/citric acid molar ratio of 1/1 (see Fig. 4.14(a)), and (2) some larger Cu
oxide particles. It suggests that as the number of citrate ions is less than the Cu ions, a fraction of

Cu ions are oxidized and form large aggregates.

200)—»
| 111

Fig. 4.14. HRTEM micrographs and the corresponding SAED patterns of CuNPs synthesized through

LDS with CuCly/citric acid molar ratio of 4/1.
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Fig. 4.15(a) demonstrates that by changing the CuCly/citric acid molar ratio to 1/4 and
increasing the number of citrate ions comparing the copper ones, ultrasmall copper nanoparticles
with the smaller size are formed. However, the resultant structure is not uniform and as it can be

seen from Fig. 4.15(b), some tubular structures are formed which are carbon-based according to

EDX analysis from excessive citric acid.

300 1=
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Fig. 4.15. HRTEM micrographs, SAED pattern, and EDX analysis of CuNPs synthesized through LDS

method with CuCl./citric acid ratio of 1/4.

4.5.4. Dialysis time

The influence of synthesis time was studied by conducting LDS with different immersion
time of 10 minutes, 20 minutes, 30 minutes, 60 minutes, and 600 minutes. Fig. 4.16 illustrates that

the mean size of copper nanocrystals does not change by varying the dialysis time, indicating that
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the Cu nanocrystal size is insensitive to the dialysis time. This suggests the possibility of upscaling
the production of nanocrystals using this method, in which a large dialysis bag is used to hold a

large volume of solution which would require a prolonged diffusion process.

(a) 10 minutes b : 7 20 minutes

30 minutes (d) 60 minutes

--

600 minutes

Fig. 4.16. HRTEM micrographs of Cu nanocrystals produced by various synthesis time of (a) 10 minutes,

(b) 20 minutes, (c) 30 minutes, (d) 60 minutes, (e) 600 minutes.

4.5.5. Reducing agent

To evaluate the effect of reducing agent the same LDS process as mentioned in section
4.2.1 was conducted but with citric acid being replaced with sodium citrate and ascorbic acid. As
it can be seen from Fig. 4.17, in addition to well-separated Cu nanocrystals, some of the Cu oxide
aggregates exist in the final product. This probably due the temperature at which LDS was

conducted. Previous experiments on synthesis of Au and Ag nanoparticles indicated that sodium
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citrate has the highest reducing power at elevated temperature [500, 472]. Therefore, as the LDS
of Cu nanocrystals is conducted as room temperature, the reduction reaction rate is low, so some
of them are oxidized. Furthermore, the main difference of citric acid and sodium citrate is that
sodium citrate solution is basic. Therefore using sodium citrate narrows down the range of

pHR:(Cu), which results in the formation of higher fraction copper oxide nanoparticles.

Fig. 4.17. HRTEM micrographs of SAED patterns of copper particles synthesized through LDS using (a)

sodium citrate and (b) ascorbic acid as reducing agent.

Fig. 4.17(b) demonstrates that employing ascorbic acid creates microstructures similar to
those from sodium citrate, but the explanation is different. Ascorbic acid becomes slightly unstable
at temperatures higher than refrigeration temperature (4-5 °C) [501], which might lead to poor
reducing power, resulting in the formation of copper oxide nanoparticles. Moreover, the previous

investigations confirm that when ascorbic acid is used as the reducing agent, other chemicals such
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as sodium citrate should be used as the stabilizing agent. Therefore, as ascorbic acid cannot

properly cap all the Cu nanocrystals, some of them stick together and form the big aggregates.

