
 

 

 

Towards radiolabeled tracers for the Cs-rich 

microparticles released from the FDNPP 

accident for in vivo studies 

TRACERS IN MOLECULAR IMAGING 

Radiopharmaceutical Research at the University of Helsinki 

 

 

 

 

 

 

Master’s Programme in Chemistry and Molecular Sciences 

Radiochemistry study track 

Master's thesis 

 

Author: 

Patricia Valdés Portas 

 

Supervisor(s): 

Mirkka Sarparanta 

Surachet Imlimthan 

 

05.06.2024 

Helsinki 

 



Abstract 

Faculty: Kumpula (Faculty of Science) 

Degree programme: Master’s Programme in Chemistry and Molecular Sciences 

Study track: Chemistry and Molecular Sciences 

Author: Patricia Valdés Portas 

Title: Towards radiolabeled tracers for the Cs-rich microparticles released from the FDNPP 

accident for in vivo studies 

Level: Master’s 

Month and year: May 2024 

Number of pages: 130 

Keywords: cesium-rich microparticles (CsMPs), borosilicates, radiolabeling, positron 

emission tomography (PET) 

Supervisor or supervisors: Mirkka Sarparanta, Surachet Imlimthan 

Where deposited: this thesis is archived in the Digital Repository of the University of 

Helsinki/E-thesis. 

Additional information: - 

Abstract: The Fukushima-Daiichi Nuclear Power Plant (FNDPP) accident on March 

11, 2011, resulted in the release of radioactive cesium-rich microparticles (CsMPs), 

which can travel long distances thanks to their small size and light weight. Since the 

long-term radiobiological health-effects and accumulated radiation dose of inhaled 

CsMPs remain unknown, this thesis proposes a model for tracking synthetic 44-μm 

and 2.2-μm borosilicate microparticles, which resemble the SiO2 composition and 

spherical morphology of CsMPs, under Positron Emission Tomography (PET) by 

radiolabeling them with positron-emitting radionuclides. The use of 44-μm 

microparticles was discontinued early on as the size of the 2.2-μm particles was more 

representative of the more common type A CsMPs (0.1-10 μm).  Three different 

radiolabeling approaches were pursued along this project, two directed at 68Ga-

labeling,  and a third one at 18F-fluorination. The first and main approach was based 

on the surface functionalization of the particles with (3-aminopropyl)triethoxysilane 

(APTES) and a suitable chelator for the coordination of [68Ga]Ga3+ ions, like 2,2′-(7-

(1-carboxy-4-((4-isothiocyanato-benzyl)-amino)-4-oxobutyl)-1,4,7-triazonane-1,4-

diyl)diacetic acid (p-NCS-Bn-NODAGA) or desferrioxamine (DFO). The second 

approach involved surface functionalization with ethanolamine, polyethylene glycol 

(PEG) and DFO.  The third approach was based on the natural ability of [18F]F- to 

substitute silanol groups present on the surface of the borosilicates. Surface 



functionalization with APTES was confirmed using X-ray photoelectron spectroscopy 

(XPS), zeta potential and elemental analysis, as opposed to functionalization with 

PEG-ethanolamine. Scanning electron microscopy (SEM) images showed no 

significant morphological alterations upon functionalization. 68Ga-labeling of the 

NODAGA-APTES functionalized 2.2-μm borosilicates was achieved with a mean 

radiochemical yield (RCY) and radiochemical purity (RCP) of 65 ± 5% and 94 ± 2%, 

respectively. 68Ga-labeling of DFO-APTES and DFO-PEG-ethanolamine 

functionalized 2.2-μm borosilicates was not successful (RCY below 15% and RCP of 

about 50%). 18F-fluorination was not successful due to the high tendency of [18F]F-Si 

bonds to undergo hydrolysis in aqueous media. The stability of the final [68Ga]Ga-

NODAGA-APTES product over a 0-3 hour time period was higher than 90% in five 

different simulated physiological conditions. The results of this project serve as a 

promising prospect for the design of radiotracers resembling CsMPs for PET tracking 

upon in vivo administration. 
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1 Introduction 

In March 2011, the consequences of a tsunami originated at the north-east coast of 

Japan lead to the failure of the backup generators for the cooling of four nuclear 

reactors of the Fukushima Daiichi Nuclear Power Plant (FDNPP). This resulted in a 

tragic series of explosions, where large amounts of radioactive contaminants were 

released into the atmosphere and  dispersed several kilometers away from the nuclear 

site.1  

Due to the high temperatures associated with the meltdown of the reactors, 

cesium-134 and cesium-137 reacted with concrete and associated with SiO2, forming 

micron sized cesium-rich microparticles (CsMPs) that spread up to 200 km away from 

the Fukushima prefecture. The most predominant type A CsMPs are of about 0.1 - 10 

μm in size with a spherical morphology, although larger particles have also been 

reported. The relatively long half-life of radioactive cesium raises important long-term 

health concerns regarding about the fate of emitted CsMPs.2–4   

The small size of CsMPs (0.1 - 10 μm) poses a significant inhalation risk (Figure 

1, A). While larger particles can be expelled through mucociliary clearance, small 

particles of about 1 - 5 μm can penetrate the alveoli and enter the blood stream, 

potentially reaching the brain, the gastrointestinal track, and other organs. The exact 

distribution and accumulation of CsMPs along the human body has not been precisely 

assessed yet, as their overall low activity of 10-2-102 Bq/particle limits their direct 

observation using nuclear medicine imaging techniques. Furthermore, the dynamics 

of radiocesium cannot be directly studied in animals because of their large tissue 

thickness, which prevents the observation of  β rays emitted by cesium-134 and cesium-

137.5–8 

Radiolabeling CsMPs with positron emitting could provide precise tracking of their 

distribution along the body under Positron Emission Tomography (PET). PET allows 

for a real time follow-up of positron emitting radiotracers upon in vivo administration 

(Figure 1, B). However, experimentation with real CsMPs is limited because of the 

difficulties associated with their obtention and isolation. Synthetic borosilicate 

microparticles can be used as surrogates thanks to their spherical morphology, size 

similarity and SiO2-based matrix, resembling that of CsMPs. Their evaluation under 

PET can therefore help determine the potential accumulation of CsMPs along the body. 
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If this factor was to be precisely assessed, estimation of the radiobiological health 

related to the inhalation and accumulated dose of CsMPs could allow for the 

application of preventive policies towards the affected population.  

Radiometals are of great interest in radiochemistry due to their wide versatility for 

diagnostic and therapeutic applications. Gallium-68 (half-life of 67.629(24) minutes) 

is one of the most widely used radiometals for PET imaging, and it is routinely 

produced in many radiopharmaceutical laboratories. The relatively easy accessibility 

of gallium-68 makes it a nice candidate for the design of radiotracers used in PET 

imaging. One of the main limitations related to the use of gallium-68 is its relatively 

short half-life, which limits its use for extended in vivo tracking studies. Alternative 

longer lived radionuclides like zirconium-89, with a half-life of 78.41(12) hours are 

more interesting for advanced studies. Chelators derived from the NOTA – 2,2′,2”-

(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) moiety, like  2,2′-(7-(1-car-

boxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diace-

tic acid (p-SCN-Bn-NODAGA) are more the most suitable for the coordination of 

[68Ga]Ga3+ ions thanks the compatible size of the cavity with the ionic radius. 

Desferrioxamine (DFO) derived chelators can also coordinate [68Ga]Ga3+, but are 

better suited for [89Zr]Zr4+ ions.9–11  

Grafting of a suitable chelator capable of coordinating [68Ga]Ga3+ ions depends on 

the chemistry between the surface of the synthetic microparticles and the reactive 

group of the chelator moiety. Grafting an appropriate chelator requires prior 

functionalization of the particles for its conjugation through appropriate reactive 

groups. However, excessive surface functionalization must be avoided in order to 

preserver the natural surface properties of the synthetic microparticles.  

The use of APTES as a functionalization agent in glass surfaces has been 

extensively reviewed for a wide variety of applications. Grafting of APTES is based on 

a silanization reaction with silanol groups present at the surface of borosilicates. 

APTES branches expose free amine ends on the surface of the microparticles. Chelator 

moieties with free isothiocyanate groups can react with these free amine ends forming 

a thiourea bond. The use of longer functionalizing units composed of polyethylene 

glycol (PEG) polymer conjugated to ethanolamine molecules was proved an effective 

method for the surface functionalization of solid glass supports in the past. The 
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distance provided by the use of a flexible PEG linker allows functionalized supports to 

react with other molecules in their native way.12–14 

The use of alternative PET radionuclides like fluorine-18 has also been widely 

reported throughout the years. Substitution of hydroxyl groups exposed by silanol-

containing molecules with [18F]F- has been reported, although the stability of the 

[18F]F-Si bond is often compromised by its tendency to undergo hydrolysis in aqueous 

media.15–17 

The aim of this study was to design and optimize an appropriate functionalization 

method for radiolabeling of synthetic borosilicate particles resembling CsMPs released 

from the FDNPP. Beyond the scope of this thesis, the end goal of this project is to 

determine the potential radiobiological health effects associated with the inhalation of 

CsMPs to develop appropriate prevention measures.  

Three different approaches were evaluated throughout the extent of this project, 

two of them directed for 68Ga-labeling and a third one based on 18F-fluorination. 

Initially, amine-end surface functionalization was pursued using (3-

aminopropyl)triethoxysilane (APTES), followed by the conjugation to 2,2′-(7-(1-car-

boxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diace-

tic acid (p-NCS-Bn-NODAGA) or 1-(4-Isothiocyanatophenyl)-3-[6,17-dihydroxy-

7,10,18,21-tetra-oxo-27-(N-acetylhydroxylamino)- 6,11,17, 22- tetraazaheptaeicosine] 

thiourea (p-SCN-Bn-DFO) derived chelators, suitable for coordingating [68Ga]Ga3+ 

ions. The second method was based on an alternative functionalization based on 

building of PEG-Ethanolamine moieties and conjugation with desferrioxamine (DFO) 

mesylate salt. The final approach, oriented to the direct 18F-fluorination of the silica 

microparticles was based on the natural ability of [18F]F- to substitute surface silanol 

groups. A general guide for the pursued experiments is provided in the graphical 

abstract shown in Figure 1, C. 

Characterization of the surface functionalization of the particles was evaluated 

using Fourier transform infrared spectroscopy (FTIR), zeta potential, 

thermogravimetric analysis (TGA),  elemental analysis, scanning electron microscopy 

(SEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) 

and elastic recoil detection analysis (ERDA). Radiolabeling was carried out with 

gallium-68 and fluorine-18, and experimental conditions were optimized based on 
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acquired radiochemical yield (RCY), radioactivity concentration, specific activity (As) 

and radiochemical purity (RCP) results. Stability assays were performed over a 0-3 

hour time period in five different simulated physiological media, which were 1 x 

phosphate buffered saline (PBS), 50% human plasma in 1 × PBS, 0.2 mM iron chloride 

(FeCl3), 2 mM ethylenediaminetetraacetic acid (EDTA) and simulated lung fluid (SLF).  

 

Figure 1. Graphical abstract representing the overall composition of this thesis. (A) Inhalation of CsMPs, (B) 
Tracking of radiolabeled microparticles under Positron Emission Tomography (PET), (C) Different radiolabeling 
approaches followed throughout the extent of this study. 
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2 Literature review 

2.1 Fukushima-Daiichi Nuclear Power Plant (FDNPP) accident 

The FDNPP accident led to the emission of copious amounts of radioactive 

contaminants that spread widely outside the Fukushima prefecture potentially 

affecting the surrounding population and biota. 

2.1.1 Disaster timeline and overview 

On March 11, 2011, a magnitude 9.0 and 3-minute duration earthquake centered 

130 km away from Sendai, in the north-east coast of Japan, originated a tsunami that 

flooded 650 km2 of the country and took more than 19 500 lives.18 The tsunami run 

over the coastal FDNPP installations, disabling its back-up generators responsible for 

the cooling of 4 out of 6 nuclear reactors of the facility, and subsequently giving place 

to Unit 1, 3 and 4 explosions on March 12, 14 and 15 respectively. The events resulted 

in the partial meltdown of 3 reactors and the release of 5.2 × 1017 Bq in radioactive 

contaminants. The superficial contamination of the area and the waste treatment of all 

four reactors as well as their contaminated cooling water is yet to be resolved. However, 

on-site actions are limited due to the very high radiation levels surrounding the power 

plant area.1 

The FDNPP was initially designed taking into consideration the likelihood of a 

10-meter-high tsunami, nevertheless the waves reaching the facility that day were of 

about 15 meters high. The International Atomic Energy Agency (IAEA) had previously 

called out for preparation against more dramatic scenarios, years prior the disaster, 

but the power plant continued operating normally under the supervision of the 

Japanese Nuclear and Industrial Safety Agency (NISA).18 

While the earthquake did not cause any damage to the reactors, six power 

supplies were destroyed, which resulted in the shutdown of units 1-3 and subsequent 

activation of their emergency cooling protocols. Once the tsunami run over the 

installations, both auxiliary cooling and condenser circuit pumps were disabled, as well 

as the electrical system and batteries below some of the buildings, emergency 

reparations being not possible due to the consequences of the tsunami over the roads 

surrounding the facility. Failure of the cooling systems resulted in the meltdown of 
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reactors 1-3 which ultimately produced the rupture of the pressure vessels and led to 

the subsequent hydrogen explosions of units 1, 3 and 4 on the following days.18 

On the aftermath of the accident, the Tokyo Electric Power Company Holdings 

(TEPCO), responsible for the management of the nuclear facility, proposed a 

management plan for the treatment of the reactors with focus on the decommissioning 

of units 1 to 6, the removal and relocation of spent fuel, and the decontamination of the 

water used as a fuel coolant when the accident took place. Economical compensation 

to citizens and business was provided by TEPCO, which received its funding from the 

Japanese government and power companies over the years, and has also been 

dedicated to the treatment of the power plant and contaminated areas.18 

2.1.2 Cesium-rich microparticles (CsMPs) 

Cesium radioisotopes obtained as fission products were liberated from the UO2 

reactor fuel after its temperature rose up to about 2200 K. The amount of released 

cesium-134 and cesium-137 was of 1015-1016 Bq.4 Radiocesium-based contaminants 

were immediately considered of high importance due to their volatility and high 

dispersion range, soil-assimilation capabilities, and long half-lives with respect to the 

rest of emitted radionuclides (30.07(3) and 2.0648(10) years from cesium-137 and 

cesium-134, respectively).19 Insoluble cesium-rich microparticles (CsMPs) rapidly 

distributed along land and sea, through air convection transport, as well as dry and wet 

deposition mechanisms. Upon atmospheric release, the amount of radioactivity that 

reached the sea was much higher than that which remained on land, of 12-15 PBq in 

cesium-137 measured along the Pacific Ocean, and 3-6 PBq throughout the terrain.3 

Radioactive cesium can be found in contaminated areas either as soluble CsI or 

CsOH readily formed upon fission that can readily adsorb onto clays, as sparingly 

soluble Cesium-rich microparticles (CsMPs) of very high specific activity (about 1011 

Bq/g) or embedded into larger particles in lower amounts (400 μm diameter with 

approximately 107 Bq/g).4,20 

Ultimately, a suggested division between these two types of particles has 

recently been made, dividing the forementioned in two main classes called type A and 

type B CsMPs. The more commonly observed type A CsMPs are smaller and spherical-

shaped, with particle diameters ranging between 0.1-10 μm, expected to come from 
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units 2 and 3 based on their 134Cs/137Cs activity ratio. On the other hand, type B CsMPs 

are larger, of about 50-400 μm, and of diverse shapes not necessarily spherical, in this 

case suspected to be originated from the initial Unit 1 explosion. These are more porous 

in general, with 3.7–34% to 0.78–53% measured porosity in type A versus B 

respectively, and it has been suggested that, even their composition with respect to type 

A CsMPs is very similar, their elemental distribution is not homogeneous.3 

As previously mentioned, the smaller type A particles present radioactivity 

values up to 104 Bq/mm3 higher than those larger from type B, in which case the 

activity is also unevenly distributed due to their morphology. Nevertheless, the general 

activity emitted from a single type B particle (101-104 Bq/particle) is higher than one 

from type A (10-2-102 Bq/particle), due to their larger size and subsequent higher 

content in radiocesium.3 

CsMPs are thought to be formed upon condensation of fission-born 

[134+137Cs]CsOH and [134+137Cs]Cs Cl products, and Zn/Fe oxide nanoparticle 

aggregates, into SiO2 between reactor fuel and concrete. The accumulation of molten 

fuel in the reactors lead to the rupture of the reactor pressure vessels (RPVs), which 

put fuel in contact with the surface underlying the RPVs. CsMPs were generated in 

Units 1, 2 and 3 from molten core and concrete interactions (MCCIs). 

Most CsMPs have been found to be of a spherical shape and composed of 1.0-

1.9% cesium content (percentage by weight) present as Cs2O. They are also able of 

encapsulating heavier radioactive uranium traces, which also associates them with the 

emission of alpha (α) radiation.1 Since CsMPs are essentially glass microparticles with 

embeddedcesium-134 and cesium-137, their solubility rates are somehow poor as seen 

for silicate-based glasses, which makes them prone to remaining in the environment 

and biological organisms over decades.2 

Apart from their Cs content and SiO2-based structure, CsMPs present a wide 

variety of constituent elements, which are dissolved in the glass matrix. Among these 

are Fe and Mn, components of the RPVs; Zn, constituent continuously added to the 

water of the reactor to form a barrier layer that prevented radioactive corrosion; Rb, 

Pb, Sn as these are common fission products, with the addition of Sn also incorporated 

from the melting of the Zr/Sn alloy of the fuel rods that were filled with the fuel pellets; 

Cl, present in the seawater that impacted the prefecture; W, as an impurity of the Zr/Sn 
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alloy rods; and uranium, an important fuel constituent that is present in CsMPs in trace 

amounts.1,21 

Uranium was incorporated into CsMPs as the presence of O within the reaction 

fuel allows for the oxidation of uranium, which facilitates its volatility at lower 

temperatures. Studies regarding 235U/238U ratios of studied CsMPs have proved that 

these remain homogeneous among type A CsMPs, indicating that they were likely 

incorporated from the formation of melted fuel in the RPVs.1,21 The incorporation of U 

CsMPs may be very significant as it also makes them an α radiation hazard of extremely 

long half-lives (7.04 × 108 years and 4.5 × 109 years for uranium-235 and uranium-

238)19  that otherwise would not have been distributed as widely.2 However, the 

possibility of CsMPs effectively emitting α radiation is reduced by the low penetrating 

range of α particles in the surrounding borosilicate matrix.  

The physicochemical properties, activity, and size discrepancies between CsMP 

types has been explained based on their formation mechanisms, as type A particles 

were likely formed through condensation of gas species, mainly SiO vapor that was able 

to incorporate higher volatile cesium-134 and cesium-137 amounts, whereas type B 

were born from the solidification of MCCIs composites. Further examination shows 

that spherical particles among those of type B seem to belong to an intermediate 

situation between both classes. It has been suggested that in their case, the release of 

forementioned volatile radioactive compounds was prevented through a much faster 

cooling rate, which in turn resulted in higher activity concentration values than those 

of typical type B CsMPs.3 

2.1.3 Consequences of the FDNPP accident  

Citizens within a 20 km radius of the site were evacuated March 11-13 upon 

nuclear emergency state declaration from the Japanese Government. Such fast 

measure resulted in zero recorded deaths directly caused by the nuclear accident, the 

initial tsunami being the principal responsible of the counted fatalities. Nevertheless, 

the high volatility of produced CsMPs involved their high distribution throughout the 

area. The presence of CsMPs several kilometers away from the facility has been 

demonstrated through superficial soil measurements. CsMPs have also been detected 

on air filters, as far as to reaching the capital Tokyo, which is 230 km away from the 

site, suggesting their distribution through air mass convection mechanisms.4  
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Transport of CsMPs has been drawn upon nine radioactive plumes, recorded in 

Figure 2, whereas deposition took place due to precipitation events. Soil sample 

analytical studies have proven that the presence of CsMPs is mainly focused northwest 

and southwest of the FDNPP. Based on the quantification of the radioactive fraction of 

CsMPs, it has been shown that these were likely deposited outside a 30 km radius from 

the facility whereas soluble species containing cesium-134 and cesium-137 remained 

in the nearby soil. CsMPs are still suspected to undergo further transport over the years 

due to mechanisms like saltation or suspension.4 

 

Figure 2. Distribution and trajectory maps of emitted CsMPs and major transportation plumes, respectively. 
Particle amount and radioactivity values of CsMPs by regions is represented coloured circles as according to 
legend. Two 30 and 60 km circumference can be distinguished in white. Plumes are indicated with an arrow as 
Plume(P) number (Day in March 2011/time of start-Day in March 2011/end time). Reprinted with permission from 
“Abundance and distribution of radioactive cesium-rich microparticles released from the Fukushima Daiichi Nuclear 
Power Plant into the environment” by R. Ikehara, et al. © 2019 Elsevier Ltd .4 

The small size of the CsMPs poses them as an inhalation threat as they can easily 

penetrate into the airways of organisms, exposing tissue and fluids to beta and gamma, 

and even to α radiation in the case the particles have incorporated U traces onto their 
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structure.2 Their wide distribution outside the Fukushima prefecture expands the issue 

to a much greater area than that initially evaluated, and subsequently extending the 

problem to a larger number of exposed populations. The exact radiobiological health 

effects related to the inhalation of CsMPs remain unknown but still represent an 

important area of study based on the long half-lives of cesium radioisotopes. 

Several studies have approached the mortality and morbidity effects related to 

exposure of radionuclides. These are mainly based on Linear Non Threshold (LNT) 

human models based on the assumption that the probabilities of radionuclide 

disintegration and cell transformation are equivalent, and that those transformed cells 

present, at the same time, equal probability of developing into cancer. In the FDNPP 

accident, about 2200 people received a radiation dose of 100–500 mSv, which is an 

alarming number considering that historically, 100 mSv has been the referential dose 

for the development of significant cancer risks. Even though no deaths were directly 

associated to the nuclear accident, it has been estimated that about 730–1260 fatalities 

were related to the aftermath, either because of cancer, worker exposure, or course of 

the evacuation order. Future cancer mortality and morbidity cases are expected to be 

of 1500 and 1800 at maximum, respectively, although this digit may vary significantly 

as different references fail to agree on a common number.22 

Marine biota was not significantly affected by the accident as 137Cs concentrations 

were rapidly diluted. Even though FDNPP accident-related doses were recorded in 

zooplankton and mesopelagic fish, it was estimated that 137Cs concentrations in 

seafood did not imply relevant radiation risks for consumers, though the industry was 

extremely subjected to criticism, regulation, and overall population fear. On the other 

hand, significant effects have been recorded along the terrestrial ecosystem, from cell 

aberrations associated to hereditary random mutations observed in Zizeeria maha 

grass butterflies; decreased blood cell counts and higher 137C levels in wild monkeys in 

comparison to populations located far away from the accident; reduced number of bird, 

cicada and butterfly species related as observed after the release of radioactive 

contaminants on the Chernobyl accident; and worsened reproductive performance of 

birds as seen in Accipiter gentilis goshawks, with added difficulties related to the 

incubation and hatching of offspring growing in contaminated nests. Furthermore, 

radiobiological effects are also suspected to have an effect on the surrounding flora, as 
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morphological abnormalities, similar to those observed in pine trees affected by the 

Chernobyl accident, have been reported for Abies firma fir trees.22 

2.2 Biological effects of inhaled micro and nanoparticles 

The possible biological routes of inhaled CsMPs must be studied in order to 

estimate the associated radiobiological health effects derived from accumulated 

radiation dose. 

2.2.1 Destination of inhaled particles 

Micro and nanomaterials can be incorporated into biological systems through 

inhalation thanks to their small size. Toxicological effects of inhaled particles are 

assessed based on the relationship between exposure, radioactive dose, and biological 

response.23 

Exogenous nanoparticles can interact with biomacromolecules like nucleic 

acids or proteins due to their similarity in size, whereas microparticles are more likely 

to interact with cells for the same reason. In contact with tissue, interactions like 

adhesion or encapsulation, will take place depending on the chemical composition, 

lipophilicity, size, shape, aggregation and physico-kinetic properties of inhaled 

particles.5 Intrinsic characteristics of the affected organism, like breathing pattern and 

lung morphology, can influence the biological destination of inhaled particles along the 

organism.6  

 The human body prevents the penetration of nano and microparticles 

through internal and external surfaces with an effective epithelial barrier sitting on top 

of connective tissue. Goblet (GC) and Clara (C) cells produce a protective mucus 

membrane along bronchi and bronchioles, respectively. Bronchi and bronchioles are 

also covered with epithelial ciliated cells (BC). Further down along the respiratory 

track, the epithelia lining covering alveolar cells is the thinnest (0.1–0.2 μm) and most 

permeable barrier of the body. These are in contact with the endothelial layer that 

protects blood vessels conforming what is known as the “air-blood barrier”... 7,24The 

air-blood barrier is the most permeable barrier in humans. It consists of alveolar 

epithelial type I (AT-I) cells and surfactant-producing alveolar type II (AT-II) cells, as 

well as capillary endothelial cells and alveolar macrophages. Endothelial cells are 
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found at the base of the alveolar epithelium, while macrophages are located on top of 

the layer, as can be seen in Figure 3.7 

Upon inhalation, microparticles tend to harmlessly collide with the upper 

respiratory tract like the throat or mouth. Large foreign particles can become 

entrapped in the mucosa lining and can be expelled by ciliated cells, process known as 

“mucociliary clearance”. Smaller microparticles can reach the alveoli and become 

phagocytized by macrophages, process known as “macrophage uptake”, which is 

represented along Figure 3. 6,7 

 

Figure 3. Schematic representation of the  distribution of microparticles (MPs) along the respiratory track 
of humans. Three processes have been differentiated, which are (A) mucociliary clearance, (B) macrophage 
uptake and (C) penetration of the air-blood barrier. Smaller particles remain in the bronchus and bronchioles, 
whereas smaller particles can reach the alveolus. Indications stand for bronchial epithelial cells with cilia (BE), 
goblet cells (GC), Clara cells (C), macrophages (M), endothelial cells (EC), alveolar epithelial type I cells (AT-I) and 
alveolar epithelial type II cells (AT-II), Mucus is represented in blue. This drawing has been elaborated using the 

indicated literature as references.7,24   
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 However, when small foreign particles within 1-5 μm can reach the alveoli 

through inhalation, they will likely undergo gravitational sedimentation and could 

incorporate into the systemic circulation by diffusion. These could therefore affect the 

organism, and, in extreme situations, potentially increase disease and mortality. In 

contrast, if particles happen to be extremely small (< 0.5-1 μm), they could be dragged 

again outside of the body by the inhalation pattern up to exhalation, avoiding lung 

sedimentation or being randomly deposited along unspecific parts of the respiratory 

track.6  

 Upon deposition along the respiratory track, insoluble particles can be further 

translocated to the gastrointestinal track, spleen, liver, kidney, among others. 

Exogenous microparticles can also reach the foetus in the case of pregnant animals. It 

has also been observed that migration from the olfactory bulb to the brain can take 

place upon absorption of the microparticles in the olfactory mucosa, which is found in 

the nose. This represents an important contribution to take into consideration in mice 

used for experimentation, as this effect is significantly higher in rodents than humans. 

Ultimately, particle clearance in humans has shown to be occasionally achieved 

through translocation onto the gastrointestinal track.5 

2.2.2 Inhalation studies regarding particle distribution 

Toxicological effects of inhaled nano and microparticles in living organisms is 

proportional to their exposure as well as hazardous properties. Toxicity in organisms 

can be determined based on in vitro, ex vivo, in vivo and in silico models.7  

 In vitro systems are mainly based on the study of adverse effects over different 

body tissues. Cytotoxicity is evaluated by development of a cell culture system, where 

a specific cell line representing a concrete tissue is set to grow in a proper medium with 

relatable conditions. The most representative methods for studying the cytotoxicity of 

respiratory cells are air-liquid interface (ALI) cultures, where cells are exposed to air 

while being supplied nutrients from the basolateral edge. Co-culture methods among 

two or more cell types have further been successfully developed with trans-well 

membrane systems that enable further understanding of the realistic processes taking 

place in the organism.25 For ALI studies, incorporation of the foreign particles into the 

cellular system must be done in an aerosol sprayed-fashion.7 
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In vitro assessments of the alveolar barrier are mainly done with the A549 and 

H441 cell lines but are still far from the realistic barrier behaviour of alveoli. Diverse 

co-culture methods of lung tissue cell lines that include macrophages (basolateral and 

apical compartments, respectively) have proved to be crucial to determine inhalation 

cytotoxicity. Endothelial models are mainly based on the use of primary cells, directly 

taken from living tissue like umbilical vein endothelium.25 EAhy926 cell line has 

already been used in co-culture studies of the respiratory system for the evaluation of 

PM10 intake.26 

The use of in vivo systems is also fundamental in particle distribution inhalation 

studies, which are normally tested on mice or rats. Different exposure methods are 

normally used, like whole-body exposure, where the particles are sprayed evenly as 

aerosol for a certain amount of time over a big chamber where animals are; nose/head 

only exposure, in which mice are placed inside an extended-hole chamber where the 

aerosol is specifically directed towards the nose of the rodent; or lung-only exposure. 

The latter one is a method that is normally based in intratracheal instillation or 

oropharyngeal aspiration of the contaminant into mice or rats. In the former one, a 

particle delivery device is placed into the trachea of the rodent, and sprays the particles 

in a pulsated fashion, whereas in oropharyngeal aspiration, the material is deposited 

over the base of the tongue and becomes inhaled upon inspiration. Lung-only exposure 

methods are the most widely employed as they can be performed under anaesthesia, 

whereas whole-body and nose-only exposure methods can cause animal stress and 

result in chamber suffocation.7 

Nevertheless, the main problem associated with the use of rodents as in vivo 

models is that they are what is called “obligate nasal breathers”, which means that only 

air directly taken by the nose will reach their lower respiratory track, as opposed to that 

taken by the mouth.7,27 This normally calls for experimentation with different types of 

animals like non-human primates, which can be challenging as these are often subject 

to higher costs and stricter regulations. However, extrapolation to human studies can 

be made based on intratracheal instillation studies of rodents, as the PK of inhaled 

nanoparticles upon lung absorption are supposed to be identical in both organisms.28 

Ex vivo models are based on the evaluation of particle effects after exposure and 

excision of real tissue. Regarding inhalation studies, isolated lungs along with the 



23 
 

trachea and the heart of an animal are placed in an artificial thoracic system, which is 

kept at 37ºC while lungs are ventilated with warm humidified air containing CO2. 

However, this approach is the least reliable as the absence of hemodynamics and 

lymphatic flow represent non-realistic models, and since lungs can only survive a 

couple of hours under these conditions before cell death starts taking place.7 

Finally, in silico computational approaches have further been developed over 

the last years. These evaluate the possible pathways of particles along nasal and oral 

cavities, airway conducts, and alveoli. Simulations can be optimized depending on 

particle size and diffusion and deposition mechanisms. Simulations can be obtained as 

unidimensional prototypes or tridimensional models where fluid dynamics can also be 

included. 6,29 

2.3 Nuclear imaging studies 

This study aims to non-invasively track the fate of CsMPs through the airways 

of mice or rats, using  different methodical models. These are all based on the dynamic 

observation of the inhaled microparticles under Positron Emission Tomography 

(PET), using  radionuclides with an intermediate half-life of hours to days. One of the 

main principles of radiopharmaceutical chemistry is the microdosing principle, in 

essence, the production of highly radioactive tracers that allow for the lowest possible 

dose for patient administration.30  

The main goal of radiopharmaceutical chemistry is to design radiotracers that 

can either target a specific site in the host body (e.g. a tumour), and/or that can 

replicate the biodistribution (BD), pharmacodynamics (PD) and pharmacokinetics 

(PK) of a model molecule. If these are based on positron emitting radionuclides, PET 

imaging could then provide information about the acting site of the 

radiopharmaceutical as well as its distribution mechanisms along the organism (e.g. 

tumour location, biological endpoint of a compound). To achieve these functions, PET 

radiopharmaceuticals must be as similar as possible to the non-radioactive molecules 

that they trace.15  

When developing radiotracers, the ideal situation is to use moieties that already 

contain non-radioactive atoms of the desired radionuclide that will be used for 

radiolabeling. This would allow to, for example, substituting natural fluorine-19 atoms 
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already present in the original pharmaceutical, with fluorine-18, with minimal 

alteration of the original molecule. This would conform what is called an 

“isotopologue” of the original molecule.15 Nevertheless, sometimes it is not possible or 

feasible to create said isotopologues since not all available pharmaceuticals are 

modified with the desired non-radioactive atoms. In this case, radiopharmaceutical 

design calls for the incorporation of radionuclides into molecules either through the 

substitution of already existing groups, or through coordination with stable chelator 

moieties.15,16 

2.3.1 PET imaging 

Nowadays, Positron Emission Tomography (PET) is one the main techniques 

used in nuclear medicine diagnostics. PET relies in the observation of the annihilation 

rays resulting from positron emission. 

       𝑋𝑍
𝐴 → 𝑌𝑍−1

𝐴 +  𝛽+1
0 + 𝜈                 (1) 

Radioactive proton-rich nuclei decay to more stable isotopes through the 

conversion of a proton into a neutron, which involves the production of a positron ( β+1
0  

or β+) and a neutrino (ν), as shown in equation (1). Positrons are antiparticles of 

electrons and therefore present the same properties, except for a positive charge. Upon 

electron and positron interaction, a process called annihilation takes place where the 

masses of said particles are fully converted into energy, and two annihilation gamma 

rays of 511 keV each are produced, oriented at a 180º angle that draws a straight path. 

17,31  

PET instrumentation is based in the simultaneous detection of these 

annihilation gamma rays with a circular shaped system conformed of, generally, many 

independent small bismuth germanium oxide (BGO) crystal detectors that, upon signal 

processing and 3D image reconstruction, are able to identify the exact place where the 

radiation has been originated. The construction that defines the path between two 

detectors is known as “line of response” (LOR), and it allows for detecting where the 

tracers are located in the body.17,31 The high density and stopping power, as well as the 

short scintillation decay time of BGO crystals enhances the detection of true 

coincidence gamma rays while preventing the recording of secondary coincidence 

effects, like scattered or random coincidence. Ideal PET systems should present high 
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detection efficiencies, that allow for optimum recordings of coincidence events with 

minimized noise, as well as high spatial resolution, which is dependent on the size of 

the crystals (Figure 4).32 

 

 

Figure 4. PET imaging overview. Schematic representation of the annihilation gamma rays produced upon 
positron and electron interaction. Scintillation crystals used in nuclear medicine conform a capsule where patients 
can lay down during specific measurement times. The positron source is a PET radiotracer previously administered 
to the patient. Scheme designed taking Wagner et al. and Jiang et al. as template references.17,33 

Positrons present an intermediate Linear Energy Transfer (LET) value, which 

means that a major part of their energy is deposited within small distance, and they 

will only penetrate at maximum a few millimetres in tissue before encountering an 

electron. On the contrary, annihilation gamma rays have a high LET and can easily 

reach the outside detectors. When pharmaceuticals are modified with positron 

emitting radionuclides, designing radiotracers that can specifically target moieties 

such as tumors, images provided by a PET camera can help identify where the malign 

cells are located within the host body.31,34 
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2.3.2 Radiometal-chelator chemistry 

Radioactive isotopes of metallic elements have been widely used for 

radiopharmaceutical applications, being referred to as “radiometals”. Different 

radiometals present different properties that are interesting for either targeted 

radiotherapy (α and β- emitters) and/or diagnostic (γ and β+ radiation) applications. 

Bifunctional radionuclides or radioisotope pairs for both diagnostic and radiotherapy 

use are referred to as theranostics. Biological routes of inhaled microparticles can be 

followed by labeling them with PET diagnostic radionuclides. 

Preparing radiometals for molecular labeling involves separation of ions from 

aqueous solutions, which requires the use of coordinating moieties known as chelators. 

Chelators acts as ligands that covalently link to targeted biomolecules in 

pharmaceutical studies, forming a radiopharmaceutical agent. Careful selection of a 

suitable chelator must be made in order to ensure minimal radiometal loss, which 

would otherwise result in an erroneous interpretation of PET images. Chelator-

radiometal affinity is dependent on the coordination number of the chelator, the ionic 

charge of the radiometal, and a coordination geometry that matches the ionic radius of 

the metallic radioisotope as nicely as possible.35 

Radiometals suitable for biological applications should present half-lives 

comparable to the targeted biomolecules under study. As an example, metallic 

radioisotopes used for the fate determination of inhaled particles in organisms should 

be trackable long enough so that a typical intake-to-excretion processing pathway 

could be observed. For this reason, gallium-68 and zirconium-89, with half lives of 

67.629(24) minutes and 78.41(12) hours, respectively,19 represent suitable imaging 

candidates for quantitative, sensitive, and non-invasive PET diagnostics.35 Alternative 

non-metallic  radionuclides suitable for PET tracking in biodistribution studies include 

bromine-76 or iodine-124, with relatively long half-lives of 16.2(2) hours and 4.1760(3) 

days.19,36 

Gallium-68 is a widely used positron emitting radiometal in 

radiopharmaceutical chemistry for PET imaging purposes. It decays mainly via 

positron (β+) emission with 88.0(4)%  probability and positron energy of 1899.1 keV,19 

and its chemistry in aqueous form is dominated by its [68Ga]Ga3+ oxidation state, with 
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a 62 pm ionic radius prone to forming octahedral six-coordination complexes 

providing the best in vivo stability.9,10  

 

Figure 5. Chelator structures. Molecular structures of desferrioxamine (DFO), 2,2’,2’’-(1,4,7-triazacyclononane-
1,4,7-triyl)triacetic acid (NOTA) and 2,2’,2’’,2’’’-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid 
(DOTA). 

Three possible matching chelators were initially proposed for [68Ga]Ga3+ ion 

coordination to CsMPs, one of them with an acyclic structure based on desferrioxamine 

(DFO), and two of them macrocyclic. These were derived from the structures (Figure 

5) of desferrioxamine (DFO) 2,2′,2”,2”'-(1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrayl)tetraacetic acid (DOTA) and 2,2′,2”-(1,4,7-triazacyclononane-1,4,7-

triyl)triacetic acid (NOTA), with radiometal to chelator affinity constants (log Ks) of 

28.65, 26.05 and 29.63, respectively)10.  

Ultimately, chelator 2,2′-(7-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-

oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (p-NCS-Benzyl-NODAGA, Figure 6) 

derived from NOTA was chosen based on its high affinity constant value and accurately 

fitting cavity size of the NOTA moiety towards the radiometal ion.37 
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Figure 6. Chemical structure of p-SCN-Bn-NODAGA chelator. Full chemical name being 2,2′-(7-(1-carboxy-4-
((4-isothiocyanatobenzyl)amino) -4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid. 

Alternatively, zirconium-89 is another PET radionuclide which decays to 

yttrium-89m, a metastable isomer, via electron capture (EC) and positron emission 

with probabilities of 77% and 23%, respectively, with a positron emission energy of 

902(3) keV. Yttrium-89m further decays to stable yttrium-89 emitting two 908.97(3) 

keV and 511 keV (annihilation) gamma rays.19,38 It has been extensively used for the 

labeling of antibodies as its relatively long half-life matches the biological half-life of 

immunoglobulins.11 It is present in aqueous form as a [89Zr]Zr4+ ion with 74–84 pm 

ionic radius with a tendency of forming octahedral six-coordination and dodecahedral 

eight-coordination complexes.9,11 

Gallium-68 is most commonly obtained from a 68Ge/68Ga generator, in which 

the parent radionuclide germanium-68 is trapped in the sorbent matrix of a column. 

Gallium-68 can thereafter be eluted as [68Ga]GaCl3 with dilute hydrochloric acid while 

germanium-68 remains adhered into the solid phase matrix of the generator (usually 

based on TiO2, SiO2, CeO2 or SnO2). The use of 68Ge/68Ga generators is highly 

convenient as the long half-life of 270.8(3) days of germanium-68 guarantees a yearly 

sufficient gallium-68 production source.19,39,40 Zirconium-89 is generally produced via 

proton irradiation (13–16 MeV beam energies) in a cyclotron, of a stable yttrium-89 

target in a 89Y(p,n)89Zr reaction. Said target is then dissolved in HCl, followed by 

zirconium-89 entrapment in a hydroxamate-modified cation exchange resin and 

ultimate elution with oxalic acid.41 
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2.3.3 Radiofluorination chemistry 

Fluorine-18 is a radioactive isotope of natural fluorine-19. It has a half-life of 

109.77(5) minutes and decays to stable oxygen-18 mainly via positron emission, with a 

positron energy of 633.5 keV and 96.73(4)% emission probability. It can also decay via 

electron capture with a maximum radiation energy of 1655.5 keV and 3.27(4)% 

probability.19 Its low positron energy provides excellent image resolution for PET 

imaging, whereas its relatively long half-life allows for the performance of synthetic 

multi-step transformations and later transportation to medical sites. Furthermore, it 

can be produced in house and in large quantities in an medical-based cyclotron, as well 

as it yields 18F-labeled radiopharmaceuticals with very high molar activities that allow 

for microdosing.15 

Radiofluorine is most commonly used as nucleophilic [18F]F-, which can be 

produced in cyclotron, linear accelerator, and nuclear reactors. The most widely 

extended production process is performed with a cyclotron by proton beam irradiation 

of enriched [18O]H2O through the 18O(p,n)18F reaction. Obtained [18F]F-is then trapped 

in an ion-exchange chromatography column in order to separate it from H2O, which 

deactivates its nucleophilic properties through solvation of the [18F]F- ion and becomes 

eluted as [18F]KF with acetonitrile (AcN) and a weak base such as K2CO3 or Cs2CO3. 

Potassium is then coordinated to a phase transfer catalyst like 4,7,13,16,21,24-

Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, commonly known as Kryptofix 2.2.2 

(K222), which activates [18F]F- for nucleophilic substitution. Finally, the AcN/H2O 

media is evaporated via azeotropic distillation and [18F]F-can readily be used in 

synthetic steps for radiopharmaceutical preparation.16 

 The most widely used method for  the incorporation of fluorine-18 into 

molecules is through the substitution of already present hydroxyl (OH) groups. The 

similar Van der Waals radius of fluorine (1.47 Å) and hydrogen (1.20 Å) diminishes 

steric hinderance problems, as well as the capability of fluorine of forming hydrogen 

bonds. This makes fluorine-18 an excellent candidate for hydroxyl group substitution 

of targeted molecules. Even though this strategy will always imply lipophilicity, BD, PD 

and PK alteration of the radiopharmaceutical versus the original molecule, undesired 

effects will be mitigated.15,16 
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Fluorine-18 can react both as a nucleophile ([18F]F-) through nucleophilic 

substitution reactions via SN2 and SNAr mechanisms, and as an electrophile ([18F]F+), 

mainly through SEAr reactions. Nucleophilic radiofluorination normally involves the 

ejection of large, polarized leaving groups, like tosylates and mesylates in aliphatic 

substitutions, and -Ar+I-, -NEt3, -NO2 groups in aromatic. In SNAr reactions, the 

insertion position of the fluorine group must be activated with electron withdrawing 

groups (EWG) like carbonyl or nitro, localized in ortho or para positions in the 

aromatic ring. On the other hand, SEAr reactions preferably take place through 18F-

fluorodemetallation mechanisms that promote -SnR3, Ag or -GeR3 as optimum leaving 

groups. In this case, the substitution position of the aromatic ring must be previously 

activated with electron donating groups (EDG), such as hydroxyl or amines, through 

ortho/para directing effects.42,43 

According to the silica-based matrix of the synthetic glass microparticles used 

in this study, direct radiofluorination could be achieved by creation of a new Si-18F 

bond. Silicon-fluoride chemistry has been widely studied, due to the increased strength 

of the Si-F bond with respect to that of C-F, with bond energies of 480 and 570 kJ/mol, 

respectively. However, the main inconvenience of this method is the high tendency of 

the Si-18F bond to undergo hydrolysis in physiological media. This is extremely 

inconvenient for in vivo studies, which has led to the development of Silicon Fluoride 

Acceptors (SiFAs). Such approach is based in the design of stable Si-19F compounds, 

which can achieved with the use of large substituents onto the Si atom (like tert-butyl 

or aryl groups), that prevent the hydrolysis of Si-F through steric hindrance. After 

SiFA-based pharmaceuticals have been synthesized, 18F can be easily introduced 

through isotopic exchange with the already present 19F atom. Unfortunately, the high 

hydrophobicity of these moieties gives place to very lipophilic radiotracers that are 

likely to accumulate in the liver, which is highly undesired.17 

Nevertheless, direct radiofluorination onto the surface of the glass particles is 

still possible, and furthermore, silanol groups, which are already present in the surface 

of the glass microparticles, have already proved to be decent radiolabeling precursors. 

Therefore the main challenge of this approach would be to evaluate the stability of the 

formed [18F]Si-18F bond over time and/or in biological media.17  
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2.3.4 Surface modification of borosilicate samples 

Conventional glass particles are composed of silica and metal oxide traces in 

different compositions. Normally, these are structurally arranged exposing their 

silanol (Si-OH) groups on their surface.12 According to conventional radiometal-

chelator chemical procedures, hydroxyl group reactive chelators attachable onto the 

glass surfaces could have been used for radiometal coordination, but this could result 

in extreme surface functionalization of the sample, which is highly undesired for 

biodistribution studies.  

Surface alteration of materials has been widely employed throughout the years 

to obtain modified samples derived for different purposes. Borosilicate glasses have 

been previously proven to be successfully amine-end functionalized with (3-amino-

propyl)triethoxysilane (APTES) through a silanization reaction.12,13,44–46 It has been 

demonstrated that the thickness of the grafted organosilane compound is dependent 

on substrate chemistry and reaction conditions, like time and temperature.47 

Attachment of macrochelators can then be easily achieved through reaction with the 

exposed free amine ends. 

Activation of the superficial silanol groups of the glass microparticles must be 

performed prior to any surface modification processes. This can be achieved using 

acidic or basic conditions, like immersion in piranha solution (H2O2:H2SO4 (1:3 (v/v)), 

in HNO3, in NaOH or in HCl. Although different performances have been reported 

along literature, NaOH and HCl activation seem to provide best activation results of 

borosilicate glass matrixes.14,48 

Silanization and subsequent amine functionalization with APTES takes place 

through a condensation mechanism where the reagent bonds to free silanol groups at 

the surface of glass particles. Nevertheless, in order for this reaction to take place, 

APTES must previously hydrolyze its ethoxy groups, which can be easily achieved 

under presence of low amounts of water (e.g. using EtOH 95% as a solvent). On the 

other hand, this process should be controlled as its hydrolyzed derivative,                                

(3-Aminopropyl)silanetriol, can easily undergo self-polycondensation forming a 

polymeric gel network either unavailable for surface grafting, or providing bulky 

moieties that could greatly modify the surface of the particles and therefore impact 

their natural biodistribution studies (Figure 7). For these reasons, water content, 
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reaction temperature and process time of the grafting reaction must be previously 

optimized or fitted to reference values. Furthermore, silanization cannot be performed 

in normal glass flasks as their chemical composition is similar to that of the studied 

microparticles and therefore, their functionalization could in turn be unspecific.49 

 

Figure 7. APTES hydrolysis and self-polycondensation. Reaction overview and final suggested gel network.49 

APTES grafting of glass surfaces has experimentally shown to take place 

forming isolated and non-uniform regions along the spherical microparticles. An 

alternative, homogeneous, amine-end surface functionalization method has also 

provided great results using ethanolamine hydrochloride as a silanization reagent. Due 

to the short length of the ethanolamine molecule, a secondary NHS-PEGn-COOH 

moiety has to be priorly attached to the free amine groups before radiometal chelator 

insertion, in order to prevent an excessive blocking of the studied samples. The 

macrochelator of choice would then be inserted into the prepared system through a 

reaction with the free carboxylic acid ends of the polymeric linker.14,50 Comparisons 

between isolated and homogeneous glass particle functionalization have not been 

made yet regarding biological distribution upon inhalation studies.  