4.5.6. Diffusion rate of OH" ions

Two sets of experiments were conducted to examine the effect of OH" diffusion rate on Cu
nanocrystals production via LDS. In the first experiment, two similar LDS setups were used to
synthesize Cu nanoparticles. The only difference between these two setups is that the solution
inside the one the dialysis membrane was vigorously stirred through the process. Without stirring,
it was found that using 0.05 M NaOH could produce a large amount of smaller Cu nanoparticles
with a uniform size distribution (Fig. 4.18(a)). Due to their further reduced size (~2 nm), these
nanocrystals become fluorescent with an emission wavelength of 410 nm and an excitation
wavelength of 570 nm. Stirring makes the diffusion process proceed at a much higher rate and a
pH gradient cannot be established in the solution. With stirring, ultrasmall Cu.O nanoparticles,
rather than Cu nanoparticles, were generated (see Fig. 4.18(b)). UV-Vis absorption spectrum of
the sample demonstrates an evident peak at 329 nm which is considered as the characteristic peak
of cuprous oxide. Since CuCl, was used in the reactant solution, the formation of Cu20O, instead of
CuO, is attributed to the strong reduction capability of citrate ions at high pH. However, a weak,
broad feature centered at 657 nm is also observed, which is attributed to the cupric oxide (CuO),

possibly presents at the surface of the nanocrystals.
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Fig. 4.18. HRTEM micrographs, SAED patterns and optical properties of CuNPs synthesized through

LDS using 0.05 M NaOH (a) without stirring and (b) with stirring the solution inside the dialysis bag.

125



In the second experiment, a simple liquid diffusion tube was constructed, in which two
ends of a plastic tube filled with the solution of 1.5 mM CuClz and 1.5 mM citric acid were covered
with the dialysis membrane and immersed in the NaOH solution reservoir. It was found that only
ultrasmall Cu.O nanoparticles were generated when 0.05 M NaOH solution was used in the
reservoir regardless of the immersion time. The only difference between the tube setup and the
dialysis bag setup is the ratio of the surface area of the membrane to the volume of the solution, r,
which linearly affects the diffusion rate; the higher the ratio, the higher the reaction rate. r for the
dialysis bag setup is much larger than the tube setup (about 15 times higher in our experiments).
The result indicates that the synthesis product is also controlled by the diffusion rate of OH" ions;
a relatively high diffusion rate is another necessary condition for generation of metal nanocrystals.
Another way to increase the diffusion rate is to use a higher concentration of NaOH solution inside
the reservoir. When 0.5 M NaOH solution was used in the reservoir for the tube setup, Cu

nanoparticles were indeed generated.

Dialysis

membrane MNaOH reservoir

Fig. 4.19. Simple schematic of liquid diffusion tube.

Transport of hydroxide ions in aqueous medium is cause by two distinct mechanisms: (1)
vehicular diffusion in which the center of charge moves together with the center of mass and (2)

structural diffusion creating by movement of the center of charge regardless of the movement of
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the center of mass [502]. The structural diffusion of OH™ ions arises mainly from proton transfer
(PT) between a solvated ion and a neighboring water molecule, which is known as Grotthuss
diffusion, in which a covalent O-H bond breaks while another forms as the topological defect
jumps to a neighboring site in the network [503, 504]. It is well known that the diffusion
coefficients of hydroxide ions are anomalously large due to the added effect of structural diffusion
[505].

The solvated structure is characterized by the coordination of water molecules and their
distance around the central hydroxide oxygen, so based on their distance from the oxygen, they
could be divided into different solvation layers. It was assumed that hydroxide exists in the form
of [HO™---H*---OH] complex with one water molecule [506]. Later, Botti at el. [507] employed
neutron scattering and molecular modelling to correct the coordination number of OH" to 3.9,
referring to the classical Lewis acid evaluation of OH™ having three accepting hydrogen bonds
(HBs) using the three lone atom pairs and one donating bond.

However, further investigations based on density functional theory (DFT) and molecular
dynamics (MD) simulations on a single fully solvated hydroxide ion unveiled that these accepted
HBs are non-localized where the HB electrons form a torus shapes orbital around the hydroxide
oxygen [508]. Hence, OH" can accept four HBs and donate a single weaker HB, causing hyper-
coordination of OH". The latter mechanism predicted a diffusion coefficient closer to the
experimental value.