 



33 
 

3 Experimental procedures 

The experimental part of this thesis work was directed towards the radiolabeling 

of synthetic borosilicate glass particles with positron-emitting radionuclides like 

gallium-68. This was based in the surface modification of the synthetic microparticles 

with a grafting agent presenting reactive amine end. Amine groups were needed as 

linkers for the subsequent grafting of chelator structures capable of coordinating 

[68Ga]Ga3+. Alternative functionalization strategies were also tested to address 

potential differences between grafting agents. Direct radiofluorination of the 

borosilicates was also considered for as a possible radiolabeling strategy.  

3.1 Materials 

All materials and solvents used along this project were purchased from Merck 

Life Science (St. Louis, Missouri, USA) unless stated otherwise. Ethanolamine 

hydrochloride was provided by TCI (Tokyo, Japan). NHS-PEG5-COOHMW435.4 was 

purchased from BroadPharm (San Diego, California, USA). p-SCN-Bn-DFO was 

purchased from Macrocyclics (Plano, Texas, USA). p-SCN-Bn-NODAGA was 

purchased from CheMatech (Dijon, France). Simulated lung fluid (SLF) used in 

stability assays was provided by internal collaborators. Plasma was acquired from a 

human donor (FFP 24) from the Finnish Red Cross Service (Helsinki, Finland) with an 

ethical approval for research purposes. Lo-Bind 1.5 mL Eppendorf tubes were obtained 

from Eppendorf (Hamburg, Germany). Chromatography sheets impregnated with 

silicic acid (SA) and silica gel (SG) were purchased from Agilent Technologies (Santa 

Clara, California, USA). 

Metal trace-free Chelex H2O was used when handling chelators to prevent the 

coordination of undesired metallic impurities. It was prepared in house by incubation 

of Chelex resin (10 g) obtained from Merk Life Science (St. Louis, Missouri, USA) with 

deionized H2O (2 L), and filtration after 24 hours. 

Spherical and white powder-like synthetic borosilicate microparticles were 

purchased from Thermoscientific (Waltham, Massachusetts, USA) in a 2.2 ± 0.3 μm 

diameter. Chemical composition by weight was of 52.5% SiO2, 22.5% CaO, 14.5% Al2O3, 

8.6% B2O3, 1.2% MgO, 0.3% Na2O, 0.2% FeO/Fe2O3, and 0.2% K2O, which agrees with 

that described as for the matrix of observed FDNPP-originated type A CsMPs. 
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Additional properties of these synthetic microparticles were a Young Modulus of 10.5 

× 106 psi, hardness of 6.5 Moh, dielectric constant of 5.8 × 106 Hz at 22ºC, and 

softening point of 846 ºC. According to the manufacturer, composition and properties 

of the material have been estimated and should not be used as calibration values. 

A different set of borosilicate particles with a 44-μm estimated diameter size, 

custom designed by MO-SCI (Rolla, Missouri, USA), was also subjected for 

functionalization. Chemical composition by weight ranged among 75-85% SiO2, 12-

16% B2O3, 2-6% Na2O and 2-5% Al2O3. Intrinsic particle properties were a specific 

gravity value of 2.2 g/cm3, a bulk density of 1.2 g/cm3 with respect to the dry material, 

refraction index of 1.47-1.47, a coefficient of thermal expansion of 32 × 10-7 ºC-1 within 

a 30-300 ºC temperature range, and a softening temperature of 830 ± 10 ºC. 

The instrumentation IRTracer-100 from Shimadzu (San Jose, California, USA). 

Zetasizer Nano ZS  and DTS1070 cuvettes were from Malvern Panalytical (Malvern, 

United Kingdom). STA 449 F3 Jupiter was from NETZSCH Analyzing & Testing (Selb, 

Germany). Vario microcube elemental analyzer was from Elementar (Langenselbold, 

Germany). Argus photoelectron energy analyzer was from Scienta Omicron (Uppsala, 

Sweden and Taunusstein, Germany).  

All materials and instruments can be found recorded along Table 1 for an easier 

visualization.  

Table 1. Materials and instruments used along this thesis. Specification of provider, city and country. 

Material, instrument 
or chemical compound 

Provider Location 

All chemicals and solvents 
(unless stated otherwise) 

Merck Life Sciences St. Louis, Missouri, 
USA 

Ethanolamine hydrochloride TCI Tokyo, Japan 

NHS-PEG5-COOHMW435.4 BroadPharm 
San Diego, 

California, USA 

p-SCN-Bn-DFO Macrocyclics Plano, Texas, USA 

p-SCN-Bn-NODAGA CheMatech Dijon, France 

Human plasma Finnish Red Cross Service Helsinki, Finland 

Lo-Bind Eppendorf 1.5 mL tubes Eppendorf Hamburg, Germany 

2.2-μm borosilicate microparticles Thermoscientific 
Whaltman, 

Massachusetts, USA 
44-μm borosilicate microparticles MO-SCI Rolla, Missouri, USA 

IRTracer-100 Shimadzu 
San Jose, California, 

USA 
Zetasizer Nano ZS, DTS 1070 

cuvette 
Malvern Panalytical 

Malvern, United 
Kingdom 

STA 449 F3 Jupiter NETZSCH Analyzing & Testing Selb, Germany 
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Material, instrument 
or chemical compound 

Provider Location 

Argus photoelectron energy 
analyzer 

Scienta Omicron 
Uppsala, 

Sweden/Taunusstein, 
Germany 

Vario MICRO cube elemental 
analyzer 

Elementar Langenselbold, 
Germany 

Fuji FLA 5100, Fuji BAS-TR2025 Raytek Scientific Limited Sheffield, United 
Kingdom 

SA and SG impregnated 
chromatograhy sheets 

Agilent Technologies Santa Clara, 
California, USA 

Continuation of Table 1.   

3.2 Surface modification of borosilicate microparticles 

3.2.1 Surface silanol activation of borosilicate microparticles  

Silanol groups present in the surface of the 44-μm and 2.2-μm glass 

microparticles were initially activated by either acid or basic washing prior further 

modifications.14,48 

• HCl cleaning Superficial silanol groups were activated by immersion of the 

synthetic microparticles in 10% HCl for 2 hours at 90 ºC under constant stirring. 

Acidic supernatant was then removed upon sedimentation of the microparticles 

by centrifugation (3 minutes, 4 ºC, 14000 rpm). The microparticles were finally 

washed three times with deionized H2O in an ultrasonic bath (5 minutes, room 

temperature) followed by centrifugation (3 minutes, 14000 rpm). Particles were 

left to dry for 24 hours at 100 ºC in an oven.  

• NaOH cleaning. Particles were incubated in NaOH solution (2 M) for 24 hours 

at room temperature under constant stirring. Supernatant was then removed 

upon sedimentation in a centrifuge (3 minutes, 4 ºC, 14000 rpm). Particles were 

washed three times with deionized H2O in an ultrasonic bath (5 minutes, room 

temperature) followed by centrifugation (3 minutes, 14000 rpm). Particles were 

dried for 24 hours at 100 ºC in an oven.  

3.2.2 Superficial functionalization of borosilicate microparticles with APTES 

The superficial functionalization of the glass microparticles was achieved using 

APTES as a silanization agent, following a two-step procedure as illustrated along 

Figure 8. Concentrations of the APTES solutions used along these functionalization 
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procedures were of 2 mM for the 2.2-μm microparticles; and of 0.5 mM, 1 mM, 2 mM, 

5 mM and 10 mM for the 44-μm microparticles.12,13 

1) Washing step. Activated synthetic borosilicate glass particles (about 10 mg) 

were cleaned first one time with 95% acetone and then two times with deionized 

H2O in an ultrasonic bath (5 minutes, room temperature) followed by 

centrifugation (3 minutes, 4 ºC, 14000 rpm), in order to ensure the proper 

superficial hydrolyzation of the glass microparticles prior functionalization. 

Particles were then left to dry in an oven for 1 hour at 100 ºC to remove possibly 

remaining solvent. 

2) Grafting step. Silanization of the activated microparticles was achieved through 

incubation in an APTES solution in 95% EtOH. The reaction was to recur in a 

revolver tube rotator for 24 hours at room temperature. A final washing step to 

remove unbound excess of reagent was performed three times with 95% EtOH 

on the dry sample in an ultrasonic bath (5 minutes, room temperature) followed 

by centrifugation (3 minutes, 4 ºC, 14000 rpm). Samples were finally set to dry 

in an oven for 24 hours at 100 ºC for consolidation of the bond between the 

grafted molecules and the surface of the glass microparticles. 

 

Figure 8. Functionalization of borosilicates with APTES. Representation of the followed reaction pathway. The 

surface of the glass particles is represented in yellow.12,13  

3.2.3 Conjugation of p-SCN-Bn-DFO onto APTES functionalized borosilicate 

microparticles 

p-SCN-Bn-DFO (752.9 g/mol) chelator was conjugated to APTES (2 mM) 

functionalized borosilicate particles, according to the next described reaction scheme 

(Figure 9) and steps. Only 2.2-μm microparticles were functionalized with p-SCN-

Bn-DFO: 
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Figure 9. Reaction of p-NCS-Benzyl-DFO chelator with APTES functionalized borosilicate. Synthetic reaction 
scheme representation. Yellow curve represents the surface of the original borosilicate particle. 

1) Functionalization. APTES functionalized borosilicate particles (1.0 mg) were 

dissolved in DMF (50 μL). A mixture of p-SCN-Bn-DFO (2.0 mg, 0.0026 mmol, 

1 eq) and DIPEA (2 μL, 0.013 mmol, 5 eq) dissolved in DMSO (150 μL) was 

added drop by drop to the solution containing the borosilicates. Reaction took 

place under inert N2 atmosphere and proceeded for 120 hours at room 

temperature under constant stirring.  

2) Washing. Solvent excess was removed after reaction completion upon 

sedimentation of the microparticles by centrifugation (3 minutes, 4 ºC, 14000 

rpm). The functionalized product was cleaned three times with Chelex H2O in 

an ultrasonic bath (5 minutes, room temperature) followed by centrifugation (3 

minutes, 4 ºC, 14000 rpm). Particles were then left to dry in an oven for 3 hours 

at 100 ºC. 
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3.2.4 Conjugation of p-SCN-Bn-NODAGA onto APTES functionalized borosilicate 

microparticles 

APTES (2 mM) functionalized borosilicate particles were further conjugated to 

p-NCS-Benzyl-NODAGA (593.15 g/mol) chelator for the coordination of [68Ga]Ga3+ 

ions. The ultimate election of p-NCS-Bn-NODAGA was based on the excellent size 

matching of the chelator cavity with the ionic radius of [68Ga]Ga3+, which allows for the 

formation of an stable octahedral six-coordinate complex. Chelator conjugation of the 

44-μm and 2.2-μm borosilicates was performed under different reaction conditions.   

The reaction scheme for the functionalization of the 44-μm microparticles can 

be found along Figure 10, consisting of the following steps:51  

1) Functionalization. APTES-functionalized borosilicate particles (5.0 mg) were 

mixed with p-NCS-Bn-NODAGA (10.0 mg, 0.0017 mmol) dissolved in 

anhydrous DMF (2 mL). Addition of triethylamine (12 μL, 0.09 mmol) was 

added dropwise and under constant stirring to the borosilicate solution. 

Reaction proceeded for 20 hours at room temperature and under ambient 

atmosphere under constant stirring.  

2) Washing. Solvent was removed after reaction completion upon sedimentation 

of the microparticles by centrifugation (3 minutes, 4 ºC, 14000 rpm). The 

functionalized product was washed three times with metal trace free Chelex H2O 

in an ultrasonic bath (5 minutes, room temperature) followed by centrifugation 

(3 minutes, 4 ºC, 14000 rpm). Particles were then left to dry in an oven for 3 

hours at 100 ºC. 
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Figure 10. p-NCS-Benzyl-NODAGA chelation of APTES functionalized borosilicate. Synthetic reaction scheme 
representation. Yellow curve represents the surface of the original borosilicate particle. 

Simultaneously, the different reaction conditions followed with the 2.2 μm 

microparticles are shown in Figure 11. These consisted on the following steps:  

1) Functionalization. APTES-functionalized borosilicate particles (7.0 mg) were 

dissolved in DMF (500 μL). A mixture of p-NCS-Bn-NODAGA (10.0 mg, 0.0017 

mmol, 1 eq), DMSO (500 μL) and DIPEA (14.68 μL, 0.0066 mmol, 5 eq) was 

added dropwise and under constant stirring to the borosilicate solution. 

Reaction took place in  an inert N2 atmosphere and proceeded for 72 hours at 

25 ºC under constant stirring. This reaction was always performed satisfying a 

(1:1.4-1.6) mass relationship between borosilicate and chelator, respectively. 

2) Washing. Solvent excess was removed by centrifugation (3 minutes, 4 ºC, 14000 

rpm). The functionalized product was cleaned three times with Chelex H2O in 

an ultrasonic bath (5 minutes, room temperature) followed by centrifugation (3 

minutes, 4 ºC, 14000 rpm). Particles were then dried in an oven for 3 hours at 

100 ºC. 



40 
 

 

Figure 11. p-NCS-Benzyl-NODAGA chelation of APTES functionalized borosilicate. Synthetic reaction scheme 
representation. Yellow curve represents the surface of the original borosilicate particle. 

3.2.5 Functionalization of borosilicates with ethanolamine hydrochloride 

The superficial functionalization of the glass microparticles is performed 

following a two-step procedure as can be seen in Figure 12. Only the 2.2-μm 

microparticles were functionalized with ethanolamine hydrochloride:14,50 

1) Washing step. Synthetic borosilicate glasses (10.4 mg) were initially cleaned 

with 95% acetone in an ultrasonic bath followed by centrifugation. The glass 

particles were then rinsed in an ultrasonic bath (5 minutes, room temperature) 

with deionized H2O three times, supernatant being removed upon 

centrifugation (3 minutes, 4 ºC, 14000 rpm). Particles were then left to dry in 

an oven for 1 h at 100 ºC to remove possibly remaining solvent. 

2) Grafting step. Amine-end functionalization of the borosilicate was achieved by 

incubation of the glass microparticles in 6.6 mL of a 5 M ethanolamine 

hydrochloride solution in DMSO. The reaction takes place in a heating block 

with integrated mixing (24 hours, 25 ºC, constant stirring). Three washing steps 
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were with DMSO were performed on the particles by activation in an ultrasonic 

bath (5 minutes, room temperature) and solvent removal by centrifugation (3 

minutes, 22 ºC, 7000 rpm). Three more washing steps were performed with 

EtOH absolute, by activation in an ultrasonic bath (5 minutes, room 

temperature) and solvent removal by centrifugation (3 minutes, 4 ºC, 7000 

rpm).  Samples were finally set to dry in an oven for 24 hours at 100 ºC. 

 

Figure 12. Functionalization of borosilicates with ethanolamine hydrochloride. Synthetic reaction scheme 

representation. Functionalized product is represented according to [Janissen et al., 2009].14 

3.2.6 PEG functionalization of ethanolamine surface modified borosilicates 

Ethanolamine functionalized particles were then subjected to further 

modification via the conjugation of a NHS-PEG5-COOHMW435.4 linker, as described 

along Figure 13 in reference to literature:14 

1) Reaction. Previously prepared Ethanolamine-functionalized borosilicate 

particles (10.4 mg) were incubated in  a NHS-PEG5-COOH solution (1 mL, 2 

mM) in anhydrous CHCl3 with Et3N (0.5% (v/v)). Reaction took place in a 

revolver tube rotator (24 hours, room temperature). 

2) Washing step. Solvent was removed by  centrifugation (3 minutes, 4 ºC, 14000 

rpm). Three washing steps were then performed with deionized H2O on the 

particles consisting of activation in an ultrasonic bath (5 minutes, room 

temperature) and solvent removal by centrifugation (3 minutes, 4 ºC, 14000 

rpm). Particles were left to dry (3 hours, 100ºC).  
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Figure 13. Polymer linker insertion into Ethanolamine-functionalized borosilicate particles. Synthetic 
reaction scheme representation. Glass particles are represented with a brown colour.  

3.2.7 DFO conjugation to PEG-Ethanolamine functionalized borosilicate 

microparticles 

Formerly obtained PEG-Ethanolamine functionalized borosilicate particles 

were further functionalized with DFO mesylate salt (656.8 g/mol). The followed 

reaction scheme can be found along Figure 14, consisting of the following steps:  

1) Functionalization. PEG-Ethanolamine functionalized borosilicate particles (3.0 

mg), DFO mesylate salt (5.0 mg, 0.007 mmol, 2 eq) and EDC hydrochloride (2.1 

mg, 0.011 mmol, 3 eq) were dissolved in DMF (600 μL) at 45ºC. After 

dissolution of the reagents, reaction took place in  an inert N2 atmosphere (120 

hours, room temperature, constant stirring).  

2) Washing. Solvent was removed after reaction completion upon sedimentation 

of the microparticles by centrifugation (3 minutes, 4 ºC, 14000 rpm). The 

functionalized product was cleaned three times with Chelex H2O in an 

ultrasonic bath (5 minutes, room temperature) followed by centrifugation (3 

minutes, 4 ºC, 14000 rpm). Particles were then left to dry in an oven for 3 hours 

at 100 ºC. 
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Figure 14. Conjugation of DFO mesylate salt to PEG-Ethanolamine functionalized borosilicate. Synthetic 
reaction scheme representation. Glass particles are represented with a brown colour. 

3.3 Characterization methods 

A wide variety of analytical techniques was used for the characterization of 

surface functionalization in the different borosilicate samples prepared.  

3.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FITR is a widely used and reliable technique that allows for the characterization 

of samples under irradiation with infrared light (IR). Upon exposure to IR radiation, 

samples absorb a fraction of the incident radiation while the remaining amount 

becomes transmitted, defining characteristic percentages.  Absorbed radiation is 

employed for bond vibration or angle deformation based on analyte structure, which 

gives place to the fingerprint spectra of the studied material.52 

Fourier Transform Infrared Spectroscopy (FTIR) is a spectroscopy method 

based in the irradiation of a sample with infrared light through a system composed of 

at least an IR source, two mirrors (fixed and mobile), a beam splitter and a detector.52 

This system is referred to as a Michelson interferometer able of providing an 

interferogram whose maxima obey equation (2): 

       𝑚𝜆 = 2𝑛𝑑 · 𝑐𝑜𝑠𝜃                 (2) 
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where λ is the wavelength of the incident radiation, d is the distance between fixed and 

mobile mirrors with respect to the beam splitter, n is the environmental refractive 

index (generally n=1 is considered) and θ is the angle between incident and reflected 

radiation. The acronym m, which is dependent on d, is a value to which the studied 

maximum is generally associated. Obtained IR spectra are obtained after calculation 

of the Fourier transformation on the obtained interferogram.53 

The characterization of the synthetised samples was done with an ATR 

(Attenuated Total Reflection) FTIR spectrometer that allows for the direct analysis of 

solid samples, minimizing sample recuperation as well as humidity absorption 

interferences associated to the conventional IR spectrometry with KBr tablet 

preparations.54 

FTIR spectra were obtained with a IRTracer-100 consisting of a diamond 

sample holder and an auxiliar point for pressure application on the sample. Spectra 

were obtained among 4000-600 cm-1 with a 4 cm-1 resolution and background 

corrections were applied.  

3.3.2 Zeta potential 

Zeta potential is a measure of the electrostatic attraction or repulsion 

experienced upon interaction of particles with a fluid. It is mainly used for the 

prediction of particle behaviour and stability, as well as associated interactions.55–57 

When a polar liquid like water interacts with an electrically charged surface, a 

difference in potential can be observed at their interface due to dipole orientation. 

There are two defined regions between particle and fluid, which are referred to as inner 

or Stern, and outer or diffuse layers. In the inner region, ions strongly bind to the 

surface of the charged particles, whereas this interaction is weaker in the outer layers. 

An stable moiety is formed within a range of the outer layer, and the potential 

measured at its surface is called zeta potential.55,57 

Zeta potential provides information about the stability and dispersive behaviour 

of particles, since high positive or negative potentials (-30 mV to +30 mV) imply that 

the repulsion experienced between them will be strong enough to prevent their 

aggregation. Zeta potential depends on different parameters such as pH, compound 

concentration and conductivity of the solution. The isoelectric point of a solution is 
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recorded as the pH value where zeta potential is of 0 mV, and it theoretically 

corresponds to the point where electrostatic repulsion is the lowest possible.55 

Measured zeta potential values provide an estimation of superficial electrostatic 

charge. If negative potentials are recorded, it is deduced that particles are negatively 

charged, and H3O+ species and cations will be found surrounding the inner and outer 

layers. This can directly provide information about the chemical composition of 

particles at their surface.55 

Surface zeta potential of the 2.2-μm microparticles was recorded by dispersion 

of the microparticles (~0.5 mg) in deionized H2O (1.5 mL). Solutions were injected in 

a zeta potential DTS1070 cuvette with a 1 mL syringe. Experiments were conducted at 

25ºC in a Zetasizer Nano ZS from Malvern Panalytical (Malvern, United Kingdom). 

Equilibrium time before starting of the experiments was of 120 seconds. 

Measurements were performed in triplicate with a minimum to maximum number of 

scans of 20 to 100, respectively. 

44-μm borosilicates were not measured under zeta potential since they undergo 

precipitation in H2O due to their large size. Only measurement of 2.2-μm 

functionalized borosilicates under zeta potential was possible thanks to their dispersity 

in H2O, possibly thanks to their smaller particle size. 

3.3.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is a technique used in the evaluation of weight 

variations upon temperature increase. TGA instrumentation is composed by a 

thermally isolated scale placed inside a furnace. Measurements can be done under 

controlled gas flow or vacuum.58,59 

In TGA, sample weight is constantly monitored, and data acquisition is obtained 

upon application of a temperature program. Measuring atmosphere is controlled with 

a purge gas. TGA can provide information about sample composition and moisture 

adsorption based on detectable mass shifts.58,59 

Measurements were performed in an STA 449 F3 Jupiter equipment compatible 

with a wide range of materials and non-homogeneous samples. Sample weight was of 

about 3-4 mg per evaluation. Minimal amount of recommended sample was of about 
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10 mg, and deviations related to the analysis of lower amounts should be 

acknowledged. 60 

44-μm borosilicates were measured in a dynamic heating program at 25–800ºC 

(10 ºC/min), whereas 2.2-μm particles were subjected to a dynamic  heating program 

at 25–1000 ºC (40 ºC/min). Gas flow during the experiments was of 20 mL/min for 

purge 1 (air 80/20), purge 2 (nitrogen) and protective mass flow controller. 

Measurements were recorded by the NETZSCH Proteus Thermal analyzer. Weight was 

calibrated to 100% for all samples. 

3.3.4 Scanning Electron Microscopy (SEM) 

SEM is a technique used to obtain of high-resolution images. It is based in a 

superficial scanning of samples with a thin electron beam. Incident electrons interact 

with superficial atoms for the generation of signals providing information about 

sample geometry. SEM resolution is usually in the nanometre range.61–63 

Possible signals born from incident electron beam and sample interaction 

include secondary electrons, backscattered electrons, or photons, among other. Image 

acquisition is made possible thanks to the first two mentioned interactions. Secondary 

electron interaction provides information about sample morphology and topography, 

whereas backscattered electrons are responsible for image contrasts.61–63 

Borosilicate samples (~0.5 mg) were dispersed in deionized H2O and mixed in 

vortex. An aliquot (10 μL) was spotted on carbon tape placed on top of a metallic 

holder. Samples were let to dry for about 24 hours and then carbon coated for better 

conductivity. Carbon coating was of 10 and 20 nm for 44-μm and 2.2-μm 

microparticles, respectively. 

3.3.5 Energy Dispersive Spectroscopy (EDS) 

EDS is a microanalytical technique used for the quantification of the elemental 

composition of a sample. EDS is usually performed alongside SEM or TEM. EDS is 

based on the interpretation of emitted X-rays upon exposure to a light ion beam. 

Emitted X-rays are characteristic for every element, which allows for the determination 

of sample composition.64 
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X-ray detection is achieved with help of a silicon drift detector. Identification is 

then further assessed with an associated software.64 Samples evaluated under 

SEM/EDS must be stable at low vacuum conditions. Normally EDS detectors are not 

capable of detecting lighter elements like hydrogen. The lower sensitivity of EDS 

equipment limits the detection of elements present in lower concentrations.62 

Sample preparation was identical for both SEM and EDS techniques as 

measurements were performed with the same instrumentation. EDS measurements 

were always performed in cooperation with SEM. 

3.3.6 Elemental analysis  

Elemental analysis is a technique based on the determination of sample 

composition upon combustion in a furnace. Samples are placed in a crucible placed on 

top of a combustion tube filled with WO3 that acts as a catalyst in the delivery of oxygen 

used in the combustion process. The combustion tube is heated up to 1150 ºC under 

oxygen administration for the formation of oxygenated gaseous compounds. Gases are 

then transferred to a reduction tube at 850 ºC where SO3 is reduced to SO2 and nitrogen 

oxides to N2.65 

In elemental analysis, carbon, hydrogen, nitrogen, and sulphur are determined 

as CO2, H2O, N2 and SO2. CO2, H2O and SO2 gas are desorbed from an adsorption 

column at 60ºC, 140 ºC, and 210 ºC and transferred to a thermal conductivity detector 

(TCD) where they become measured. Nitrogen does not become adsorbed into any 

columns as it is already directed to the TCD. Elemental concentrations are calculated 

according to equation (3): 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡·𝑓

𝑊𝑒𝑖𝑔ℎ𝑡
100     (3) 

Where f is the daily factor used for calibration of the instrument with respect to 

the measured elements.65 

Elemental analysis results were obtained with a vario MICRO cube elemental 

analyzer. About a total of 0.5–6.0 mg of sample was analyzed. Minimum amount 

requested by the operator was of 2.0 mg, which could not be collected in some cases 

and should therefore be considered as a source of deviations. Measurements were 

performed in triplicate in CHNS mode with the method Graphite120s. 
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3.3.7 X-Ray Photoelectron Spectroscopy (XPS) 

XPS is a very sensitive technique used for the analysis of material surfaces. It is 

based in the superficial excitation of materials with a mono energetic X-ray source 

responsible for the emission of superficial photoelectrons. The energy of the emitted 

photoelectrons is measured with an electron energy analyzer. Average measurement 

depth of XPS instruments is of 5 nm. Understanding of XPS results provides 

information about chemical disposition and bonding in surfaces.66,67 

Photoelectron emission is based in the emission of electrons upon irradiation 

with photons. Emission takes place if the energy of the incident beam is higher than 

their binding energy along the material. XPS measured the kinetic energy of the 

emitted photons, which is proportional of their binding energy. This obeys equation 

(4): 

      𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 (ℎ𝑣) − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − 𝜑                                           (4) 

 Where φ is a work function equal to the difference inner between vacuum energy 

and the Fermi levels of a solid.67 

Powder samples are not usually typical in XPS analysis. Immobilization must 

take place to prevent obstruction of the instrument. Kapton® film was the preferred 

adhesive for XPS due to its stability under high vacuum conditions.   

Samples were prepared by immobilization of borosilicate particles (~0.5 mg) in 

a Kapton polyimide film coated with an adhesive silicone cured layer. Samples were 

then covered with an aluminium foil for immobilization of the Kapton tape and placed 

in a sample holder of  approximately 1 cm x 1 cm dimensions. Unbounded excess from 

the aluminium cover was removed with ethanol if considered necessary. 

XPS measurements were performed in an XPS instrument from Hidden 

Analytical Ltd. Data acquisition was performed with an Argus photoelectron energy 

analyzer (Omicron Nano Technology GmbG) using a standard Mg source of Kα of 

1253.6 eV photon energy.   
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3.3.8 Elastic Recoil Detection Analysis (ERDA) 

ERDA is characterization technique based in the elastic scattering experienced 

between target and projectile atoms. Elastic scattering is born from short distance 

Coulomb interactions taking place when these units contact each other. Recoil atoms 

born from the scattered interaction are detected with a time of flight (ToF) detector 

allowing for their identification.68  

ERDA allows for the acquisition of detailed elemental analysis and depth profiles 

upon incidence of an ion beam over a target sample. Elemental content is directly 

proportional to the yield of the recoiled atoms.68  

However, ERDA is not the best technique for the analysis of powder samples due 

to its high sensitivity to changes in geometry, but it can provide acceptable results if a 

constant thickness of the sample is previously assumed.68  

In this work, ERDA measurements were done using 40 MeV 127I ions obtained from 

a 5 MV (megaVolt) tandem accelerator. Analysis was performed using a ToF-E 

telescope set up placed 40º from the detection of the ion beam. Angle between sample 

and ion beam was set at 70º.  Flight path was 648 mm. Carbon foils of associated timing 

gates presented a surface density of 3.0 μg/cm2 and 9.8 μg/cm2.  

3.4 Radiolabeling studies 

3.4.1 Radioactive parameters  

Radioactive parameters are used in radiolabeling experiments for the assessment 

of the amount of radioactivity lost during the procedure. These are used as indexes for 

the characterization of the final radiolabeled product. Radioactive parameters must be 

decay corrected (t1/2(18F) = 109.77 min and t1/2(68Ga) = 67.629 min) to a specific 

timepoint, which along this work it has always been the Start Of Synthesis (SOS) point.   

Radioactivity concentration represents the amount of activity, measured for the 

final purified product, present per volume of reaction. It is obtained according to 

reaction (5): 

𝑅𝑎𝑑𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀𝐵𝑞/𝑚𝐿) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑀𝐵𝑞)

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
         (5) 
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Radiochemical yield (RCY) addresses the amount of radioactivity measured in the 

final product with respect to that originally added to the sample. It estimates the 

percentage of radioactive element that has been successfully coordinated, as seen in 

equation (6). 

𝑅𝐶𝑌(%) =
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐷𝑒𝑐𝑎𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑡𝑜 𝑆𝑂𝑆 (𝑀𝐵𝑞)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑆𝑂𝑆 (𝑀𝐵𝑞)
· 100 %              (6) 

 Specific activity indicates the amount of sample that has been radiolabeled per 

weight of precursor. Since the exact molecular mass of the studied particles is 

unknown, molar activity in MBq/mol could not be assessed along this work. This 

parameter must also be expressed with respect to the measured activity of the final 

purified product. Associated formula can be found in equation (7). 

                                  𝐴𝑆 =
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑀𝐵𝑞)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
               (7)               

3.4.2 Quality control 

Quality control was based on the exposure of eluted instant Thin Layer 

Chromatography plates (iTLCs), spotted with the purified product, onto an 

autoradiography imaging plate. Evaluation of iTLCs under autoradiography allows for 

the determination of the radiochemical purity (RCP) of the radiolabeled product. 

iTLC is a method based on the elution of samples along a permeable 

chromatography paper using an appropriate eluent for the characteristics of the 

sample. With respect to the products studied along this project, the high mass of the 

borosilicates is responsible for their retention at spotted position, whereas dissolved 

impurities and unbound elements are eluted to the front of the plate. 

During radiolabeling experiments, reaction or product aliquots (5 μL) were 

spotted into  glass microfibre chromatography paper serving as iTLC plates. 68Ga-

labeling studies required using heat activated glass microfibre chromatography paper  

impregnated with silicic acid (SA), and sodium citrate (0.1 M, pH 5.0) as eluent. 18F-

fluorination studies used glass microfibre chromatography paper  impregnated with 

silica gel (SG) using acidified NaCl (0.9%) as eluent. Spotted iTLCs were left to dry 

before measuring them under autoradiography. 
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Autoradiography is a radiation imaging technique where radiation is detected 

with an autoradiographic film than can be later developed. Autoradiographic films are 

coated with elements that undergo excitation upon exposure to radiation. Images 

analyzed by digital autoradiography are processed by a computational software. Digital 

autoradiography presents about 50 to 100 more sensitive than classical methods based 

on the excitation of silver halide photographic emulsions.69 

Autoradiography evaluations were done with Fluoro Image Analyzer, Fuji FLA 

5100, where light emission is detected with a photomultiplier tube (PMT) and 

converted into a digital signal, to provide an image of the exposed iTLCs. 

Measurements were performed in IP-Standard mode. Exposed autoradiography 

imaging plates (IPs) were Fuji BAS-TR2025, made of barium fluorohalide phosphor 

crystals doped with europium. Upon exposure to radiation, an active layer becomes 

excited in the imaging plate (IP). Deexcitation of the IP can be achieved with a 620 nm 

laser. Digital autoradiography is composed of three main steps:69 

1) Screen Exposure. Upon exposure to radiation, the Eu2+ atoms from the IP are 

excited to Eu3+ by releasing an electron (Eu2+ → Eu3+ + e-). The deposition of radiation 

energy into the IP leaves it in an stable high energy state which can then be analyzed.  

2) Laser scan. An image for the distribution of radiation can be obtained by 

developing the IP with a autoradiography scan. This scanner uses a 620 nm red laser 

(generally a He-Ne laser) that excites the IP, so that the Eu3+ ions can return to Eu2+ 

emitting a photon. Depending on the amount of radioactivity of the sample, exposure 

time of the plates could be reduced or increased. 

3) Detection of photoemission. Emitted photons are detected and amplified by 

PMT. Information is then translated into a computational signal that provides a grey 

coloured map of the affected spots. In essence, the darker the detected maps are, the 

more Eu3+ have returned to their Eu2+ state emitting photons and therefore, the more 

radiation is found in that spot. 

To avoid the appearance of residual images, IPs are cleaned for the deletion of 

residual traces by 20 min irradiation under a source of white light. This allows for the 

reuse of the IP by allowing molecules to go back to their original state.69 
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The purity the spotted iTLCs was analyzed under autoradiography. Eluted iTLC 

strips were dried and placed against an imaging plate (IP) for 5 minutes while protected 

from background radiation.  Exposed plates  were then analyzed using a FLA image 

analyzer and interpreted using AIDA software.  

Evaluation of iTLC plates upon exposure under autoradiography gives place to a shows 

a series of radioactive “spots” along the chromatography strips. When spotting a 

radioactive solution containing a radioactive agent, like [68Ga]GaCl3, dissolved 

compound will migrate top of the iTLC plates exactly as the used eluent, leaving a tail 

of radioactivity behind. However, since the borosilicate microparticles used along this 

work do not dissolve completely in aqueous or organic media, and they will remain in 

the bottom of the iTLC plate and will not migrate with the eluent. This could help 

defining what is called the retention factor orRf, described as in equation (8). 

                    𝑅𝑓 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (𝑐𝑚)

𝐷𝑖𝑠𝑡𝑎𝑛𝑡 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑒𝑙𝑢𝑒𝑛𝑡 (𝑐𝑚)
                 (8)               

For this reason, and in all of radiolabeling experiments, borosilicate 

microparticles will remain at the bottom of the iTLC plates (Rf ~ 0). The rest of 

dissolved radioactive compounds will migrate with the eluent to the top (Rf ~ 1). Since 

there are no reaction intermediates, estimation of the Rf is not essential for this work, 

as every radioactivity trace observed with Rf > 0 will not correspond to the radiolabeled 

borosilicate particles. Evaluation of the measured activity under autradiography can 

provide an estimated area for each of the recorded spots. In essence, this represents 

the RCP of the radiolabeled products.   

Images corresponding to iTLCs plates and their correspondent autoradiography 

interpretations have not been recorded along this work. The total amount of iTLC 

plates evaluated throughout radiolabeling experiments, including stability assays may 

be over 100, which is an excessive number. In essence, the importance of iTLCs is the 

estimation of the RCP of the final radiolabeled products, which can be simply 

represented in a table. However, additionally, and exclusively for the interest of the 

reader, real examples for each of the conducted radiolabeling experiments have been 

collected altogether in Appendix 1. 



53 
 

3.4.3 68Ga-labeling  

An overview of  the radiolabeling reaction scheme can be found along Figure 

15. The general protocol for 68Ga-labeling of formerly functionalized borosilicate 

samples is achieved according to the following steps:  

 

Figure 15. General reaction scheme for 68Ga-labeling. This scheme represents the specific radiolabeling of 

NODAGA-APTES functionalized borosilicates. Borosilicates are represented in yellow. 

1) [68Ga]GaCl3 elution from a 68Ge/68Ga generator. Gallium-68 was eluted from 

the 68Ge/68Ga generator as [68Ga]GaCl3 using a metal free 0.1 M HCl solution 

(10 mL). The produced [68Ga]GaCl3 eluate was concentrated in a Bond Elut SCX 

SPE column and  subsequently eluted with acidified NaCl (0.5 – 1.0 mL). 

Acidified NaCl was previously prepared by dilution of HCl (12.5 μL, 5.5 M) in 

NaCl (500 μL, 5 M). The amount of radioactivity of the [68Ga]GaCl3 eluate varied 

between experiments, but it normally ranged between 140-220 MBq with. The 

highest activity of the [68Ga]GaCl3 eluate was of 430 MBq, and it was only 

achieved when an alternative generator was used.  
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2) Radiolabeling reaction. Functionalized borosilicates and precursors (Table 2) 

were dissolved in 0.2 M sodium acetate (CH3COONa) buffer (0.909 mL, pH 

4.0), ascorbic acid (0.1 mL) used as a reaction stabilizer, concentrated 

[68Ga]GaCl3 (0.1 mL, 20-40 MBq) and Chelex H2O used for adjustment of the 

reaction volume to 1.5 mL (0.391 mL).  

The mixture was vigorously stirred with vortex, and then set to react in a dry 

bath incubator. Reaction was quenched with the addition of DTPA (48 μM, 2 

μL), and the pH of the crude mixture was measured at 4.0-4.4. Crude mixture 

aliquots (5 μL) were spotted on iTLC paper and further eluted.   

3) Product purification. Solvent was removed after reaction completion upon 

sedimentation of the microparticles by centrifugation (3 minutes, room 

temperature, 14000 rpm). The radiolabeled product was cleaned two times with 

an appropriate solution as stated along Table 2. Purified product aliquots (5 

μL) were spotted on iTLC paper that was later eluted. 

4) Quality control. Purity of final radiolabeled products was analyzed under 

autoradiography by exposure of the spotted iTLC strips.  

Table 2. Conditions for 68Ga-labeling of surface functionalized borosilicates. Detailed comments have been 

disclaimed when convenient. 

68Ga-labeled 
product 

Weight  
(mg) 

Reaction conditions Washing steps Comments 

NODAGA-APTES 
borosilicate (44-μm) 

1.0 
15 minutes, 

95 ºC 
 

Chelex H2O (1000 μL) 
Only 2 washing steps 

were done 

DFO-APTES 
borosilicate (2.2-μm) 

0.6 
15 minutes, 

room temperature 
1 × PBS (500 μL) - 

DFO-PEG-
Etthanolamine 

borosilicate (2.2-μm) 
0.6 

15 minutes,  
room temperature 

1 × PBS (500 μL) 
0.2 μL [68Ga]GaCl3 

were added to 1 replica 

NODAGA-APTES 
borosilicate (2.2-μm) 

1.5 
15 minutes , 

95 ºC 

Optimization from using 1 
× PBS (500 μL) to EDTA 
solution (500 μL, 2 mM) 

Experiments were 
continued with stability 

assays 

     

  

The structures of the final [68Ga]Ga-DFO-APTES, [68Ga]Ga-DFO-PEG-

Ethanolamine and [68Ga]Ga-NODAGA-APTES labeled products are reported in Figure 

16Figure 16. 
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Figure 16. 68Ga-labeling. Final structures of labeled [68Ga]Ga-DFO-APTES, [68Ga]Ga-DFO-PEG-Ethanolamine 
and [68Ga]Ga-NODAGA-APTES final products. 

3.4.4 18F-Fluorination 

Unmodified and silanol activated HCl cleaned borosilicate microparticles were 

radiolabeled with [18F]F- according to the next described reaction steps. Overall 

reaction scheme can be found in Figure 17. 

 

 

Figure 17. Radiofluorination of borosilicate microparticles. Glass particles are represented in yellow color. 
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1) Target irradiation. [18F]F- was produced upon proton bombardment of a 

enriched [18O]H2O target in a IBA Cyclone 10/5 cyclotron with a 10 MeV proton 

beam and an integrated current of 0.8 μA. Produced [18F]F- was transferred into 

a Waters Accell QMA Light Sep-Pak cartridge preconditioned with K2CO3 (0.5 

M, 10 mL) and washed with deionized H2O (15 mL). 

 

2) Elution from QMA cartridge. [18F]F- was eluted with a eluent mix of Kryptofix 

2.2.2 (9.5 mg), K2CO3 (1.7 mg) and deionized H2O (80 μL) dissolved in 

anhydrous CH3CN (1.92 mL). Eluted [18F]F- was transferred to a new vial using 

a gas flow of 20 mL/min. 

 

3) Azeotropic distillation. The CH3CN and H2O solution containing [18F]F- was 

brought to evaporation at 100ºC with a controlled gas flow of 40-70 mL/min. 

[18F]KF/K2.2.2 is cooled down to 15 ºC and finally dissolved in CH3CN (1 mL). 

Measured activity was of about 380 MBq.  

 

4) Radiolabeling reaction. Four sets of unmodified and HCl cleaned 2.2-μm 

borosilicates had been previously dissolved in anhydrous CH3CN (200 μL). 

Addition of the dissolved [18F]KF/K2.2.2 (100 μL) into each reaction vial was 

then performed.   

 

The mixture was vigorously mixed with vortex, and then set to react. For 

different sets of reactions were performed, those being Set 1 (15 minutes, room 

temperature), Set 2 (30 minutes, room temperature), Set 3 (15 minutes, 60ºC) 

and Set 4 (30 minutes, 60ºC).  Reaction was quenched through the addition of 

deionized H2O. Crude mixture aliquots (5 μL) were spotted Purified product 

aliquots (5 μL) were spotted on iTLC paper and then eluted.  

5) Product purification. Solvent excess was removed after reaction completion 

upon sedimentation of the microparticles by centrifugation (3 minutes, room 

temperature, 14000 rpm). The radiolabeled products were cleaned two times 

with deionized H2O (500 μL) through centrifugation (15 minutes, room 

temperature, 14000 rpm). Purified product aliquots (5 μL) were spotted oniTLC 

paper and then eluted. 
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6) Quality control. Purity of final radiolabeled products was analyzed under 

autoradiography Upon exposure of the spotted iTLCs. 

3.5 Stability assays 

Stability assays were conducted to determine the amount of intact radiolabeled 

particle observable in different media over an intermediate amount of time. The main 

idea of stability assays is to determine the percentage of intact radiotracer over time. 

These were only performed in [68Ga]Ga-NODAGA-APTES 2.2-μm borosilicates. 

Stability assays need to be done prior in vivo experiments. For this reason, they 

must be carried out in close to physiological conditions (37 ºC, physiological media). 

Different media evaluated were 1 × PBS, 50% human plasma in 1 × PBS, 0.2 mM FeCl3, 

2 mM EDTA and SLF. PBS is used as a buffer system that replicates serum conditions 

(excluding proteins) by stabilizing samples to a physiological pH, similar ionic 

composition, and a similar osmotic pressure in order to prevent cell rupture. Stability 

in donor human plasma is also necessary for stability assays of tracers directed for 

human studies FeCl3 was assessed as a solution simulating an increased iron content 

than that naturally present in the human body (10-30 × 10-6 M) .70 Stability in EDTA 

was evaluated due to its complexing agent behaviour.  SLF was a solution that 

simulated the chemical behaviour of fluid in the lungs. Stability over a 0-3 h period was 

assessed for final 68Ga-labeled products.  

The SLF solution was prepared by dissolving the chemicals stated along Table 

3 in descending order, in  deionized H2O (1L) warmed at 37 ºC and adjusted to pH 7.5. 

Table 3. SLF composition. Chemicals were added successively, in the descending order shown along this table. 

Compound name Chemical formula Proportion (g) 

Sodium chloride NaCl 6.802 
Disodium hydrogen phosphate N2HPO4·12H2O 5.084 

Calcium chloride dihydrate CaCl2·2H2O 0.291 
Sodium acetate CH3COONa 0.578 

Sodium hydrogen carbonate NaHCO3 2.302 
Citric acid C6H8O7 0.420 

Glycine hydrochloride C2H5NO2 · HCl 0.667 
Ammonium chloride NH4Cl 5.296 

Phosphoric acid H3PO4 1.196 
Sodium carbonate Na2CO3 0.629 

Potassium acid phtalate C8H5KO4 0.202 
Sulfuric acid H2SO4 0.508 

Sodium citrate dihydrate Na3C6H5O7•2H2O 0.591 
Sodium acid trihydrate C6H11Na3O10 0-630 
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The general procedure for performing stability assays in radiolabeled products 

can be described as following: 

1) Incubation in physiological media. Overtime stability of the purified product 

was checked every. Incubation took place in 100% 1 × Phosphate Buffered Saline 

(PBS, 200 μL), 50% human plasma (100 μL) in 1 × PBS (100 μL), 0.2 mM FeCl3 

(200 μL), 2 mM EDTA (200 μL) and Simulated Lung Fluid (SLF, 200 μL) for 3 

hours at 37 ºC under low stirring (350 rpm) in a heating block with integrated 

mixing. Aliquots (5 μL) were spotted on a a heat-activated glass microfibre 

chromatography paper impregnated with SA for quality control through iTLC 

evaluation, using sodium citrate (0.1 M, pH 5.0) as eluent.  

2) Quality control. Purity of final radiolabeled products was analyzed under 

autoradiography upon exposure of the spotted iTLC strips. 
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4 Results and discussion 

The discussion of surface modification procedures was based on the 

characterization of functionalized borosilicate microparticles. Radiolabeling 

performance was discussed based on radioactivity concentration, RCY and As results. 

Stability over time was evaluated upon radiolabeling stability assays.  

4.1 Surface silanol group activation  

The confirmation of a successful activation of the surface silanol groups was 

only evaluated under FTIR. FTIR spectra for the understanding of surface silanol 

activation upon acid and basic washing are recorded in Figure 18. Associated band 

assignment can be found along Table 4. 

Silanol group activation in HCl washed 2.2-μm glass particles is evident due to 

the formation of a broad band centered at 3319 cm-1 corresponding to the stretching 

vibrations of O-H and Si-OH groups, and the band present at 1632 cm-1 corresponding 

to the bending vibration of O-H.48,71,72 Further reaffirmation can be obtained from the 

band observed at 799 cm-1 corresponding to Si-OH stretching.73 This confirms that 

silanol groups were successfully activated upon acid washing.  

However, this is not the case for the 44-μm modified particles, as their FTIR 

vibration profile remains identical to that observed for the unmodified borosilicates. 

Band shape, position and intensity remains unaltered with respect to the unmodified 

sample. The only evidence of silanol activation could be based off the band centered at 

1680 cm-1 coincident with O-H bending vibrations, but the intensity of this band is not 

high enough to confirm the activation of silanol groups.71,72 This is likely due to the 

increased surface area of larger particles, which limits the possibility of successfully 

achieving significant surface modifications to an extent detectable by most techniques. 

In essence, evidence showcased that HCl cleaning of the borosilicate particles 

was the preferred method for activation of the superficial silanol groups.14,50 No 

significant effect was observed upon basic washing of the particles based on their FTIR 

spectra, as opposed to that recorded for activation with HCl. 
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Figure 18. ATR FTIR spectra of unmodified and silanol activated borosilicate particles. Recorded frequency of 
significant vibration bands is indicated with an arrow. Borosilicates with (A) 44-μm and (B) 2.2--μm mean diameter size. 
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Table 4. Assignation of FTIR band vibrations observed in the FTIR spectra of silanol activated 
microparticles. Symbols “ν” and “δ” represent stretching and bending vibrations, respectively.  