This diffusion process of OH" ions at the early stage in LDS can be modeled as the semi-
infinite diffusion process with constant surface concentration, which has an error function
analytical solution to the Fick’s second law, with the concentration profile, C(x,t), being expressed

as.:
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Clot) = Co— (G = Co) [1—erf (ﬁm)] (Eq. 4.4)

where x is the distance from the surface, t is the time, C, the surface concentration, C, is the initial
concentration in the solution, D is the diffusivity, and erf stands for error function [509]. By
taking C, = 0, and D = 5 x 107° cm?/s [510] the concentration profiles of OH ions in the
solution from a reservoir containing 0.05 M (C) and 0.5 M (C,) NaOH solution calculated using

equation (4.4) are plotted in Fig. 4.20, respectively.

0.50
—(,5 M NaOH I reservoir
===:(,05 M NaOH in reservoir
=10 mins
E i = 30 mins
2 i — 50 mins
E
= 0.25F — 70 mins
5 11
o
5‘ -
]
0.05p &
0 -
0 Distance (cm) 20
Reservoir * Reactant solution
Membrane

Fig. 4.20. The concentration profile of OH" inside the dialysis bag in various synthesis time intervals,

modeled as the semi-infinite diffusion process with constant surface concentration.
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For better understanding, the concentration profile of OH" inside the dialysis bag was
plotted for both cases of 0.05 M and 0.5 M of NaOH for the case of 70 minutes dialysis (see Fig.
4.21). When 0.05 M NaOH solution is used, a gradual pH gradient makes the change of pH in the
solution at much slower pace, so a large volume of the solution experiences a pH below pHR(Cu)
but above pHo(Cu) for a long time, in which only the oxide precipitation reaction takes place and
ultrasmall oxide nanoparticles form. When 0.5 M NaOH solution is used, a steep pH gradient
makes pHR(Cu) quickly wipe through the whole solution and the solution experience a pH below

pHR(Cu) for a much shorter time, therefore metal nanoparticles form.

(a) Cu nanoparticles ? Cu,0 nanoparticles
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Fig. 4.21. Comparing the concentration profiles of OH" ions employing (a) 0.05 M and (b) 0.5 M NaOH

solution in the reservoir for synthesis time of 70 minutes.
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4.6. Synthesis process of ultrasmall metal oxide nanoparticles

Based on the discussion mentioned in section 4.2.4, Cu20 nanoparticles were synthesized
by stirring the solution inside the dialysis bag. The detailed synthesis process is as follows. First,
a mixture of 1.5 mM of citric acid and 1.5 mM of CuCl; is stir-mixed for 30 mins. Next, the
mixture is transferred to a dialysis bag and the dialysis bag is immersed into a 0.05 M NaOH
solution for 20 minutes at room temperature, keeping the solution inside the bag stirring with a

magnetic stirring bar placed in a plastic cage.

Fig. 4.22. (a) TEM micrographs of FeO nanoparticles produced via LDS process, and (b) corresponding

SAED pattern and (1 1 1) lattice fringes of FeO nanoparticles.
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Then, the collected solution is centrifuged at 14000 rpm for 20 minutes to separate large
precipitates. Consequently, the resultant supernatant is mixed with acetone with a 4:1 (acetone:
supernatant) ratio and centrifuged at 14000 rpm for 20 minutes. Finally, the precipitate is dialysis-
washed in DI water for about 12 hours, while refreshing DI water every 2 hours.

Using this same process for synthesizing Cu20 nanoparticles, other oxide nanoparticles

including FeO, MnO, Zn0O,, and CeO> were produced (Figs. 4.22-4.25).

Fig. 4.23. (a) TEM micrographs of MnO nanoparticles produced via LDS process, and (b) corresponding

SAED pattern and (1 1 1) lattice fringes of MnO nanoparticles.
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These extremely small nanoparticles have a size ranging from 1 nm to 3 nm. Citrate cannot
reduce these more reactive ions into metal, but for some ions with multiple valences such as Cu
and Fe, citrate is still capable to reduce these ions to a lower valence state, as evidenced that Cu?*
to Cu'* and Fe®* to Fe?*. However, in the case of Zn, the resultant nanoparticles were zinc peroxide
(Zn0y) instead of zinc oxide (ZnO). The reason is probably attributed to the decrease in reduction

potential, resulting from citrate complexation.

Fig. 4.24. (a) TEM micrographs of ZnO, nanoparticles produced via LDS process, and (b) corresponding

SAED pattern and (1 1 1) lattice fringes of ZnO; nanoparticles.
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For Ce which is more reactive than the mentioned metals, citrate is not capable of reducing
Ce®" to lower valence states and it was oxidized into Ce**, creating CeO2 nanoparticles.

The chelating effect of citric acid play a critical role for oxide nanoparticle formation,
which significantly slows down the precipitation reaction. After the nucleation of the precipitates
is triggered, the growth process is so slow that the size of oxide nanoparticles is still few-

nanometers large even after tens of minutes.

(220)—
(111)—

B11)— g

Fig. 4.25. (a) TEM micrographs of CeO, nanoparticles produced via LDS process, and (b) corresponding

(200)—

SAED pattern and (1 1 1) lattice fringes of CeO. nanoparticles.
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4.7. Synthesis of lutetium nanoparticles

In an attempt to synthesize lutetium (Lu) oxide nanoparticles using LDS, to our surprise,

metal Lu nanoparticles instead formed.

Fig. 4.26. (a) TEM micrographs of Lu nanocrystals produced via LDS process, and (b) corresponding

SAED pattern and (1 1 1) lattice fringes of Lu nanocrystals.
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Fig. 4.26 (b) shows lattice fringe and SAED pattern of these nanoparticles. Since Lu is
relatively reactive metal, Lu oxide was expected. Based on the International Centre for Diffraction
Data (ICDD) database, only two lutetium compounds exist including metal lutetium with
hexagonal structure and lutetium oxide (Lu2Oz) with cubic structure [511]. Recently, Kaminaga et
al. [512] reported lutetium(I1) oxide (LuO) with tetragonal structure. However, the SAED pattern
from these nanoparticles does not match the patterns from these two oxides. Also, the EDX
analysis, as shown in Fig. 4.27, exhibits the low content of oxygen for Lu nanoparticles, suggesting

that the synthesized nanoparticles might be metal Lu nanoparticles.
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Fig. 4.27. EDX analysis of Lu nanocrystals synthesized via LDS.

The SAED analysis shown in Fig. 4.28 indicates that the diffraction rings of synthesized
LuNPs completely match with the diffraction pattern of an FCC structure, shown in Table 4.4. Lu
is a HCP metal; no FCC Lu has ever been reported. From the measured plane spacings, we

calculated the lattice parameter (a) of LUNPs using the equation below:
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a

where d is d-spacing and 4, k, and [ are the Miller indices, and the lattice parameter was found to

be about 3.73 A.

Fig. 4.28. SAED pattern of Lu nanocrystals synthesized through 3 minutes of LDS.

Table 4.4. The measured d-spacing and diffraction planes corresponding to Fig. 4.28.

Ring number | Measured 2R (1/nm) | Measured d-spacing (A) Plane
1 9.28 2.16 (111)
2 10.78 1.86 (200)
3 15.22 1.31 (220)
4 17.65 1.13 (311)

These results strongly suggest that when Lu particle size goes down to a few nanometers,
FCC structure will be favored over HCP. This is also shown for Co nanoparticles, where
synthesized ultrasmall Co nanoparticles by LDS have an FCC structure.

The size effect of nanoparticle crystal structure is displayed when increasing the synthesis

time from 3 minutes to 6 minutes. For the sample with 6 minutes dialysis time, two bright points
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appear in the SAED pattern. These two points match with the diffraction pattern of plane (1 0 1)
of Lu HCP structure (see Fig. 4.29). The possible reason is that with increase of synthesis time

larger particles form, and these large particles have HCP structure.