Vibration mode Band intensity 

44-μm borosilicate microparticles 

Unmodified  
Silanol 

activation in 
NaOH (2 M) 

Silanol activation 
in HCl (10% (v/v)) 

  Frequency (cm-1) 

δ[BO3] Medium 671 671 671 
ν(Si-OH) Medium 799 799 799 
ν(Si-O-Si) Intense 901 901 901 

ν(Si-O-Si)as, ν[BO4] Very intense 991 991 991 
ν(Si-O-Si) Intense 1105 1105 1105 
ν[BO3] Medium 1375 1375 1375 
δ(O-H) Very weak - 1680 1680 

Glass matrix Medium/Intense 1980 1980 1980 
Glass matrix Medium/Intense 2058 2058 2058 
Glass matrix Medium/Intense 2168 2168 2168 
Glass matrix Medium/Intense 2324 2324 2324 

ν(O-H), ν(Si-OH) Weak 2650 2650 2650 

  

Vibration mode Band intensity 

44-μm borosilicate microparticles 

Unmodified  
Silanol activation in 

NaOH (2 M) 
Silanol activation in 

HCl (10% (v/v)) 

  Frequency (cm-1) 

δ[BO3] Medium 700 700 - 
ν(Si-OH) Medium - - 799 
ν(Si-O-Si) Intense 951 951 951 

ν(Si-O-Si)as, ν[BO4] Very intense - - 1059 
ν(Si-O-Si) Medium - - 1180 
ν[BO3] Medium/Weak 1406 1406 - 
δ(O-H) Very weak - - 1632 

Glass matrix Weak 2104 2104 2104 
Glass matrix Weak 2168 2168 2168 
Glass matrix Weak 2318 2318 2318 

ν(O-H), ν(Si-OH) Weak (broad) - - 3319 

 

The rest of the bands have been assigned as well. Bands between 900-1100 cm-1  

correspond to Si-O-Si stretching vibration modes. In the 44-μm particles these are the 

bands centered at 901 cm-1, 991 cm-1, and shoulder band found at 1105 cm-1. The 991 

cm-1 antisymmetric vibration band of [BO4], and the 671 cm-1 and 1375 cm-1 bands, 

respectively correspondent to the bending and antisymmetric stretching vibrations of 

[BO3] trihedra, appear to be constant in both HCl treated and unmodified borosilicate 

spectra.72,74,75 Remaining vibration bands were concordant with those assigned for the 

44-μm sized microparticles. 

In the 2.2-μm particles these bands are slightly shifted to higher frequency values 

due to the compositional differences, centered at 951 cm-1, 1059 cm-1, as well as the 

shoulder found at 1180 cm-1.72,74,75 The 951 cm-1 vibration band is also visible in the 

unmodified borosilicate material with a similar intensity. The 1059 cm-1 vibration 
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band, correspondent to the antisymmetric Si-O-Si stretching vibration, is also 

coincident with the antisymmetric vibration band of [BO4].73,76 An increased intensity 

of this band can be associated to the transformation of [BO3] trihedra into [BO4] 

tetrahedra upon hydrolyzation of the glass matrix and combination with the silicate 

network. This is evidenced with the disappearance of the 700 cm-1 and 1406 cm-1 bands 

corresponding to the bending and antisymmetric stretching vibrations of [BO3] 

trihedra, respectively.71,77,78 

Intrinsic matrix vibrations of the microparticles are found between 1300-2800 

cm-1. These are centered at exactly 1980 cm-1, 2058 cm-1, 2168 cm-1 and 2324 cm-1 for 

the 44-μm borosilicates, and at 2104 cm-1, 2168 cm-1 and 2318 cm-1 for the 2.2-μm 

borosilicates. The assignment of these bands can be uncertain due to their weak 

intensity, as well as to the variable composition of the synthetic microparticles. Similar 

vibration profiles have been found in literature regarding borosilicate glasses with a 

significant Al2O3 content, though band assignation is not discussed.48,74 

Overall, FTIR analysis of 2.2-μm and 44-μm borosilicates showcases the 

similarity in composition between both particles, based on their vibration profiles. 

Silanol group activation of the 2.2-μm particles is proved successful upon the 

application of an HCl (10%(v/v)) treatment. This was considered more attractive 

regarding functionalization approaches. The absence of confirmation for silanol group 

activation under FTIR served as one of the main reasons for the discontinuation of 

experiments with the 44-μm borosilicates. In essence, although the aim of the project 

was to induce minimal surface alterations of the studied borosilicate microparticles, an 

extremely low number of superficial silanol groups could greatly limit following 

functionalization procedures. 

4.2 Surface functionalization of borosilicates with APTES  

4.2.1 Characterization techniques 

Experimental results for the functionalization of borosilicate microparticles 

with APTES are shown in chronological order. Not all APTES concentrations could be 

measured in every technique for the 44-μm particles, therefore these will always be 

specified. As explained in the experimental protocol, 2.2-μm microparticles were only 

functionalized with 2 mM APTES, so this will be omitted throughout. 
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4.2.1.1 FTIR 

FTIR spectra of APTES functionalized 2.2-μm and 44-μm microparticles are as 

observed in Figure 19. Characteristic vibration bands are recorded along Table 5. 
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Figure 19. ATR FTIR spectra for surface functionalization with APTES. (A) 44-μm and (B) 2.2-μm borosilicates. 
Spectra of samples had to be normalized because of alterations performed in the spectral parameters of the 
instrument. Recorded transmittance of APTES functionalized 44-μm samples (2 mM, 5 mM and 10 mM) illustrates 
lower values due to the small amount of sample available for characterization. 
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Table 5. Assignation of FTIR band vibrations observed in the FTIR spectra of APTES functionalized 
microparticles. Symbols “ν” and “δ” represent stretching and bending vibrations, respectively. Borosilicate with 44-
μm mean diameter size. 

 

 

The overall profiles of the functionalized borosilicates remains the same as that 

reviewed for the unmodified and HCl cleaned borosilicate microparticles. Identical 

FTIR profiles of both HCl cleaned and APTES functionalized borosilicates showcase 

that APTES functionalization cannot be observed upon FTIR. The interpretation of the 

bands is therefore exactly as that described along the characterization of silanol 

activated particles. No new vibration bands can be attributed to either NH2 stretching 

(3450 – 3300 cm-1), NH2 bending (1650 – 1400 cm-1) or hydrocarbon stretching (3000 

– 2900 cm-1).72   

A new band at 1560 cm-1 seems to appear with higher APTES concentrations 

only in the 44-μm particles, possibly corresponding to NH2 bending.72,79 This could be 

attributed to the detection of amine groups present in the APTES molecules.  

However, this contribution was uncertain. At the time of evaluation, FTIR 

spectra were suspected to be contaminated with cleaning products embedded in the 

measurement plate. Bands located at 1550 cm-1 were also being recorded in replicas of 

Vibration mode Band intensity 

44-μm borosilicate microparticles 

Unmodified 
HCl 

cleaned 
APTES 

(0.5 mM) 
APTES 
(1 mM) 

APTES  
(2 mM) 

APTES 
(5 mM) 

APTES  
(10 mM) 

Frequency (cm-1) 

δ[BO3] Medium 671 671 671 671 671 671 671 
ν(Si-OH) Medium 799 799 799 799 799 799 799 
ν(Si-O-Si) Intense 901 901 901 901 901 901 901 

ν(Si-O-Si)as, 
ν[BO4] 

Intense 991 991 991 991 991 991 991 

ν(Si-O-Si) Intense 1105 1105 1105 1105 1105 1105 1105 
ν[BO3] Medium 1375 1375 1375 1375 1375 1375 1375 
δ(NH2) Weak - - - - 1650 1650 1650 
δ(O-H) Very weak - 1680 1680 1680 1680 1680 1680 

Glass matrix Medium 1980 1980 1980 1980 1980 1980 1980 
Glass matrix Medium 2058 2058 2058 2058 2058 2058 2058 
Glass matrix Medium 2168 2168 2168 2168 2168 2168 2168 
Glass matrix Medium/Intense 2324 2324 2324 2324 2324 2324 2324 

  

Vibration mode Band intensity 

2.2-μm borosilicate microparticles 

Unmodified  HCl cleaned  APTES   

Frequency (cm-1) 

  700 - - 
δ[BO3] Medium - 799 799 

ν(Si-OH) Medium 951 951 951 
ν(Si-O-Si) Intense - 1059 1059 

ν(Si-O-Si)as, 
ν[BO4] 

Very intense - 1180 1180 

ν(Si-O-Si) Medium 1406 - - 
ν[BO3] Medium/Weak - 1632 1632 
δ(O-H) Very weak 2104 2104 2104 

Glass matrix Weak 2168 2168 2168 
Glass matrix Weak 2318 2318 2318 
Glass matrix Weak - 3319 3319 
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unmodified and HCl cleaned borosilicates, amongst others. Furthermore, APTES 

grafting into borosilicate materials should mainly be confirmed through more sensitive 

techniques such as XPS, as suggested by literature.  

44-μm microparticles were not very interesting for the development of 

radiotracers resembling CsMPs as the size of these was larger than that of type A 

CsMPs. However, experimentation with them was mainly used for testing suitable 

APTES concentrations for surface modification. Still, experiments with 44-μm 

microparticles were still conducted until their final discontinuation based on their 

radiolabeling performance.  

FTIR is therefore not a suitable technique for the assessment of superficial 

functionalization of borosilicate microparticles with any of the studied agents, since 

surface modifications are performed with very small concentrations of APTES. FTIR 

does not have enough sensitivity for detecting functional groups present in such a small 

extent.     

4.2.1.2 TGA 

TGA profiles of APTES functionalized 2.2-μm and 44-μm borosilicates can be 

found in Figure 20 and Table 6. Only the highest concentration of APTES (10 mM) 

was evaluated for the 44-μm borosilicate particles. 

TGA was initially performed on different functionalized samples to assess if the 

presence of the organic grafting molecules could be detected. If slight mass variations 

were to be observed, it could confirm that the functionalizing agent was lost upon 

evaporation. Borosilicate microparticles were expected to remain solidified due to their 

high meting point, of about 1250 ºC for conventional borosilicate glasses.80 

Discussion of results obtained by TGA becomes challenging without performance 

of a simultaneous Differential Scanning Calorimetry (DSC) evaluation. DSC evaluates 

energy changes in the sample, which can help provide a more detailed insight on the 

type of process taking place, whereas TGA only evaluates property changes upon an 

increase in temperature. No supporting DSC evaluations were performed along this 

work since TGA was only momentarily employed as a survey technique.81 
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Figure 20. TGA profiles of APTES functionalized borosilicate particles. Borosilicate with (A) 44-μm and (B) 
2.2-μm mean diameter size. 
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Table 6. Assignation of TGA steps of APTES functionalized microparticles. Borosilicates with 44-μm and 2.2-
μm mean diameter size. 

44-μm borosilicate microparticles 

APTES (10 mM) 

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage of 
weight loss (%) 

Assignation 

Step 1 25 – 469 100.00 – 100.2 -0.2 Stability range 
Step 2 469 – 800 100.2 – 99.0 1.2 Glass transition 

 

 

2.2-μm borosilicate microparticles 

Unmodified 

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage of 
weight loss (%) 

Assignation 

Step 1 25 – 276 100.0 – 100.4 -0.5 Stability range 
Step 2 276 – 1200  100.4 – 104.9 -4.6 Sample oxidation 

     

HCl cleaned 

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage of 
weight loss (%) 

Assignation 

Step 1 25 – 156 100.0 – 93.9 6.1 Moisture release 
Step 2 156 – 276  93.9 – 93.2 0.7 Stability range 
Step 3 276 – 704  93.3 – 90.6  2.7 Glass transition 
Step 4 704 – 1200  90.6 – 92.9 -2.3 Sample oxidation 

     

APTES  

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage of 
weight loss (%) 

Assignation 

Step 1 25 – 156 100.0 – 94.5 5.5 Moisture release 
Step 2 156 – 276  94.5 – 92.5 2.1 Stability range 
Step 3 276 – 704  92.5 – 87.7 4.8 Glass transition 
Step 4 704 – 1200  87.7 – 92.8 5.1 Sample oxidation 

 

Discussion of the different borosilicate samples is different based on the 

recorded profiles. In the 44-μm borosilicate, mass percentage remains constant over a 

wide temperature range of 25 – 469 ºC indicating particle stability. Weight percentage 

loss is recorded as of -0.21%, representing fluctuations in the recordings of the 

instrument. No real loss of compound is taking place along this step. Upon reaching 

469 ºC, mass percentage appears to slowly decrease until a minimal weight loss of 1.1 

% is recorded. This is concordant with the glass transition temperature (Tg) of 

borosilicate glass, which is normally considered to be of about 460 ºC.82–84 This value 

can vary depending on the composition of the studied material. Tg represents the point 

where an amorphous material starts to gradually transition from a rigid to a flexible 

state, and it can serve as an indicator for structural degradation.85–87  

However, for the 2.2-μm borosilicates, different steps and temperature ranges 

can be observed. Initially, the TGA profile of the unmodified borosilicate can be 

described through only two different stages. Between 25 – 276 ºC, the sample appears 
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to be stable with slight instrumental fluctuations. No lost of absorbed moisture is 

recorded, as the unmodified particles are commercially stored with a moisture 

absorber. From 276 – 1200 ºC, a mass increase is observed, attributed superficial 

oxidation reactions of silicon with oxygen or other gaseous contaminants within the 

purge gas, forming SiOx.88  

 In both HCl cleaned and APTES functionalized 2.2-μm samples, four different 

stages are observed instead. A first step from 25 – 156 ºC represents a weight loss of 

6.1 and 5.5 %, respectively, associated to the volatilization of absorbed water.82 The 

second stage shows an almost isothermal plateau, where the sample appears to be 

stable with a minimal weight loss of about 1-2 %. This effect becomes more evident for 

the HCl cleaned sample. However, this behaviour could also be explained as an 

additional extension of the former evaporation step. Along the third step, a noticeable 

weight loss of 2.7 and 4.8 %, respectively, is detected, correspondent to the glass 

transition region.82,84 The recorded Tg of 276 ºC is lower to what is generally reported 

for borosilicate glasses. Although Tg may vary depending on the composition of the 

glass particles, this association cannot be confirmed in the absence of DSC evaluation. 

Alternative assignations have not been discussed in referred literature.82,83 The fourth 

step represents sample oxidation taking place between 704 – 1200 ºC.88  

Based on the profiles recorded for both types of particles, no effects associated 

to the functionalization of the borosilicates can be observed. This confirms that TGA is 

not a suitable technique for the confirmation of surface functionalization. For this 

reason, no further evaluations were performed under TGA. Furthermore, TGA analysis 

of borosilicates seems to be very imprecise without simultaneous DSC evaluations. If 

possible, it would also be recommended to perform measurements under vacuum or 

purified purge gas. 

4.2.1.3 EDS 

EDS analysis was performed in order to evaluate the overall composition of the 

microparticles. Nitrogen content was also examined in aims of estimating the amount 

of superficial amine ends inserted upon APTES grafting. unmodified, HCl cleaned an 

APTES (0.5 mM and 10 mM) functionalized borosilicate 44-μm particles were 

performed for estimation of their composition.  
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Unmodified and APTES functionalized 2.2-μm particles were also measured. In 

this case, and exceptionally throughout the extent of this thesis, a reference sample 

functionalized with a higher concentration of APTES (10 mM) than that described in 

the experimental procedure (2 mM), was analyzed instead. This was done exclusively 

to determine if nitrogen content could be observed in an over-modified sample under 

EDS, in order to determine if it was a suitable technique for the confirmation of surface 

functionalization, before continuing analysis. Measured sections and sample 

composition results can be found along Figure 21 and Table 7, respectively. 

  

  

 

 

 

 

 

 

 

 

 

Table 7. Composition results obtained by EDS. 44-μm and 2.2-μm borosilicates. 

Element 

44-μm borosilicate microparticles 

Unmodified 
Weight (%) Atomic (%) Compound (%) Formula 

Na K 2.47 2.16 3.33 Na2O 

Al K 2.16 1.61 4.09 Al2O3 

Si K 43.28 30.91 92.58 SiO2 

O 52.09 65.32     

Totals 100.00       

     

Element 

HCl cleaned 

Weight (%) Atomic (%) Compound (%) Formula 

Na K 2.18 1.90 2.94 Na2O 

Al K 1.60 1.19 3.03 Al2O3 

Si K 43.95 31.39 94.03 SiO2 

O 52.26 65.52     

Totals 100.00       

     

C 

A 

D 

B C 

E F 

Figure 21. Particle sections subjected to EDS analysis. Unmodified (A), HCl cleaned (B) and APTES 
functionalized (10 mM) (C) and (0.5 mM) (D) 44-μm borosilicate. Unmodified (E) and APTES functionalized (10 mM) 
(F) 44-μm borosilicate. 
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Element 

APTES (0.5 mM) 

Weight (%) Atomic (%) Compound (%) Formula 

Al K 2.28 1.69 4.30 Al2O3 

Si K 44.73 31.92 95.70 SiO2 

O 52.99 66.38     
Totals 100.00       

     

Element 

APTES (10 mM) 

Weight (%) Atomic (%) Compound (%) Formula 

Na K 1.58 1.37 2.12 Na2O 

Al K 2.23 1.66 4.21 Al2O3 

Si K 43.79 31.27 93.67 SiO2 

O 52.41 65.70    

Totals 100.00    

 

Results indicate that the overall sample composition between 44-μm and 2.2-

μm particles is not the same, which agree with the indications form the manufacturer. 

Composition by weight (%) of  44-μm borosilicates agrees with that provided by the 

manufacturer, of of 2-6% Na2O, 2-5% Al2O3, and 75-85% SiO2. Na2O, Al2O3, SiO2 and 

O weight, atomic and compound percentages deviations among samples do not exceed 

1% in any case. This was considered acceptable due to the limited sensitivity of the 

technique. Boron content, estimated by weight to range between 12–16% B2O3, is not 

detected in any of the samples. Only the APTES (0.5 mM) functionalized sample did 

not present any Na2O content, but this can be associated with the specific section 

subject to analysis, which specifically registered increased an Al2O3 content. Silicon 

content is found among the same levels as the rest of the sample.In the 2.2-μm 

borosilicates, recorded compound percentages also agree with the theoretical 14.5% 

Al2O3, 52.5% SiO2 and 22.5% CaO composition provided by the manufacturer. The rest 

Element 

2.2-μm borosilicate microparticles 

Unmodified 

Weight (%) Atomic (%) Compound (%) Formula 

Al K 8.00 6.36 15.12 Al2O3 

Si K 29.29 22.37 62.66 SiO2 

Ca K 15.88 8.50 22.23 CaO 

O 46.83 62.77   

Totals 100.00    

     

Element 

APTES (10 mM) 

Weight (%) Atomic (%) Compound (%) Formula 

Al K 8.09 6.37 15.29 Al2O3 

Si K 30.73 23.24 65.75 SiO2 

Ca K 13.55 7.18 18.96 CaO 

O 47.62 63.21     

Totals 100.00       

Continuation of Table 7. 
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of constituents recorded in the particle data sheet (8.6% B2O3, 1.2% MgO, 0.3% Na2O, 

0.2% FeO/Fe2O3, and 0.2% K2O) are not detectable under EDS due to their small 

concentrations. 

No alterations on the composition of the borosilicates can be observed for either 

of the different functionalized microparticles. No nitrogen or increased SiO2 content 

are observed upon functionalization with APTES, because of the low concentrations of 

grafting agent employed. This suggests that EDS analysis is not a suitable technique in 

the confirmation surface modification, and that functionalization with APTES does not 

cause significant alterations in the composition of the samples.  

4.2.1.4 SEM 

Analysis of SEM images was performed for both 2.2-μm and 44-μm sized 

microparticles to ensure minimal superficial alteration upon functionalization. Figure 

22 shows the correspondent photographs and size distribution histograms for both 

types of particles.  

As recorded in Figure 22, SEM images and histograms have been differentiated 

for unmodified (A-C), and APTES (0.5 mM) functionalized 44-μm particles (D-F); as 

well as for unmodified (G-I), HCl cleaned (J-L), APTES functionalized (M-O), and 

NODAGA-APTES functionalized borosilicates (P-R). Diameter size distribution of 44-

μm and 2.2-μm borosilicates was obtained upon the measurement of 13 and 100 

particles, respectively. 

All samples conserve the same spherical morphology upon functionalization. 

The larger borosilicates show a mean diameter size of 44 ± 1 μm for both unmodified 

and APTES functionalized samples, agreeing with the theoretical particle size of  44-

μm provided by the manufacturer. As for the smaller borosilicates, mean particle size 

varied slightly within samples, being of 2.1 ± 0.1 for unmodified,  2.2 ± 0.2 μm for HCl 

cleaned, 2.2 ± 0.2 μm for APTES functionalized, and 2.1 ± 0.2 μm for NODAGA-APTES 

functionalized borosilicates. These all agree with the theoretical 2.2 ± 0.3 μm diameter 

size of the particles provided by the manufacturer. Close-up images of the isolated 

microparticles illustrate the same spherical morphology in all cases. 
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Figure 22. SEM images and size distribution histograms of 44-μm borosilicate samples. Unmodified (A-C), 
and APTES (0.5 mM) functionalized 44-μm particles (D-F); unmodified (G-I), HCl cleaned (J-L), APTES 
functionalized (M-O), and NODAGA-APTES functionalized borosilicates (P-R). Size distribution was respectively of 
44 ± 1 μm (N=13), 44 ± 1 μm (N=13), 2.1 ± 0.1 μm (N=100), 2.2 ± 0.2 μm (N=100), 2.2 ± 0.2 μm (N=100) and 2.1 
± 0.2 μm (N=100). N is the number of particles measured. 
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SEM images confirm that superficial functionalization with APTES does not 

significantly alter the morphology of the synthetic borosilicates. Conjugation of p-SCN-

Bn-NODAGA chelator does not show any significant morphological alterations either. 

4.2.1.5 XPS 

XPS served as the main technique for the confirmation of APTES grafting. 

Spectra of the 44-μm unmodified samples were not obtained under XPS due to the 

initially limited access to the technique. Only two 44-μm and 2.2-μm modified samples 

were preliminarily provided to the operator. Continuation with XPS evaluations only 

took place later, when the 44-μm samples had already been discontinued by 

complementary results (e.g. radiolabeling). NODAGA-APTES functionalized 2.2-μm 

particles were also evaluated under XPS. 

All spectra were calibrated with respect to the C sp2 band (184.5 eV), detectable 

in any XPS measurement. Results are fitted to Gaussian curves for the detection of 

multiple peak contributions to the overall band profiles. 

High resolution C1s spectra of the adhesive support film used for the preparation 

of the samples as well as of 44-μm and 2.2-μm functionalized borosilicates can be 

found in Figure 23. High resolution N1s and O1s spectra of the same samples are 

recorded in Figure 24 and Figure 25, respectively. S2s and S2p spectra were 

exclusively measured for 2.2-μm functionalized microparticles, and these can be found 

along Figure 26. The peaks observed on all of these spectra have been transcripted 

into Table 8.  

The adhesive support used for the preparation of the samples was only 

evaluated to eliminate it as a possible contamination source, due to the polyimide-

based nature of Kapton film. Evaluation of the O1s and C1s spectra have been directly 

associated with that recorded in the literature for Kapton® film.89  

Despite the polyimide nature of the support, the recorded spectra confirm that 

no nitrogen peaks can be observed from it. Nitrogen peaks born from the polyimide are 

most likely undetected due to the coating provided by the adhesive system, which based 

of cured silicone. It is also possible that nitrogen content of Kapton® is low enough not 

to be detected by XPS.  The lack of detectable nitrogen signals confirms that nitrogen 

observed in any of the analyzed samples will not be originated from the support.90  
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Figure 23. High resolution XPS C1s spectra. (A) Adhesive layer of the Kapton® film. (B) APTES (1 mM) 
functionalized 44-μm borosilicate microparticles. (C) Unmodified, (D) HCl cleaned, (E) APTES and (F) NODAGA-
APTES functionalized 2.2-μm borosilicate microparticles. 
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Figure 24. High resolution XPS N1s spectra. (A) Adhesive layer of the Kapton® film. (B) APTES (1 mM) 
functionalized 44-μm borosilicate microparticles. (C) Unmodified, (D) HCl cleaned, (E) APTES and (F) NODAGA-
APTES functionalized 2.2-μm borosilicate microparticles. 
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Figure 25. High resolution XPS O1s spectra. (A) Adhesive layer of the Kapton® film. (B) APTES (1 mM) 
functionalized 44-μm borosilicate microparticles. (C) Unmodified, (D) HCl cleaned, (E) APTES and (F) NODAGA-
APTES functionalized 2.2-μm borosilicate microparticles. 
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Figure 26. High resolution XPS S2s (left) and S2p spectra (right). (A, B) HCl cleaned, (C, D) APTES and (E, F) 
NODAGA-APTES functionalized 2.2-μm borosilicate microparticles. 
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Table 8. Peak assignation for the bands observed in the high resolution XPS C1s, N1s, O1s, S2s, and S2p 
spectra. Adhesive layer of the Kapton® film. APTES (1 mM) functionalized 44-μm borosilicate microparticles. 
Unmodified, HCl cleaned, APTES and NODAGA-APTES functionalized 44-μm borosilicate microparticles. 

High resolution XPS spectra of O1s 

Peak assignation 

 

Adhesive layer 

Binding Energy (eV) 

O-C-O 531.4 
C=O 533.2 

  

Peak assignation 

44-μm borosilicate microparticles 

APTES (1 mM) 

Binding Energy (eV) 

Si-O 532.3 

  

Peak assignation 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES NODAGA-APTES 

Binding Energy (eV) 

Si-O-Si/Si-O-M 531.1 531.6 531.4 531.5 
Si-OH/OH 533.1 533.6 533.3 533.5 

     

 

High resolution XPS spectra of C1s 

Peak assignation 

 

Adhesive layer 

Binding Energy (eV) 

C sp2 285.4 
C=O 289.7 

  

Peak assignation 

44-μm borosilicate microparticles 

APTES (1 mM) 

Binding Energy (eV) 

C sp2 285.4 
C=O 288.6 

  

Peak assignation 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES NODAGA-APTES 

Binding Energy (eV) 

C sp2 285.4 285.4 285.4 285.4 
C-O 287.2 - 287.0 286.9 

     

High resolution XPS spectra of N1s 

  

Peak assignation 

44-μm borosilicate microparticles 

APTES (1 mM) 

Binding Energy (eV) 

NH2/NH3
+ 400.5 

  

Peak assignation 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES NODAGA-APTES 

Binding Energy (eV) 

NH2/NH3
+ - - 399.9 - 

NH2/Tertiary amine/NH3
+ - - - 400.9 

     



79 
 

In the 44-μm APTES functionalized borosilicate, the presence of a nitrogen 

band becomes evident in the N1s spectrum. Unfortunately, comparison with the 

unmodified borosilicate could not be possible due to the restricted access to the 

technique. Nitrogen band is recorded at 400.5 eV, which is in between with the 

theoretical assignation for NH2 and NH3+ bands, of 399.4 eV and 401 eV, respectively, 

suggesting a contribution from both bands to the detected peak. Amine assignation is 

concordant with the exposed free amine ends of the grafted APTES molecule.13 This 

represents the first direct confirmation of a successful superficial functionalization of 

the microparticles with APTES. 

Its high resolution C1s XPS spectrum illustrates an added contribution to the C 

sp2 ambient band. The band at 288.6 eV is associated with C=O bonding, which is 

attributed to the absorption of a impurity due to absence of carbonyl groups in APTES, 

possibly originated upon initial washing with acetone.91,92 O1s spectrum contains an 

isolated peak at 532.3 eV, correspondent to Si-O bonds.13  

The confirmation of surface functionalization for the 44-μm borosilicates was 

decisive in this project. This confirmation ensured that the functionalization procedure 

could be extrapolated to the smaller microparticles, which were the most relevant 

regarding their similarity in size to type A CsMPs. Optimization of the experimental 

functionalization procedure for the 2.2-μm borosilicates was based on this result: 

APTES (1 mM) was successfully grafted into the larger particles, therefore a slightly 

higher APTES (2 mM) concentration would ensure the functionalization of the smaller 

borosilicates.  XPS became the most relevant technique for the characterization of the 

microparticles based on this prospect.  

Evaluation of the 2.2-μm microparticles under XPS therefore becomes crucial. 

Their high resolution C1s spectra illustrate a small C-O contribution present in both 

APTES and NODAGA-APTES peaks. This could be associated to the three ethoxy bonds 

present in the APTES molecule. This band somehow seems to be more intense in the 

NODAGA-APTES functionalized particle, which could be associated with an increased 

number of C-O bonds from the carboxylic acids present in the molecule. However, the 

absence of confirming C=O bands becomes detrimental for this affirmation.91,92  

A very weak C-O contribution can be also observed in the unmodified 

sample.91,92 This has been associated to a minimal contamination with ethanol during 
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the preparation of the samples. However, C-O bonding is not observed in the HCl 

cleaned borosilicate, which serves as the real precursor for the later functionalized 

samples. In conclusion, successful APTES functionalization cannot be confirmed only 

with C1s spectra, as observed C-O band could also be attributed to ethanol absorption 

used during the washing steps.  

However, APTES functionalization becomes evident in high resolution N1s XPS 

spectra of NODAGA-APTES and APTES functionalized samples. Neither of HCl or 

unmodified precursors show nitrogen traces, confirming that detected peaks 

correspond to NH2 groups. The binding energy of the band recorded for the APTES 

functionalized borosilicate is correspondent free NH2 groups from grafted APTES, 

although a small contribution from protonated NH3+ could be considered as previously 

discussed for the 44-μm borosilicate. 12,13 

A small but clear deviation of the nitrogen band in the NODAGA-APTES 

functionalized sample could be possibly attributed to the appearance of a tertiary 

amine in the NODAGA moiety, associated around 400 eV.93 Nevertheless, it may also 

be built from a joint contribution of NH2 and protonated NH3+ groups.13  

 All recorded high resolution O1s spectra present the same profile composed of 

two vibration bands. The band recorded at about 533.3 eV corresponds to hydroxyl 

bonds, presented along the surface of the borosilicates by the silanol groups.12,13 The 

band centered at about 531.5 eV is characteristic of the silica moiety, which is 

associated to a mixture of Si-O-Si and Si-O-Metal (M) bonds presenting oxygen 

bridges, with the cations present in the matrix of the borosilicate, as has been recorded 

for Si-O-Mg interactions in silica.12,13,94,95 A somewhat constant binding energy value 

for all samples indicates that no significant changes can be appreciated in the silica 

matrix.  

Detection of sulphur under XPS was initially planned to confirm the grafting of 

the NODAGA moiety into the surface of the altered microparticles through the 

formation of a thiourea upon reaction with the free amine ends from APTES. However, 

no trace of sulphur can be seen in any of the spectra recorded, for either the NODAGA-

APTES functionalized sample or its precursors. Confirmation of NODAGA grafting will 

be assessed through radiolabeling of the final precursor.  
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Functionalization with APTES can therefore be confirmed for the surface 

modified samples, as initially expected throughout the aims of this work. 

4.2.1.6  Elastic Recoil Detection Analysis (ERDA) 

ERDA provides an estimation of the atomic composition of analyzed samples. 

The use of this technique was suggested in order to support XPS evaluations. Atomic 

composition and depth profiles of unmodified and APTES functionalized 44-μm and 

2.2-μm borosilicates can be observed in Table 9. APTES concentration of the 44-μm 

particles was of 1 mM. NODAGA-APTES was also measured for the 2.2-μm 

borosilicates. 

Table 9. ERDA results. Atomic composition of supporting film, Unmodified and APTES functionalized 44-μm 

borosilicate particles. 

Technically, it the adhesive support film should not be reached by the ion beam 

during analysis. However, it must be analyzed for assessment of a possible 

contaminantion source, since borosilicate powder cannot be homogeneously deposited 

on the film and therefore the thickness of the sample is not constant throughout. 

Analysis of the adhesive support holding the borosilicate powder suggests that 

it may minimally contribute to the perceived nitrogen content. This value is similar to 

that recorded for the unmodified borosilicates, therefore it is assumed a minimal 

contamination of unmodified powder by either the supporting glue or by ambient 

contaminants.  

Element 

44-μm borosilicate microparticles 

Ashesive support film Unmodified APTES (1 mM)  

Concentration (at%) 

C 22.16 ± 0.18 0.29 ± 0.01 8.13 ± 0.12 
O 20.88 ± 0.16 62.20 ± 0.23 54.70 ± 0.26 
H 31.22 ± 0.21 1.96 ± 0.06 5.77 ± 0.13 
N 0.10 ± 0.01 0.12 ± 0.01 0.59 ± 0.04 
B < 0.12 3.20 ± 0.07 2.77 ± 0.08 

Na < 0.05 1.80 ± 0.05 1.40 ± 0.05 
Ca < 0.04 0.12 ± 0.00 0.08 ± 0.00 
Si 25.43 ± 0.17 30.32 ± 0.15 26.55 ± 0.17 

  

Element 

2.2-μm borosilicate microparticles 

Ashesive 
support film 

Unmodified  HCl cleaned APTES NODAGA-APTES  

Concentration (at%) 

C 22.16 ± 0.18 0.61 ± 0.01 0.28 ± 0.01 1.20 ± 0.02 1.24 ± 0.02 
O 20.88 ± 0.16 59.85 ± 0.22 43.87 ± 0.16 45.12 ± 0.15 47.81 ± 0.18 
H 31.22 ± 0.21 0.95 ± 0.03 1.23 ± 0.03 1.51 ± 0.02 1.62 ± 0.03 
N 0.10 ± 0.01 0.16 ± 0.01 0.08 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 
B < 0.12 2.80 ± 0.07 0.22 ± 0.01 0.24 ± 0.01 0.28 ± 0.02 

Na < 0.05 1.10 ± 0.04 0.13 ± 0.01 0.14 ± 0.01 0.24 ± 0.02 
Ca < 0.04 8.98 ± 0.07 1.29 ± 0.03 1.36 ± 0.03 1.58 ± 0.03 
Si 25.43 ± 0.17 25.54 ± 0.13 52.89 ± 0.19 50.32 ± 0.16 47.22 ± 0.18 
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A clear increase in the nitrogen, carbon and hydrogen content of the APTES 

functionalized microparticles is evident, with respect to the unmodified borosilicates, 

in the 44-μm microparticles. Nitrogen, carbon and hydrogen contents content are also 

increased upon functionalization as well in the smaller particles, although in a much 

smaller extent.. In addition to XPS evaluation, it can be confirmed that APTES was 

succesfully grafted onto the surface of the microparticles.  

In the case of the smaller particles, the concentration increase observed for 

nitrogen is only of about 0.03% atomic percent, in contrast with the 0.50% increase 

recorded for the bigger particles. This can be directly attributed to the amount of 

surface available for functionalization, as for spherical-like particles of 44-μm and 2.2-

μm of diameter that should be1 of 2.43 x 105 μm2, and 60.8 μm2, respectively, which 

ultimately represents an important difference.  

However, the increase in carbon and hydrogen content is much more evident 

both cases. APTES molecules only contain one amine end and a few units conforming 

a short hydrocarbon chain. In essence, ERDA results pose as an additional 

confirmation of successful particle functionalization. Fluctuations in the Si:O ratio 

have been the partial incidence of the ion beam on the supporting aluminium cover 

needed in the preparation of the sample, as reported by the operator of the technique.  

An anomaly was also appreciated in the case of the 2.2-μm microparticles, as 

composition shifts upon acid treatment with HCl. Silicon content greatly increases, 

whereas boron content is recorded to be lower. This could imply a release of boron 

content upon acid treatment, concordant with the disappearance of the [BO3-] 

vibrations recorded in FTIR.71  

Associated depth profiles can be found in Figure 27 for understanding the 

elemental distribution along the thickness of the analyzed sample.  

 

 

 

 

1 Available surface of spherical-like particles could be estimated with the formula correspondent to the 
area of a sphere, Area = 4 π r2. 
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Figure 27. Atomic concentration versus depth of analyzed sample. (A) Adhesive support film. (B) 
Unmodified and (C) APTES (1mM) functionalized 44-μm borosilicate. (D) Unmodified, (E) HCl cleaned, 

and (F) APTES (and (G) NODAGA-APTES functionalized 2.2-μm borosilicate. 
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ERDA depht profiles demonstrate that the elemental distribution the particles 

is somehow uniform through the thickness of the samples in the 44-μm borosilicates. 

However, concentrations of carbon and hydrogen appear to be slightly decreasing with 

higher depth. This can be explained through the APTES functionalization process, 

since organic matter should be only present in the surface of the microparticles. The 

composition of the adhesive film remains constant throughout all of the evaluated 

thickness. 

In the case of the the 44-μm borosilicates, an strange variation is observed in 

the Si:O ratio of the particles compared to that of unmodified particles. This represents 

an unusual situation that was accounted by the responsible operator. It is believed that 

the last set of samples measured by ERDA (HCl cleaned, APTES functionalized and 

NODAGA functionalized) records unusual readings because of interference with the 

aluminium support used for the preparation of the samples. Therefore, final results 

obtained by ERDA for the 2.2-μm functionalized microparticles are not being 

considered reliable. 

Altogether, ERDA results in collaboration with XPS data provide a valuable 

confirmation of surface grafting of APTES. However, the reliability of depth profiles is 

strongly limited by the nature of the microparticles. Essentially, ERDA and XPS are 

techniques designed for the analysis of solid films. Since these are essentially packed 

powder supported by an adhesive film, the thickness of the samples is not 

homogeneous and therefore it would not be realistic to associate fluctuations in atomic 

concentrations with a superficial modification.  

Experiments with the 44-μm borosilicate microparticles were finally 

discontinued at this point. This was primarily due to their radiolabeling performance, 

which will be discussed along the next chapters. Although the larger size of these 

particles was not the most appealing regarding the interests of this project, they served 

as ideal precursors for the optimization of reaction conditions to use with the smaller 

particles. The rest of the characterization techniques used for the confirmation of 

APTES surface functionalization were done after experiments with them were 

discontinued. Therefore, they will not be included in the upcoming discussion results.  
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4.2.1.7 Zeta potential 

Surface zeta potential evaluation aimed for the examination of significant 

potential variations in the surface of the microparticles related to the insertion of 

grafting molecules.  

Recorded zeta potential values of 2.2-μm APTES functionalized borosilicates 

can be found along Figure 28. Microparticles functionalized with different APTES 

concentrations (1 mM, 2 mM, 5 mM, 10 mM) were tested for comparison. 

 

Figure 28. Zeta potential values of APTES functionalized borosilicate particles. Borosilicate with 2.2-μm mean 
diameter size. 

The negative zeta potential of the unmodified sample is consistent with that 

observed in the literature regarding borosilicate materials. The surface of borosilicate 

samples is naturally negatively charged due to the presence of silanol groups. A shift to 

more negative potentials is evident upon activation of silanol groups through acid 

washing.13 

A drastic switch to positive potential values is evident upon functionalization 

with APTES. This can be explained based on the superficial exposition of positively 

charged amine groups by the APTES molecules. Zeta potential values do not seem to 

directly increase with higher APTES concentrations, though a very subtle tendency 
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could be possibly drawn if additional grafting concentrations were  to be further 

evaluated.13  

 APTES grafting on 2.2-μm borosilicate microparticles could be supported by 

zeta potential results, as the observed tendency agrees with that previously discussed 

in literature.13 Dispersive behaviour of the particles fits within the theoretical 

instability range of -30 mV to +30 mV.55 Unfortunately, the use of these dispersions 

could result in the aggregation of the particles at the bottom of the measuring cuvette 

forming an electrostatic gradient, which would affect the mean value of the recorded 

zeta potential.  

4.2.1.8 Elemental analysis 

Elemental analysis of surface modified borosilicates was conducted to determine the 

nitrogen, carbon, hydrogen, and sulphur content. Detection of these elements could 

confirm the  grafting of APTES on 2.2-μm borosilicate microparticles. Elemental 

analysis was used only as a supporting technique towards the end of the project. 

Confirmation of APTES functionalization should mainly be based on the results 

provided by more sensitive techniques such as XPS. 

Results obtained upon elemental analysis measurements are found listed along 

Table 10. Mean sample mass subjected to evaluation were of 1.98 ± 0.08 mg, 1.7 ± 0.5 

mg and 1.9 ± 0.4 mg for unmodified, HCl cleaned and APTES functionalized 

borosilicate microparticles, respectively. Weight errors were obtained as the standard 

deviations between measured samples. 

Table 10. Elemental composition of APTES functionalized borosilicate particles. Borosilicate with 2.2-μm 
mean diameter size. Associated errors were obtained from the recorded deviations of obtained results. Minimal 
error was considered to be of 0.01 % for N and C, and 0.001 % for H and S. 

Elemental content 

2.2-μm borosilicate microparticles 

Unmodified  HCl cleaned  APTES  

Nitrogen (%) 0.02 ± 0.01 0.02 ± 0.02 0.13 ± 0.02 
Carbon (%) 0.08 ± 0.01 0.26 ± 0.10 1.1 ± 0.2 

Hydrogen (%) 0.23 ± 0.01 1.59 ± 0.12 1.5 ± 0.05 
Sulphur (%) 0.01 ± 0.02 0.000 ± 0.001 0.000 ± 0.001 

    

 Small differences in carbon, sulphur and hydrogen content can be observed 

between the unmodified and HCl cleaned borosilicates. Since acid treatment did not 

involve the use of any organic solvents and washing steps were just performed with 

deionized H2O, the adhesion of organic traces was discarded. For this reason, the 
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perceived increase in hydrogen content is attributed to the absorption of H2O by the 

HCl washed samples, which is also concordant with TGA evaluation. The minimal 

increase in carbon percentage could also be associated to moisture absorption, as it is 

known that ambient CO2 dissolves in deionized H2O. Sulphur variations were just 

considered measurement fluctuations. All these variations were considered to be 

negligible since they did not represent significant composition changes. 

Evaluation of APTES functionalized borosilicates showed a clear increase in 

nitrogen and carbon content, of about 0.10% and 1.0%, respectively, with respect to the 

correspondent precursors. This is coherent with the superficial grafting of APTES 

organic molecules, as reported throughout the previously discussed characterization 

techniques. Detection of nitrogen in the functionalized particles confirms that amine 

end functionalization was successful. Hydrogen content remains invariant with respect 

to the HCl cleaned borosilicate, but it was not attributed APTES bonding as it could 

also be associated with the absorption of moisture. 

4.2.2 Radiolabeling studies 

The main idea of the thesis project was to prepare different samples for 

radiolabeling with gallium-68. 68Ga-labeling was attempted for both APTES and PEG-

ethanolamine functionalized borosilicates. The different radiolabeling experiments 

pursued along this work are discussed next.  

4.2.2.1 Determination of radioactive parameters 

As these experiments represent the main determinant for the discontinuation of 

some of the pursued approaches, they have been discussed according to the different 

conditions for the radiolabeling experiments recorded in Table 2 from the 

experimental section. Said scheme is repeated again in order to clarify the sequence of 

experiments. 

Four different 68Ga-labeling experiments on APTES functionalized samples were 

conducted along this study, which have been denoted throughout this discussion as: 

• Experiment 1. NODAGA-APTES 44-μm particles. Unmodified and 

APTES modified precursors were also evaluated. 
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• Experiment 2. NODAGA-DFO 2.2-μm particles. Unmodified, HCl 

cleaned and APTES modified precursors were also evaluated. Replicates 

were radiolabeled under the same conditions. 

• Experiment 3. NODAGA-APTES 2.2-μm particles, washing steps with 1 

× PBS. Unmodified, HCl cleaned and APTES modified precursors were 

also evaluated. 

• Experiment 4. NODAGA-APTES 2.2-μm particles, washing steps with 2 

mM EDTA. Unmodified, HCl cleaned and APTES modified precursors 

were radiolabeled as well. Several replicates were radiolabeled. 

Activities values of all radiolabeled products and precursors can be found in 

Table 11, as well as its correspondent precursors. Recorded values have been decay 

corrected to SOS. Listed activities are those recorded for SOS and final product after 

purification. Results have been categorized by experiment. 

Table 11. 68Ga-labeling of APTES functionalized samples. Listed activity values have been recorded for SOS 
and final product after purification. Final activity values have been decay corrected for SOS. 

 Experiment 1 

  

Timepoint 

44-μm borosilicate microparticles 

Unmodified APTES (2 mM) NODAGA-APTES  

Recorded activity (MBq) 

SOS 40.3 36.3 33.7 
Final product 0.681 1.03 0.833 

  

Timepoint 

Experiment 2 

 

2.2-μm borosilicate microparticles 

DFO-APTES 
Replicate 1 

DFO-APTES 
Replicate 2 

DFO-APTES 
Replicate 3 

Recorded activity (MBq) 

SOS 23.1 19.1 38.0 
Final product 2.59 0.605 0.315 

    

 2.2-μm borosilicate microparticles 

 Unmodified HCl cleaned APTES 

Timepoint Recorded activity (MBq) 

SOS 19.5 19.1 19.1 
Final product 2.55 1.14 0.670 

 

Timepoint 

Experiment 3 

 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES NODAGA-APTES 

Recorded activity (MBq) 

SOS 35.1 34.8 35.4 35.3 
Final product 4.10 20.1 20.9 16.9 
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Continuation of Table 11 

 

Radioactive parameters of the final purified radiolabeled product based on the 

previous data can be found along Table 12. 

 

Table 12. Radioactive parameters of APTES functionalized samples. RCY values have been decay corrected 
for SOS. Exact weight subjected to radiofluorination has also been specified. Radioactivity concentration and As are 
recorded with respect to the activity measured at the end of synthesis. 

 

Timepoint 

Experiment 4 

 

2.2-μm borosilicate microparticles 

NODAGA-
APTES 

Replicate 1 

NODAGA-
APTES 

Replicate 2 

NODAGA- 
APTES 

Replicate 3 

NODAGA- 
APTES 

Replicate 4 

Recorded activity (MBq) 

SOS 32.2 16.6 17.3 17.2 
Final product 21.7 9.83 12.2 11.2 

 

 

2.2-μm borosilicate microparticles 

HCl cleaned 
Replicate 1 

HCl cleaned 
Replicate 2 

HCl cleaned 
Replicate 3 

HCl cleaned 
Replicate 4 

Recorded activity (MBq) 

SOS 34.0 17.7 17.3 17.3 
Final product 15.8 9.55 9.81 9.37 

     

Timepoint 

2.2-μm borosilicate microparticles 

Unmodified APTES 

Recorded activity (MBq) 

SOS 33.8 33.6 
Final product 1.37 26.6 

   

 Experiment 1 

  

Parameter 

44-μm borosilicate microparticles 

Unmodified APTES (2 mM) NODAGA-APTES  

Radioactivity concentration 
(MBq/mL) 

0.311 0.468 0.380 

RCY (%) 2 3 2 
As (MBq/mg) 0.367 0.553 0.494 

Radiolabeled product (mg) 1.1 1.1 1.0 

  

Parameter 

Experiment 2 

 

2.2-μm borosilicate microparticles 

DFO-APTES 
Replicate 1 

DFO-APTES 
Replicate 2 

DFO-APTES 
Replicate 3 

Radioactivity concentration 
(MBq/mL) 

0.786 0.087 0.419 

RCY (%) 11 3 1 
As (MBq/mg) 1.9 0.650 0.335 

Radiolabeled product (mg) 0.6 0.2 0.2 
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Continuation of Table 12 

 Regarding Experiment 1, results showcase that 68Ga-labeling of the 44-μm 

microparticles is not successful. RCY is lower than 5% for both the chelator 

functionalized sample and its correspondent precursors. Radioactivity concentration 

and As results are all below 1 MBq/mL and 1 MBq/mg, respectively, These low activity 

Parameter 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES 

Recorded activity (MBq) 

1.70 0.366 0.164 0.096 
13 6 4 13 

2.55 0.549 0.492 0.240 

1.0 0.5 0.6 1.0 

 

Parameter 

Experiment 3 

 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned APTES NODAGA-APTES 

Radioactivity 
concentration (MBq/mL) 

1.27 6.22 6.47 5.17 

RCY (%) 12 58 60 48 
As (MBq/mg) 1.35 6.22 6.47 5.17 

Radiolabeled product 
(mg) 

1.4 1.5 1.5 1.5 

 

Parameter 

Experiment 4 

 

2.2-μm borosilicate microparticles 

NODAGA-
APTES 

Replicate 1 

NODAGA-
APTES 

Replicate 2 

NODAGA- 
APTES 

Replicate 3 

NODAGA- 
APTES 

Replicate 4 

Radioactivity concentration 
(MBq/mL) 

6.30 2.55 3.13 2.92 

RCY (%) 67 59 70 65 
As (MBq/mg) 5.91 2.55 3.13 2.92 

Radiolabeled product (mg) 1.6 1.5 1.5 1.5 

Parameter 

 

2.2-μm borosilicate microparticles 

HCl cleaned 
Replicate 1 

HCl cleaned 
Replicate 2 

HCl cleaned 
Replicate 3 

HCl cleaned 
Replicate 4 

Radioactivity 
concentration (MBq/mL) 

4.58 2.48 2.55 2.43 

RCY (%) 46 54 57 54 
As (MBq/mg) 4.58 2.48 2.55 2.43 

Radiolabeled product 
(mg) 

1.5 1.5 1.5 1.5 

     

Parameter 

2.2-μm borosilicate microparticles 

Unmodified APTES 

Radioactivity 
concentration (MBq/mL) 

0.400 7.73 

RCY (%) 4 79 
As (MBq/mg) 0.400 7.73 

Radiolabeled product 
(mg) 

1.5 1.5 
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values would not be high enough to obtain representative PET images over time. This 

contradicts one of the principles of the radiopharmaceutical industry, which is to 

administer the lowest possible dose of compound with the highest achievable 

radioactivity.30 

Studies related to the modification of the 44-μm microparticles were finally 

suspended at this point. It is evident that [68Ga]Ga3+ ions are not retained by the 

functionalized particles and becomes lost upon the washing cycles. Based on the 

reviewed radiolabeling performance and particle characterization, it is suggested that 

chelator insertion on the 44-μm microparticles does not take place in a sufficient 

extent, due to APTES grafting being very limited. The use of the 44-μm microparticles 

was then restricted to the optimization of possible silanol activation and APTES 

functionalization procedures to be used on the 2.2-μm borosilicates, as previously 

mentioned.  