Fig. 4.29. SAED pattern of Lu nanocrystals synthesized through 6 minutes of LDS.
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5. PRELIMINARY BIOMEDICAL STUDIES OF ULTRASMALL COPPER
NANOPARTICLES
5.1. Introduction

The field of MNP research has been active as seen by the broad spectrum of extensive
research each year since mid-1990s [513, 514]. They have covered various applications of MNPs
especially the bio-related fields such as imaging and therapeutic capabilities of different MNPs
[515-517]. One important biomedical application of MNPs is being used as nanocarriers for
radioactive isotopes to construct imaging and radiation therapy agents. For imaging purpose, this
approach provides a potential platform to generate multimodal imaging agents by combining
molecular imaging techniques like single-photon emission computed tomography (SPECT) or
positron emission tomography (PET) with other imaging modalities such as computed tomography
(CT), magnetic resonance imaging (MRI), and optical imaging. For therapeutic purpose, the main
driving force for the research is the high payload of radioisotopes, which is highly desired in
radiation therapy.

For a theranostic application, the MNPs should display i) in vivo biocompatibility, ii)
designed tissue distribution profile featuring high accumulation at their site of action but minimal
uptake in non-target organs, iii) controlled release of the drugs or targeted delivery of therapeutic
radiation at the intended sites of action, and finally, iv) desired in vivo stability. Moreover, if the
MNPs undergo metabolism, their metabolites or fragments should not elicit acute or chronic
toxicity and should be readily eliminated from the body. Design of a successful MNP nanoplatform
for theranostic applications, which includes structural (MNP core and/or surface) modifications at
multiple stages during the MNP synthesis, is essential to achieve a favorable balance of all these

properties so as to accomplish the ultimate goal of diagnostic and/or therapeutic actions at the
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diseased sites with minimal toxicity. Hence, in this chapter we tried to evaluate stability and renal
clearability of Cu nanocrystals prior to labeling with various radioisotopes for theranostic

applications.

5.2. stability of Cu nanocrystals in phosphate-buffered saline and fatal bovine serum

Agglomeration and dissociation of MNPs within biological solutions is a major concern in
their use in many biomedical applications [518]. To evaluate the stability of Cu nanoparticles, they
are mixed with phosphate-buffered saline (PBS) which is considered as a buffer solution used in
biological research, and also fatal bovine serum (FBS) which is the most commonly used serum-
supplement for the in vitro cell culture. The mixture was analyzed using fast protein liquid
chromatography (FPLC) with size exclusion column. In this technique, molecules are separated
by differences in size as they pass through a resin packed in a column. The resin consists of a
porous matrix of spherical particles (beads) that lack reactivity and adsorptive properties. After
sample has entered the column, molecules larger than the pores are unable to diffuse into the beads,
so they elute first. Molecules that range in size between the very big and very small can penetrate
the pores to varying degrees based on their size. If a molecule is smaller than the smallest of the
pores in the resin, it will be able to enter the total pore volume. Molecules that enter the total pore
volume are eluted last.

About 100 pl of mixture of colloidal Cu and PBS passed through FPLC size exclusion
column. As it can be seen from Fig. 5.1, there is a sharp peak at about 21 minutes which is related
to Cu nanocrystals, only large size molecules (particles) present. Next, the same volume of copper
nanoparticles was added to the PBS with 50% (v/v) of FBS to check the stability of Cu nanocrystal

inside the cell culture medium. The result is demonstrated in Fig. 5.1(b). For comparison, analysis
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of FBS was conducted, as shown in Fig. 5.1(b), where the peak was related to the proteins inside

FBS. Comparing Figs. 5.1(b) and (c) shows that there is a distinctive sharp peak at about 21

minutes which does not appear in the pure FBS sample. This peak is the same one appeared in Fig.

5.1(a), indicating that Cu nanoparticles did not disintegrated in FBS medium.