With respect to Experiment 2, tested sets of DFO-APTES functionalized 

borosilicates show very different radioactivity concentration, RCY and As values. This 

is strongly associated to the amount of precursor subjected for radiolabeling. Since 

radiolabeling with DFO was not primarily intended for the use of 68Ga, associated 

experiments were concluded and continued only with NODAGA functionalized 

borosilicates under higher reaction temperatures. 

Radioactive parameters indicate that 68Ga-labeling of the DFO-APTES 

functionalized 2.2-μm borosilicates is not successful either for the chelator modified 

microparticles or their precursors. Recorded RCY are still below 15% for all samples. 

Radioactivity concentration and As were again considered insufficient for stability 

evaluations,. This is because, since gallium-68 has a relatively low half-life (67.629(24) 

minutes)19, products must have high enough activities before performing stability 

assays. Otherwise, activities after a couple of hours will be too low to provide 

meaningful information regarding the stability of the final product in physiological 

media.  

The extremely low retention of gallium-68 could also be associated with the use 

of solutions contaminated with metallic traces. New CH3COONa buffer and SCX eluent 

solutions were therefore prepared at this point to ensure the highest purity of the 

forthcoming experiments.  
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In Experiment 3, parameters correspondent to the unmodified borosilicate 

appear to be somewhat consistent with those obtained along the second experiment. 

However, recorded radioactivity concentration, RCY and as results of the 

functionalized borosilicates present higher values than those previously reported for 

any other radiolabeled sample. Therefore, it is understood that the HCl cleaned, 

APTES, and NODAGA-APTES functionalized microparticles are finally being 

radiolabeled.  

Decay corrected RCY is of about 50–60% for all these samples. The achievable 

extent of the radiolabeling yields may be limited by the amount of APTES and chelator 

that can be possibly grafted onto the surface of the microparticles. Radioactivity 

concentration and As were considered high enough for proceeding with the stability 

assays. 

 The unusually high activity values of the HCl cleaned and APTES functionalized 

precursors can be associated to [68Ga]GaCl3 substitution of the superficial silanol 

groups, as has been previously observed for zeolites, which are SiO2 based structures 

partially substituted with aluminium. It has been observed that GaCl3 interacts with 

superficial silanol groups through a dichlorination reaction, forming Ga-Si-O bonds, 

Si(OH)Ga bridges, and framework Ga-OH groups.96 It also has been theorized that 

gaseous GaCl3 reacts at 205 ºC with hydroxyl groups associated with aluminium, where 

gallium then becomes grafted as [GaCl2]+ at cation exchanged sites.97  

No evidence has been found for [68Ga]GaCl3 substitution of amine groups. 

Therefore, APTES functionalized borosilicates are most likely radiolabeled through  

superficial silanol groups, as well. Nevertheless, the stability of the [68Ga]Ga-O-Si bond 

needs to be further assessed in physiological media.  

Finally, in Experiment 4, the mean RCY of NODAGA-APTES functionalized 

and HCl cleaned radiolabeled products are of 65 ± 5% and 53 ± 5%, respectively. This 

again confirms that radiolabeling of the borosilicate particles takes place upon 

[68Ga]GaCl3 reaction with superficial silanol groups. Retention of [68Ga]Ga3+ is 

increased in the former sample due to NODAGA complexation with [68Ga]Ga3+ ions. 

Radioactivity concentration and As were again considered high enough for stability 

assays.Similar results as those previously recorded in the third experiment have been 

obtained for the unmodified borosilicates, indicating that these cannot be radiolabeled 
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due to lower exposed silanol groups prior washing with HCl. APTES functionalized 

borosilicates have not been studied as extensively, since their radiolabeling had been 

mainly explained through [68Ga]GaCl3 interaction with exposed silanol groups. 

In conclusion, it can be confirmed that the radiolabeling of HCl cleaned, APTES 

and NODAGA-APTES functionalized borosilicates takes place successfully under the 

studied conditions (95ºC, 15 minutes). Higher RCY could be obtained with higher 

reaction times, although this is not convenient for studies with 68Ga due to its relatively 

short half-life. Stability assays need to be performed to determine the behaviour of the 

final product in physiological media. 

4.2.2.2 Determination of RCP 

The RCP of the final radiolabeled products was evaluated upon analysis of the 

corresponding iTLCs under autoradiography. Final values are recorded along Table 

13. 

Table 13. RCP of 68Ga-labeled products. Results have been classified as for experiments. RCP of [68Ga]Ga-HCl 
cleaned and [68Ga]Ga-NODAGA-APTES were obtained as a mean based on the measurement of the four 
radiolabeled replicas. Mean results are also presented with their associated errors (standard deviation).  

 Experiment 1 

    

 44-μm borosilicate microparticles 

 [68Ga]Ga-Unmodified [68Ga]Ga-APTES  [68Ga]Ga-NODAGA-APTES  

RCP (%) 75.9 88.1 93.7 

    

 Experiment 2 

    

 2.2-μm borosilicate microparticles 

 [68Ga]Ga-DFO-APTES 

RCP (%) 51.4 

    

 Experiment 3 

    

 2.2-μm borosilicate microparticles 

 [68Ga]Ga-Unmodified [68Ga]Ga-HCl cleaned [68Ga]Ga-APTES  [68Ga]Ga-NODAGA-APTES 

RCP (%) 86.8 97.1 94.1 95.7 

     

 Experiment 4 

     

 2.2-μm borosilicate microparticles 

 [68Ga]Ga-Unmodified [68Ga]Ga-HCl cleaned [68Ga]Ga-APTES  [68Ga]Ga-NODAGA-APTES 

RCP (%) 83.9 96 ± 2 96.1 94 ± 2 

       

 In Experiment 1, although RCP of the [68Ga]Ga-NODAGA-APTES borosilicate 

product is found to be above 90%, previously discussed radiolabeling results indicate 

that the particles cannot retain a sufficient amount of radioactivity for in vivo 

administration or stability assays.  
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Unfortunately, in Experiment 2, purified versions of the radiolabeled 

[68Ga]Ga-unmodified, [68Ga]Ga-HCl cleaned and [68Ga]Ga-APTES precursors could 

not be analyzed under iTLC. Only one replicate was succesfully evaluated under iTLC. 

 As seen for the measured RCP values, approximately half of the activity detected 

from the iTLC of the purified [68Ga]Ga-DFO-APTES has been released from the 

radiolabeled borosilicate as unbound [68Ga]Ga3+. Free [68Ga]Ga3+ is still being lost in 

the purified product even after three centrifugation steps.  

This indicates that [68Ga]Ga3+ ions do not coordinate with the superficially 

grafted DFO chelator. Although DFO is not the preferred chelator for the coordination 

of [68Ga]Ga3+, it should still retain it in an acceptable proportion. Therefore, it is 

possible that DFO was not successfully grafted onto the surface of the microparticles 

in an acceptable extent.  

However, it is also likely that DFO was indeed grafted, but radiolabeling 

reaction conditions (15 minutes, room temperature) were not optimal for the 

coordination of [68Ga]Ga3+ ions. Continuation of this worked shows that 68Ga-labeling 

is effective when the radiolabeling reaction takes place at 95 ºC. Unfortunately, these 

conditions were not performed for DFO-APTES functionalized borosilicates due to 

time constraints.  

 On the contrary, all radiolabeled and purified products from Experiment 3 

present close to 95% percent of purity except for the [68Ga]Ga-Unmodified borosilicate, 

which was the only sample that did not undergo silanol group activation upon acid 

washing.  

RCP of the final product remains along the same levels as previously seen. 

Radiolabeled products are purified with only a limited [68Ga]Ga3+ release of about 

5%, except for the non-silanol activated [68Ga]Ga-Unmodified borosilicate.  

Finally, evaluation of RCP results show no evidence of a significant 

improvement in the use of EDTA instead of 1 × PBS for the washing steps is recorded. 

However, this was finally sustained as the most appropriate purification protocol due 

to the ability of EDTA for encapsulating unbound  [68Ga]Ga3+ ions. 

In addition to previously discussed radiolabeling results, purified [68Ga]Ga-

Unmodified borosilicate, [68Ga]Ga-APTES borosilicate  and  [68Ga]Ga-NODAGA-
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APTES borosilicate products show maximum retention and minimal release of 

[68Ga]Ga3+. 

4.2.3 Stability assays 

The stability of the final purified [68Ga]Ga-NODAGA-APTES radiolabeled 

product obtained in radiolabeling experiments 3 and 4 was evaluated at 37 ºC over a 

timeframe of 0-3 h in different media simulating physiological conditions.  

Physiological resembling solutions were of 1 × PBS, 50% human plasma  in 1 × 

PBS, 0.2 mM FeCl3, 2 mM EDTA  and SLF. PBS  is used as a buffer system for that 

replicates physiological media (excluding proteins) by stabilizing samples to a 

physiological pH, similar ionic composition, and a similar osmotic pressure in order to 

prevent cell rupture. Stability in donated human plasma is also necessary for stability 

assays of tracers directed for human studies. FeCl3 is a solution simulating an increased 

iron content than that naturally present in the human body (10-30 × 10-6 M).  Stability 

in EDTA was evaluated due to its complexing agent behaviour. SLF  is a solution that 

simulates the chemical behaviour of fluid in the lungs.70 

Stabilities of the [68Ga]Ga-HCl cleaned, [68Ga]Ga-APTES functionalized and 

[68Ga]Ga-NODAGA-APTES purified products obtained from Experiment 3 were 

studied in 1 × PBS and 50% human plasma. As for Experiment 4, stabilities of 

[68Ga]Ga-HCl cleaned, [68Ga]Ga-APTES and [68Ga]Ga-NODAGA-APTES purified 

products were assessed in all five different media. From these two products, three 

replicates were evaluated for the former and  four for the latter. Only one replica of the 

purified [68Ga]Ga-APTES was analyzed for stability. Not all the radiolabeled replicates 

reported in Table 11. could be evaluated. 

Correspondent graphs portraying the overtime stability of the products in 

simulated physiological media can be found along Figure 29 and Table 14. 
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Figure 29. Stability assays over 0-3 of purified 68Ga-labeled products products. (A) [68Ga]Ga-HCl cleaned, (B) 
[68Ga]Ga-APTES and (C) [68Ga]Ga-NODAGA-APTES purified products from 68Ga-labeling experiment 3. (D, E) 
[68Ga]Ga-HCl cleaned (N=3), (F, G) [68Ga]Ga-APTES (N=1) and (H, I) [68Ga]Ga-NODAGA-APTES purified 
borosilicates (N=4) from experiment 3. N indicates the number of samples analyzed. Error bars represent the 
standard deviation between measurements. 
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Table 14. Stability assays over 0-3 of purified 68Ga-labeled products. Stability assays performed in 1 × PBS, 
50% human plasma, 0.2 mM FeCl3, 2 mM EDTA and SLF simulated physiological media. 

Timepoint (h) 

Experiment 3 

   

2.2-μm borosilicate microparticles 

[68Ga]Ga-HCl  
cleaned 

[68Ga]Ga-APTES  [68Ga]Ga-NODAGA-APTES  

1 × 
PBS 

50%  
plasma 

1 ×  
PBS 

50%  
plasma 

1 x  
PBS 

50%  
plasma 

% of intact [68Ga]Ga-labeled product 

0 97.1 97.1 94.1 94.1 95.7 95.7 
1 92.5 91.4 86.7 87 83 81 
2 87.8 91.6 82.7 91.3 80.1 77.4 
3 88.7 91.2 83.9 88.8 82.2 80.3 

       

 

Experiment 4 

 

Timepoint (h) 

2.2-μm borosilicate microparticles 

[68Ga]Ga-HCl cleaned 

50% human plasma 1 × PBS 0.2 mM FeCl3 2 mM EDTA SLF 

% of intact [68Ga]Ga-HCl cleaned borosilicate 

0 94 ± 2 93 ± 2 93 ± 5 96 ± 1 94 ± 1 
1 93 ± 1 87 ± 2 95.5 ± 0.9 96 ± 2 88 ± 9 
2 91 ± 2 78 ± 9 89.7 ± 0.5 93 ± 2 89 ± 6 
3 81 ± 11 80 ± 5 92 ± 6 94 ± 3 88 ± 9 

      

Timepoint (h) 

2.2-μm borosilicate microparticles 

[68Ga]Ga-APTES 

50% human plasma 1 × PBS 0.2 mM FeCl3 2 mM EDTA SLF 

% of intact [68Ga]Ga-APTES borosilicate 

0 96.1 96.1 96.1 96.1 96.1 
1 91.8 85.8 86.7 88.6 88.4 
2 93.8 86.2 87.8 90.3 87.5 
3 79.9 84.6 79.0 79.9 87.4 

      

Timepoint (h) 

2.2-μm borosilicate microparticles 

[68Ga]Ga-NODAGA-APTES 

50% human plasma 1 × PBS 0.2 mM FeCl3 2 mM EDTA SLF 

% of intact [68Ga]Ga-APTES borosilicate 

0 97.2 ± 0.7 94 ± 3 96.8 ± 0.9 97.2 ± 0.4 95 ± 3 
1 97.8 ± 0.7 94 ± 5 96 ± 1 97.0 ± 0.8 96 ± 3 
2 92 ± 4 95 ± 2 95 ± 4 95 ± 2 94 ± 2 
3 95 ± 2 92 ± 3 92 ± 3 93 ± 4 93 ± 2 

      

Evaluation of the purified products from 68Ga-labeling Experiment 3 shows 

that stability in 50% plasma appears to be slightly higher in both [68Ga]Ga-HCl cleaned 

and [68Ga]Ga-APTES functionalized products. Stability of [68Ga]Ga-NODAGA-APTES 

borosilicate is noticeably lower than for the other two samples. In all assays, stability 

seems to decrease rapidly with respect to the purified product (0-hour timepoint), but 

it does not oscillate significantly afterwards. This suggests that samples likely release 

non-specifically coordinated [68Ga]Ga3+ ions upon contact with the PBS and plasma 
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solutions before becoming stable. Therefore, the need of using a different washing 

agent other than 1 × PBS is reaffirmed. 

Stability of purified products from Experiment 4 highlights the overtime 

instability of both [68Ga]Ga-HCl cleaned and [68Ga]Ga-APTES functionalized 

products. Low stability values are especially significant in 50% human plasma, 1 × PBS 

and SLF. This confirms that formed [68Ga]Ga-O-Si bonds are not stable in 

physiological media. [68Ga]Ga-APTES borosilicates are also unstable in 0.2 mM FeCl3 

and 2 mM EDTA, possibly due to sterically restricted interactions with the superficial 

silanol groups, hindered by the grafted APTES molecules. 

 Stability of the [68Ga]Ga-NODAGA-APTES purified particles seems to be 

consistent over the evaluated timeframe. Although the percentage of intact product 

appears to be slowly decreasing with time, this remains over 92% for all of evaluated 

media. This represented the principal and most relevant results of this master thesis. 

 These results provide promising expectations for the in vivo administration of 

radiolabeled borosilicate particles upon functionalization with APTES, which could 

help examining their biological distribution under PET. Although the conducted study 

had to be stopped at this point because of time constraints, continuation of the project 

should be directed to the radiolabeling and stability evaluations of chelator-APTES 

functionalized microparticles, with PET radiometals of longer half-lives such as 

zirconium-89. 

4.3 Surface functionalization of borosilicates with PEG-Ethanolamine  

4.3.1 Characterization techniques  

Discussion of experimental techniques used for the characterization of the 

borosilicates will be exactly as described for the APTES modifications. Results are 

presented in chronological order, which may differ with that previously observed for 

APTES functionalized samples. 

4.3.1.1 FTIR 

FTIR spectra and listed vibrations of associated bands can be found along 

Figure 30 and Table 15. 
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Spectra of functionalized borosilicates presents the exact same vibration profile 

as HCl activated borosilicates. No bands corresponding to NH2 stretching (3450 – 

3300 cm-1), NH2 bending (1650 – 1400 cm-1) or hydrocarbon stretching (3000 – 2900 

cm-1) confirming surface functionalization with ethanolamine are observed. Bands 

corresponding to C=O stretching (1800 – 1650 cm-1) or an intensification of the O-H 

stretching band (3300 cm-1), both related to carboxylic acid of the conjugated PEG 

moiety, are not observed either.72   

Discussion of the rest of the bands of the recorded profiles is exactly as 

previously described under the characterization of silanol activated microparticles. In 

essence, FTIR does not have enough sensitivity for detecting surface functionalization 

with such small concentrations of ethanolamine. This therefore applies for 

functionalization with PEG as well.  

 

Figure 30. ATR FTIR spectra of PEG-ethanolamine functionalized borosilicates. Recorded frequency of 
significant vibration bands is indicated with an arrow. Borosilicate with 2.2-μm mean diameter size. 
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Table 15. Assignation of FTIR band vibrations observed along associated FTIR spectra. Symbols “ν” and 
“δ” represent stretching and bending vibrations, respectively. Borosilicate with 2.2-μm mean diameter size. 

Vibration mode Band intensity 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned Ethanolamine  
PEG-

Ethanolamine 

  Frequency (cm-1) 

ν(Si-OH) Medium 799 799 799 799 
ν(Si-O-Si) Intense 951 951 951 951 

ν(Si-O-Si)as, ν[BO4] Very intense 1059 1059 1059 1059 
ν(Si-O-Si) Medium 1180 1180 1180 1180 

δ(O-H) Very weak 1632 1632 1632 1632 
Glass matrix Weak 2104 2104 2104 2104 
Glass matrix Weak 2168 2168 2168 2168 
Glass matrix Weak 2318 2318 2318 2318 

ν(O-H), ν(Si-OH) Weak (broad) 3319 3319 3319 3319 

4.3.1.2 TGA 

TGA results of ethanolamine functionalized 2.2-μm borosilicate particles can be 

found along Figure 31  and Table 16. 

 

Figure 31. TGA profiles of ethanolamine functionalized borosilicate particles. Borosilicate with 2.2-μm mean 
diameter size. 
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Table 16. Assignation of TGA steps from PEG-Ethanolamine functionalized microparticles. Borosilicate with 
2.2-μm mean diameter size. 

2.2-μm borosilicate microparticles 

Unmodified 

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage 
of weight loss (%) 

Assignation 

Step 1 25 – 356  100.00 – 100.5 -0.5 Stability range 
Step 2 356 – 1200  100.5 – 104.9 -4.4 Sample oxidation 

     

HCl cleaned  

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage 
of weight loss (%) 

Assignation 

Step 1 25 – 156 100.0 – 93.9 6.1 Moisture release 
Step 2 156 – 276  93.9 – 93.2 0.7 Stability range 
Step 3 276 – 704  93.3 – 90.6  2.7 Glass transition 
Step 4 704 – 1200  90.6 – 92.9 -2.3 Sample oxidation 

     

Ethanolamine  

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage 
of weight loss (%) 

Assignation 

Step 1 25 – 156 100.0 – 96.0 4.0 Moisture release 
Step 2 156 – 276  96.0 – 95.7 0.3 Stability range 
Step 3 276 – 704  95.7 – 93.4 2.3 Glass transition 
Step 4 704 – 1200  93.4 – 95.1 -1.7 Sample oxidation 

     

PEG-Ethanolamine  

Stage 
name 

Temperature 
range (ºC) 

Percentage range of 
weight loss (%) 

Net percentage 
of weight loss (%) 

Assignation 

Step 1 25 – 156 100.0 – 98.2 1.8 Moisture release 
Step 2 156 – 276  98.2 – 97.5 0.7 Stability range 
Step 3 276 – 704  97.5 – 95.4 2.1 Glass transition 
Step 4 704 – 1200  95.4 – 97.6 -1.9 Sample oxidation 

 

 Recorded TGA profiles and are identical to those previously evaluated for the 

APTES functionalized 2.2-μm borosilicate particles. Discussion of these spectra is 

therefore identical to that previously elaborated. In conclusion, the observed invariant 

profiles between analyzed samples indicate that no effect can be observed upon 

superficial functionalization with PEG-Ethanolamine. This again confirms that TGA is 

not a suitable technique for the determination of molecule grafting onto the surface of 

the studied synthetic borosilicates. 

4.3.1.3 Zeta potential 

Zeta potential values PEG-Ethanolamine functionalized borosilicates can be 

found along Figure 32.  
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Figure 32. Zeta potential values of ethanolamine functionalized borosilicate particles. Borosilicate with 2.2-
μm mean diameter size. 

 Functionalization with ethanolamine hydrochloride seemed to decrease the  

value of measured zeta potential. According to literature, this could be due to amine 

groups reacting with the surface of the borosilicates, exposing free hydroxyl groups 

from ethanolamine instead.13 However it is more likely that functionalization with 

ethanolamine cannot be confirmed with the sensitivity of the technique. 

Zeta potential measured for PEG-Ethanolamine functionalized particles is still 

negative, in agreement with research studies regarding superficial PEG coverage of 

negatively charged particles.98 Nevertheless, the measured potential value is less 

negative than that recorded for ethanolamine functionalized borosilicates. 

Theoretically, the observed zeta potential of these modified samples should be even 

lower due to the negatively charged free carboxylic acid ends exposed by the PEG 

chains. Since the associated error for both ethanolamine and PEG-ethanolamine 

measurements falls between a common range, this mild deviation could be attributed 

to an instrumental error. It is also possible that the concentration of carboxyl groups 
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in the surface of the microparticles is not high enough for the associated instrument to 

detect a significant variation of the zeta potential. 

 The maintained negative potential of the measured samples with respect to the 

unmodified and HCl cleaned synthetic borosilicates represents an ideal scenario, 

where modifications do not cause a significant alteration of the superficial potential of 

the particles. On the other hand, it could also imply that the functionalization process 

was not successful hence no significant variations are observed between 

measurements. 

 As previously mentioned, the reliability of zeta potential evaluations is strongly 

limited by the relative insolubility of the borosilicate particles. Therefore, the 

confirmation of a successful functionalization should be supported by alternative 

characterization techniques. 

4.3.1.4 Elemental analysis 

Results obtained upon elemental analysis measurement are found listed along 

Table 17. In this case, DFO-PEG-Ethanolamine functionalized sample could also be 

evaluated. Mean sample mass were of 1.98 ± 0.08 mg, 1.7 ± 0.5 mg, 1.8 ± 0.3 mg, 1.1 ± 

0.2 mg and 0.2540 ± 0.0001 mg for unmodified, HCl cleaned, ethanolamine, PEG-

ethanolamine and DFO-PEG ethanolamine functionalized borosilicates, respectively. 