To confirm the existence of Cu nanoparticles inside PBS and FBS, the mixture of Cu

nanoparticles with PBS and FBS was examined using HRTEM (Fig. 5.2). HRTEM micrographs

clearly show Cu nanocrystals, confirming that Cu nanocrystals are stable inside PBS and FBS

solutions.
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Fig. 5.1. FPLC analysis of (a) Cu nanocrystals incubated in PBS, (b) PBS with 50% (v/v) of FBS, and (c)

Cu nanocrystals incubated in PBS with 50% (v/v) of FBS.
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g. 5.2 EM icrgrahs of C nnocrystals suspended in (a) PBS and (b) FBS.
5.3. Renal clearance of Cu nanocrystals

Renal clearance of Cu nanocrystals was evaluated by collecting and measuring Cu
concentration in urines from three mice to which Cu nanocrystal suspension was intravenously
injected. It is well established that the body rids itself of Cu ions by collecting them in the liver
and excreting them through the liver’s bile. However, Cu nanoparticles can only be eliminated
through urine. Therefore, if there is the presence of Cu in urine, the only source is Cu nanoparticles.

First, three injection doses of colloidal copper were prepared by mixing 50 pl of Cu
nanocrystals with Cu concentration of about 115 ppb with 100 pl of sodium chloride solution,
making the total injection volume of 150 pl. Three 6-8 weeks old male mice (29.5 g, 31.7 g, and
36.6 g) were obtained from the University of Texas Southwestern Medical Center (UTSW) core

breeding facility.
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Fig. 5.3. Image of tail injection of 150 pl of Cu nanocrystals suspended sodium chloride solution.

All animal care and experimental procedures were approved by the University of Texas
Southwestern Medical Center Institutional Animal Care and Use Committee in compliance with
the United States Public Health Service Standards and National Institutes of Health guidelines. As
it is demonstrated in Fig. 5.3, the prepared colloidal copper doses were intravenously injected into
the mice and they were housed inside a metabolic cage at 22 + 2 °C, 50-60% relative humidity,
under a 12-hour light:12-hour dark cycle, for 48 hours. The mice were provided free access to tap
water and commercialized food (Jae Il Chow, Korea).

Their urine was collected at different time points of 3 hours, 7 hours, 10 hours, 20 hours,
26 hours, 30 hours, and 44 hours after injection. Each urine sample was separately heated at about
100 °C using a silicone oil bath, then dissolved by about 300 ul of aqua regia. Next, the acid
concentration was decreased by adding 3.7 ml of 3% nitric acid to prepare the samples for ICP-
MS analysis. Table 5.1 summarized the concentration of copper ions detected in collected urine
sample. The cumulative number of Cu ions depicted in Fig. 5.4 indicates that after 48 hours after
injection, about 67% of copper ions were excreted the body through urine, confirming the renal

clearance property of Cu nanocrystals.

142



Table 5.1. ICP-MS data of urine samples collected at different time intervals.

Sample name | Concentration (ppb) | Mass of ions (g) | Mole (#) | Cu ions (#)

Injected dose 114.87 3.45E-06 5.42E-08 | 3.26E+16
3h 112.20 4.49E-07 7.06E-09 | 4.25E+15
7h 85.92 3.44E-07 5.41E-09 | 3.26E+15
10h 44.86 1.79E-07 2.82E-09 | 1.70E+15
20 h 160.45 6.42E-07 1.01E-08 | 6.08E+15
26 h 35.09 1.40E-07 2.21E-09 | 1.33E+15
30h 38.76 1.55E-07 2.44E-09 | 147E+15
44 h 103.21 4.13E-07 6.50E-09 | 3.91E+15
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Fig. 5.4. Renal clearance efficiency of Cu nanocrystals injected into 3 mice after 48 hours.

The existence of copper nanoparticles in urine was further verified by HRTEM inspection.
About 10 pl of collected urine sample was dropped on a 300-mesh Au TEM grid covered with a
lacey carbon film and dried overnight. The EDX analysis (Fig. 5.5) spotted about 0.03 W% of

copper in urine sample.
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Fig. 5.5. EDX analysis of urine sample collected from metabolic cage studies of Cu nanocrystals.

This trace amount of Cu detected in urine is a direct evidence of the existence of Cu which

can only come from the injected Cu nanocrystals. TEM micrographs of urine sample, shown in

Fig. 5.6, show nanocrystals which may be cleared Cu nanocrystals.

Fig. 5.6. TEM micrographs of urine samples collected from metabolic cage studies of Cu nanocrystals in

different magnifications. The dashed circles indicate the copper nanocrystals existing inside urine.
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6. CONCLUSIONS

We developed a general synthesis technique, called liquid diffusion synthesis (LDS), to

produce transition metals and lanthanides nanocrystals with the mean size of 1-5 nm.
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Fig. 6.1. Whole picture of transition metal and lanthanide nanocrystals synthesized via LDS.

In LDS, simply immersing a dialysis bag containing an aqueous solution of a metal salt
mixed with citric acid in a NaOH solution reservoir for certain time, nanocrystals would form
inside the dialysis bag. Ultrasmall nanocrystals of Co, Ni, Cu, Au, Ag, Pd, Pt, Lu, MnO, RuOx,
Cu20, FeO, ZnO2, and CeO: have been synthesized using LDS.

The mechanistic study revealed the nanoparticle formation mechanism. The dialysis
membrane forms a diffusion barrier for OH" ions through membrane, creating a pH gradient inside
the solution. There exists a pH range for each of these metal ions in which metal ions are reduced
by citrate ions into metal atoms that nucleate and form ultrasmall nanocrystals. This pH range is
referred as pHR((i) where i represents different metal elements.

In case of Cu, Co, and Ni, during the synthesis process:
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1. if pHo < pH < pHR((i) — large metal oxide nanoparticles are created

2. if pH = pHR(i) — ultrasmall metal nanoparticles are formed

3. If pH > pHR(i) — combination of large metal oxide nanoparticles and ultrasmall metal
nanoparticles are created

In case of Ag, Au, Pt, and Pd:

1. If pHo < pH < pHR((i) — no reaction happens
2. If pH = pHR((i) — ultrasmall metal nanoparticles are formed
3. If pH > pHR((i) — large metal nanoparticles are created

Using Cu as a model system, a systematic investigation was conducted to obtain the effect
of synthesis parameters on the nanocrystal formation. Higher concentration of NaOH in reservoir
increases the mean size of nanocrystals. The average size of nanocrystals is independent of
immersion time. Diffusion process of OH" through dialysis determine whether Cu or Cu20 are
produced. Using stirring to drastically increase OH" diffusion rate leads to the formation of Cu20.
However, very slow diffusion rate caused by reducing NaOH concentration in the reservoir also
leads to the formation of Cu20.

RuOg, instead of metal Ru, nanocrystals are unexpectedly produced using the same LDS
for synthesizing metal nanocrystals. The possible reason is that the reduction potential of citrate
complex differs significantly from metal ions.

Also, metal Lu nanocrystals are surprisingly generated. Moreover, these Lu nanocrystals
have a FCC crystal structure. Lu is a HCP metal, and FCC Lu has never been reported. The results
strongly suggest that when Lu particle size goes down to a few nanometers, FCC structure will be
favored over HCP. This is also shown for Co nanoparticles, where synthesized ultrasmall Co (a

HCP metal) nanoparticles by LDS have an FCC structure.
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Cu nanocrystals synthesized using LDS have preliminarily been tested for its in vivo
biomedical applications. It was shown that Cu nanocrystals are stable inside phosphate-buffered
saline (PBS) and fatal bovine serum (FBS). The renal clearance of Cu nanocrystals was tested by
intravenously injecting nanocrystal suspension into normal mice and measuring the Cu
concentration in collected urine. It was found that renal clearance efficiency of the nanocrystals

was about 67% after 48 hours of the injection.
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