Weight errors were obtained as the standard deviations between weighted samples. 

Weight error of DFO-PEG-ethanolamine functionalized borosilicate was considered as 

the minimal instrumental digit since only one sample was analyzed. 

Table 17. Mean elemental composition of PEG-Ethanolamine functionalized borosilicate particles. 
Borosilicate with 2.2-μm mean diameter size. Errors were obtained from the recorded deviations of obtained results. 
Minimal error was considered to be of 0.01 % for N and C, and 0.001 % for H and S.  

Elemental 
content 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned Ethanolamine 
PEG-

Ethanolamine 
DFO-PEG-

Ethanolamine 

Nitrogen (%) 0.02 ± 0.01 0.02 ± 0.02 0.04 ± 0.01 0.17 ± 0.01 0.36 ± 0.01 
Carbon (%) 0.08 ± 0.01 0.26 ± 0.10 1.1 ± 0.2 1.2 ± 0.2 11.87 ± 0.01 

Hydrogen (%) 0.23 ± 0.01  1.59 ± 0.12 1.49 ± 0.05 1.54 ± 0.02  3.30 ± 0.01 
Sulphur (%) 0.01 ± 0.02  0.000 ± 0.001 0.83 ± 0.03  0.000 ± 0.001 0.000 ± 0.001 

      

 A clear difference in carbon and sulphur content can be observed in the 

ethanolamine functionalized borosilicate. This is directly related to DMSO absorption 

by the samples during the reaction and washing steps. No significant nitrogen content 
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increase is observed upon functionalization of the particles with ethanolamine. This 

could indicate that the grafting of ethanolamine molecules is not an appropriate 

approach for the functionalization of borosilicate microparticles.   

 Increases in nitrogen, carbon and hydrogen content are appreciated in both 

PEG-ethanolamine and DFO-PEG-ethanolamine functionalized borosilicates. Since 

the grafted organic molecules are rich in C, H and N content, this percentage increase 

could suggest that they are present in the evaluated samples. Nevertheless, this would 

not be coherent with the previously confirmed unsuccessful functionalization with 

ethanolamine, as the free amine ends from the ethanolamine molecules serve as linkers 

for PEG and successive DFO incorporation. In essence, if no ethanolamine was grafted 

on the borosilicates, PEG or DFO could not be present either. It is possible that the 

increased content in said elements is related to an instrumental error associated with 

the small weight of samples subjected to analysis, or to contamination of the samples 

during the analytical process.  

However, results obtained from evaluation under elemental analysis of the DFO-

PEG-ethanolamine and PEG-ethanolamine borosilicates are not considered conclusive 

due to the small amount of sample analyzed, respectively of 1.1 ± 0.2 mg and 0.2540 ± 

0.0001 mg. This is below the recommended amount of 2 mg suggested by the operator.  

4.3.1.5 XPS 

Since the spectra of the unmodified and HCl activated precursors has already 

been discussed for the APTES functionalized microparticles, only new spectra are 

included along the added figures. High resolution XPS spectra of C1s, N1s and O1s can 

be found along Figure 33, Figure 34and Figure 35, respectively. Peak assignation 

of all spectra can be found along Table 18.  

All graphs were fitted to Gaussian curves for the detection of multiple peak 

contributions to the overall band profile. 
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A B

C 

Figure 33. High resolution XPS C1s spectra. (A) Ethanolamine, (B) PEG-Ethanolamine and (C) 
DFO-Ethanolamine 2.-μm borosilicate microparticles. 

A B

C 

Figure 34. High resolution XPS N1s spectra. (A) Ethanolamine, (B) PEG-Ethanolamine and 
(C) DFO-Ethanolamine 2.-μm borosilicate microparticles. 
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Table 18. High resolution XPS C1s, N1s and O1s spectra. Unmodified,  HCl cleaned Ethanolamine PEG-
Ethanolamine and DFO-Ethanolamine 2.2-μm borosilicate microparticles. 

 High resolution XPS spectra of C1s 

   

Peak assignation 

 2.2-μm borosilicate microparticles 

Unmodified 
HCl 

cleaned 
Ethanolamine 

PEG-
Ethanolamine 

DFO-PEG-
Ethanolamine 

Binding Energy (eV) 

C sp2 285.4 285.4 285.4 285.4 285.4 
C-O 287.2 - - - - 

C=O - - - - 286.6 

Satellite (artifact) - - - - 292.9 

      

 High resolution XPS spectra of N1s 

   

Peak assignation 

 2.2-μm borosilicate microparticles 

Unmodified 
HCl 

cleaned 
Ethanolamine 

PEG-
Ethanolamine 

DFO-PEG-
Ethanolamine 

 Binding Energy (eV) 

NH2-OH - - - - 401.3 

 

A B

C 

Figure 35. High resolution XPS O1s spectra. (A) Ethanolamine, (B) PEG-Ethanolamine and (C) DFO-
Ethanolamine 2.-μm borosilicate microparticles. 
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 High resolution XPS spectra of O1s 

   

Peak assignation 

2.2-μm borosilicate microparticles 

Unmodified 
HCl 

cleaned 
Ethanolamine 

PEG-
Ethanolamine 

DFO-PEG-
Ethanolamine 

Binding Energy (eV) 

Si-O-Si/Si-O-M 531.1 531.6 531.6 531.5 531.5 
Si-OH/OH 533.1 533.6 533.6 533.5 533.5 

Continuation of Table 18 

 High-resolution XPS C1s spectra remain the same after functionalization of the 

samples. C-O bonding previously observed for the APTES functionalized and 

unmodified particles borosilicates is now absent. . A satellite artifact possibly from the 

Kp3/2 band can be observed in the DFO-PEG-Ethanolamine sample.99 Finally, a C=O 

band can be observed for the C=O sample, which could be associated to the carbonyl 

groups present in DFO. C=O band is not visible in the PEG-Ethanolamine precursor, 

which could be attributed to the carboxylic acids of the polymer.91,92  

 Superficial functionalization with ethanolamine is finally discontinued upon 

high resolution N1s XPS spectra, as no traces of nitrogen can be seen on evaluated 

samples. A small contribution of a NH-OH band can however be observed in the DFO-

PEG-Ethanolamine functionalized borosilicate. NH-OH is present in the DFO moiety, 

which could be associated with a successful grafting of the chelator.12 

However, the absence of NH2 peaks in the spectra of the associated precursors 

would not support this affirmation, as no DFO insertion could be possible without an 

initial ethanolamine functionalization. Therefore, the nitrogen band located at 401.3 

eV could also be caused by tertiary amines from adsorbed DMF or DIPEA used in the 

synthesis of the sample.93  

O1s bands remain unchanged with respect to those previously discussed for the 

APTES functionalized 2.2-μm microparticles. Therefore, no change in the composition 

of the silica matrix of the microparticles is observed. Functionalization of the 

microparticles with ethanolamine and PEG was ultimately discontinued based on XPS 

results, which were supported by radiolabeling performance. 
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4.3.2 Radiolabeling studies 

4.3.2.1 68Ga-labeling 

Radiolabeling with gallium-68 was pursued for DFO-PEG-Ethanolamine 2.2-

μm borosilicate particles. Only one 68Ga-labeling experiment was performe, as 

previously stated along the experimental section of this thesis. 

It has been previously explained that DFO is not the ideal chelator for the 

retention of [68Ga]Ga3+, compared to those derived from NOTA. Nevertheless, it can 

still coordinate the radiometal with an acceptable stability over time. DFO insertion on 

the borosilicates was mostly planned as a preliminary experiment for the 2.2-μm 

particles prior radiolabeling with NODAGA. DFO functionalized microparticles could 

then be possibly used for future radiolabeling experiments with zirconium-89, since 

DFO is the primary chelator used for complexation of this radiometal. Radiolabeling 

with zirconium-89 would ultimately provide more realistic biodistribution results 

thanks to the longer half-life of the radiometal. 

Recorded activities for 68Ga-labeling of DFO-PEG-Ethanolamine functionalized 

2.2-μm particles can be found recorded along Table 19. Precursors were also 

radiolabeled for comparison. 

Table 19. Activity values recorded for DFO-PEG-Ethanolamine functionalized borosilicates. Listed activity 
values have been recorded for SOS and final product after purification. Activity of the final product has been decay 
corrected with respect to SOS. 

Timepoint 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned Ethanolamine PEG-Ethanolamine 
DFO-PEG-

Ethanolamine 

Recorded activity (MBq) 

SOS 19.5 19.1 22.3 22.6 22.8 
Final product 2.55 1.14 0.978 0.396 1.06 

      

Radioactive parameters of the final purified products are listed along Table 20.  

Table 20. Radioactive parameters of the final products. RC, RCY and As have been decay corrected to SOS. 
Exact weight subjected to radiofluorination has also been specified. 

Parameter 

2.2-μm borosilicate microparticles 

Unmodified HCl cleaned Ethanolamine PEG-Ethanolamine 
DFO-PEG-

Ethanolamine 

RC (MBq/mL) 1.70 0.763 0.674 0.273 0.734 
RCY (%) 13 6 4 2 5 

As (MBq/mg) 2.55 2.29 1.63 0.660 1.77 

Radiolabeled 
product (mg) 

1.0 0.5 0.6 0.6 0.6 
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 Results showcase that none of the samples become radiolabeled with gallium-

68. Highest RCY is of 13% for the unmodified borosilicate, which should not retain 

[68Ga]Ga3+ ions as no chelator was linked to their surface. Although As is over 1 

MBq/mg for all samples, these were considered insufficient for performing stability 

assays.  

Based on the formerly reviewed radiolabeling and characterization results, it 

can be confirmed that grafting of ethanolamine, and therefore, successive linker 

moieties, does not take place under the synthetic conditions tested. For this reason, the 

PEG-Ethanolamine functionalization approach was ultimately suspended.  

4.3.2.2 Determination of RCP  

RCPs of the final [68Ga]Ga-DFO-PEG-Ethanolamine product and precursors 

after purification are recorded in Table 21. Unfortunately, purified versions of the 

radiolabeled [68Ga]Ga-Unmodified and [68Ga]Ga-HCl cleaned precursors cold not be 

subjected for evaluation in this case. 

Table 21. RCP of 68Ga-labeled products. Results have been classified as for experiments. RCP of [68Ga]Ga-HCl 
cleaned and [68Ga]Ga-NODAGA-APTES were obtained as a mean based on the measurement of the four 
radiolabeled replicas. Mean results are also presented with their associated errors (standard deviation). 

 2.2-μm borosilicate microparticles 

 
[68Ga]Ga-

Ethanolamine 
[68Ga]Ga-PEG-
Ethanolamine 

[68Ga]Ga-DFO-PEG-
Ethanolamine 

RCP 
(%) 

71.9 36.0 48.6 

       

 Evidence shows that none of the purified products are able of succesfully 

retaining [68Ga]Ga3+. In essence, [68Ga]Ga-DFO coordination does not take place 

succesfully, possibly due to absence of succesfully grafted DFO moieties in the modified 

borosilicate. This is in concordance with what had been previously reviewed for the 

characterization of the DFO-PEG-Ethanolamine borosilicate microparticles. For this 

reason, unbound [68Ga]Ga3+ ions are still being lost after every washing step. 

In conclusion, PEG-Ethanolamine functionalization of the borosilicate 

microparticles was not a succesful technique for the design of PET radiotracers. 
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4.4 18F-fluorination 

As previously described along the aims of this work, a third modification 

approach using [18F]F-  was pursued. The main goal was to evaluate the potential ability 

of [18F]F- of substituting the silanol groups naturally present in the surface of 

borosilicates. As previously disclaimed along the experimental section, only 2.2-μm 

borosilicates were subjected to radiolabeling with fluorine-18. 

Activity values of both unmodified and HCl cleaned borosilicate particles upon 

radiofluorination with [18F]F- can be found along Table 22. Recorded values have 

been decay corrected to SOS. Listed activities are those recorded for SOS and final 

product after purification.  

Table 22. Activity values recorded for unmodified and HCl cleaned borosilicates. Listed activity values have 
been recorded for SOS and final product after purification. Activity values have been decay corrected for SOS. 

 2.2-μm borosilicate microparticles 

Timepoint 

Unmodified 

Recorded activity (MBq) 

Set 1 
RT, 15 min 

Set 2 
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

SOS 53.9 33.4 33.7 25.7 
Final product 2.35 1.04 1.33 1.36 

     

  

Timepoint 

HCl cleaned 

Recorded activity (MBq) 

Set 1 
RT, 15 min 

Set 2 
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

SOS 31.8 40.5 28.3 35.0 
Final product 2.00 1.35 1.19 1.67 

     

  

Radioactive parameters of the final purified radiolabeled product based of the 

data collected from Table 22 can be found along Table 23.  

Table 23. Radioactive parameters of the final product. RCY values have been decay corrected for SOS. Exact 
weight subjected to radiofluorination has also been specified. Radioactivity concentration and As have been 
obtained with respect to the activity recorded for the final product. 

 2.2-μm borosilicate microparticles 

Parameter 

Unmodified 

Set 1 
RT, 15 min 

Set 2 
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

Radioactivity 
concentration (MBq/mL) 

3.147 1.382 1.753 1.773 

RCY (%) 4 3 4 5 
As (MBq/mg) 1.888 0.830 1.052 1.064 

Radiolabeled product (mg) 0.5 0.5 0.5 0.5 
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Parameter 

HCl cleaned 

Set 1 
RT, 15 min 

Set 2 
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

Radioactivity 
concentration (MBq/mL) 

2.717 1.803 1.573 2.117 

RCY (%) 6 3 4 5 
As (MBq/mg) 1.630 1.082 0.944 1.306 

Radiolabeled product (mg) 0.5 0.5 0.5 0.5 
Continuation of Table 23     

 Recorded parameters highlight that the radiolabeling of borosilicate particles 

with [18F]F- is not a successful approach. RCY values for all of evaluated samples under 

the different conditions tested are below 10%, showcasing that the majority of injected 

[18F]F- was lost during the washing steps required for the purification of the final 

product. As and RC values recorded for the final product are also not ideal considering 

the amount of radioactivity injected to each sample. 

In conclusion, the expected substitution of the silanol groups by [18F]F- does not 

take place for either the unmodified or the HCl cleaned borosilicate under any of the 

studied conditions. There is no evident difference between the recorded RC, RCY or As 

values of unmodified and HCl washed samples for any of the reviewed reaction 

conditions. This showcases that the activation of superficial silanol groups does not 

play a significant role in the substitution ability of [18F]F-, again confirming that 

hydroxyl substitution does not take place under  any of the evaluated scenarios. 

It is also possible that the substitution of hydroxyl groups is successfully 

achieved by [18F]F-, but that due to the weak stability of the Si-18F bond in aqueous 

media, it is all released upon the performed centrifugation steps. This is an extremely 

undesirable situation when designing radiotracers, as these need to be stable in blood.  

RCP of the final radiolabeled products was also evaluated. RCP values are 

recorded in Table 24.  

Purified products subjected to radiofluorination still present a high amount of 

free [18F]F-. All of evaluated products seem to be less than 70%, confirming that  [18F]F- 

is continuously being lost even after three centrifuge cycles. 

This meets with previously discussed radiolabeling results and concludes that 

radiolabeling with [18F]F- does not take place under the evaluated reaction conditions, 

and that obtained products are not successfully purified either. 
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Table 24. RCP of fluorine-18 labeled products. [18F]F-Unmodified and [18F]F-HCl cleaned products. 

 2.2-μm borosilicate microparticles 

 [18F]F-Unmodified 

Set 1 
RT, 15 min 

Set 2  
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

RCP (%) 43.7 53.1 67.4 5.8 

 

 2.2-μm borosilicate microparticles 

 [18F]F-HCl cleaned 
 

Set 1 
RT, 15 min 

Set 2  
RT, 30 min 

Set 3 
60 ºC, 15 min 

Set 4 
60 ºC, 30 min 

RCP (%) 25.9 49.8 39.5 4.5 

       

 Although the radiofluorination of the non-functionalized borosilicates 

represents an ideal radiolabeling approach, as it involves minimal alteration of the 

original microparticles, it had to be discontinued based on the previously discussed 

results. In conclusion, 18F-fluorination of borosilicates is not a suitable approach for 

the development of PET radiotracers for biodistribution studies. 
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5 Conclusions 

Radiolabeling of synthetic borosilicate microparticles with radionuclides used for 

PET imaging has demonstrated to be a promising approach for the development of 

tracers resembling CsMPs released on the FDNPP accident.  

The main idea of this project was to modify the surface of synthetic borosilicate 

microparticles with APTES in order to graft a suitable chelator for the coordination of 

positron emitting radiometals like gallium-68 or zirconium-89. However, throughout 

the duration of this work, limitations associated with sample characterization or 

accessibility to specific techniques called for the design of alternative approaches. 

Innovative alternatives, born upon extensive literature research, were based on the use 

of alternative surface functionalization units, like PEG-Ethanolamine, or PET 

radionuclides, like fluorine-18, giving place to the three radiolabeling approaches 

discussed in this thesis. 

The major limitation of this study is that radiolabeling real CsMPs for tracking 

under PET is not possible, as these particles are too difficult to obtain. Throughout this 

work, two different types of spherical borosilicate microparticles resembling the 

composition and morphology of CsMPs were used as surrogates, with diameters of 44-

μm and 2.2-μm. The 2.2-μm synthetic microparticles were of special interest due to 

their size and morphological similarity to type A CsMPs (0.1–10 μm), which are the 

most common type of radioactive particles observed after the FDNPP accident. Their 

smaller size is a topic of concern regarding inhalation studies, as that they can 

penetrate deeper into the body. For this reason, experiments with larger 44-μm 

microparticles were discontinued early on. 

Surface modification of the 2.2-μm and 44 μm synthetic borosilicate 

microparticles with APTES and PEG-Ethanolamine functionalizing agents was studied 

under FTIR, Zeta-potential, TGA, SEM, EDS, Elemental Analysis, XPS and ERDA. 

Although APTES functionalization of the 2.2-μm microparticles was successfully 

confirmed under XPS and supported by elemental analysis and zeta-potential 

measurements, functionalization with PEG-Ethanolamine could not be confirmed by 

any of the used techniques. APTES functionalization was also confirmed for the 44-μm 

borosilicates via XPS analysis. SEM images showed no morphological alterations for 

any of the functionalized samples. 
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The wide variety of characterization techniques needed along this project required 

intensive study and understanding of their operation principles. Knowledge about the 

functionalized microparticles was increased during the interpretation of results, as 

deep literature research was needed to understand the proper way to present and 

analyze obtained data. This is the first detailed study to demonstrate the successful 

functionalization of 2.2-μm  and 44-μm spherical borosilicate microparticles with 

APTES. 

Radiolabeling of the 2.2-μm borosilicate microparticles with gallium-68 was 

performed on NODAGA-APTES, DFO-APTES, DFO-PEG-Ethanolamine, HCl cleaned 

and unmodified samples. 18F-fluorination was performed on the HCl cleaned and 

unmodified particles. NODAGA-APTES functionalized 44-μm borosilicates were also 

68Ga-labeled. 

68Ga-labeling of NODAGA-APTES functionalized 2.2-μm borosilicates was proved 

successful, with a mean RCY of 65 ± 5%. RCP of the final [68Ga]Ga-NODAGA-APTES 

product. RCP was of 94 ± 2% after centrifugation with an EDTA complexing solution, 

which ensured almost total elimination of loosely bound [68Ga]Ga3+. On the other 

hand, 68Ga-labeling of DFO-APTES and DFO-PEG-Ethanolamine 2.2-μm 

microparticles was not successful, with RCYs below 15% and RCPs of the final 

radiolabeled product of about 50%. 68Ga-labeling of the HCl cleaned precursor 

suggests that the high non-specific coordination of [68Ga]Ga3+ ions with silanol groups 

present on the surface of the microparticles possibly holds a supporting effect in the 

68Ga-labeling of NODAGA-APTES modified microparticles. 68Ga-labeling of the 44-μm 

NODAGA-APTES functionalized particles was also unsuccessful, with an RCY below 

10%, and RCP of the final product over 90%.  

18F-fluorination of unmodified and HCl cleaned 2.2-μm microparticles was proven 

unsuccessful at four different reaction conditions (15 min, room temperature; 30 min, 

room temperature; 15 min, 60 ºC; and 30 min, 60 ºC). This was associated to the 

tendency of the [18F]F-Si bond to undergo hydrolysis aqueous media, . 

Radiolabeling results were essential for the discontinuation of the 

radiofluorination approach, as well as of 68Ga-labeling experiments on the 44-μm 

microparticles and PEG-ethanolamine functionalized 2.2-μm borosilicates.  Although 

radiolabeling with PET radionuclides did not yield positive results for all of the 



115 
 

approaches, it was the most determinant step in the confirmation of a reliable synthetic 

radiotracer. Effective labeling of the NODAGA-APTES borosilicate microparticles with 

gallium-68 aligned with the initial the aims of the project. This is the first reported 

evidence for the radiolabeling of synthetic borosilicates with a positron emitting 

radionuclide.  

NODAGA proved to be the most efficient chelator for the coordination of gallium-

68, thanks to the marching size of the chelator cavity with the ionic radius of the 

[68Ga]Ga3+ ions. Coordination of [68Ga]Ga3+ ions with the DFO chelator was not 

experimentally observed, possibly due to the low temperature conditions used during 

the radiolabeling reaction. Although radiolabeling with zirconium-89 upon 

coordination with DFO chelator was initially considered in the extent of this project, it 

could not be performed due to time constraints. This unfortunately prevented the in 

vivo administration of the designed radiotracers into mice or rats, and therefore, their 

observation under PET for realistic biodistribution studies.   

Stability assays were performed over a 0-3 hour timeframe in 1 × PBS, 50% plasma, 

0.2 mM FeCl3, 2 mM EDTA and SLF media resembling physiological conditions. These 

showed that the stability of the final product remained above 90% for all of evaluated 

media, suggesting that the designed [68Ga]Ga-NODAGA-APTES tracer was stable 

under physiological conditions.  

The overtime stability of the [68Ga]Ga-NODAGA-APTES tracer shows a promising 

advance in the design of tracers resembling CsMPs. Since the use of synthetic 

borosilicate particles radiolabeled with PET radionuclides has not been previously 

reported, the results obtained along this thesis are very promising for the assessment 

of CsMPs behaviour in biological systems. The continuation of this study should be 

directed to the use of longer-lived radionuclides such as zirconium-89, which would 

allow for the in vivo administration and PET tracking of synthetic radiotracers.  

If the biodistribution and pharmacokinetics of synthetic borosilicate 

microparticles could be fully addressed using imaging techniques, it would be possible 

to estimate the received dose and subsequent radiobiological health effects associated 

with the inhalation of CsMPs. Designing a stable radiotracer that represents the 

behaviour of inhaled CsMPs would therefore have an incredible impact on the lives of 
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those affected by the FDNPP accident. The results collected along this thesis prove that 

science is one step closer to the completion of this goal. 
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Appendix 1 – iTLCs for determination of RCP 

Examples of iTLCs evaluated under autoradiography will be shown very briefly 

throughout this appendix. This is only contemplated as supporting information for 

interest of the reader. Not all of evaluated iTLCs will be registered. 

• APTES functionalization: 68Ga-labeling Experiment 1 

In this case, free [68Ga]GaCl3 was also spotted only for visual comparison with 

the radiolabeled product. 

              

            

Figure 36. iTLC plates evaluated under autoradiography. Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A) Free [68Ga]GaCl3 and (B) [68Ga]Ga-Unmodified, (C) [68Ga]Ga-APTES and 
(D) [68Ga]Ga-NODAGA-APTES purified radiolabeled borosilicates. 44-μm microparticles. 
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• PEG-Ethanolamine functionalization: 68Ga-labeling  

Free [68Ga]GaCl3 was also spotted for visual comparison. Unfortunately, 

purified versions of the radiolabeled [68Ga]Ga-Unmodified and [68Ga]Ga-HCl cleaned 

precursors cold not be subjected for evaluation in this case. 

               

                           

Figure 37. TLC plates evaluated under autoradiography. Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A) Free [68Ga]GaCl3, (B) [68Ga]Ga-Ethanolamine, (C) [68Ga]Ga-PEG-

ethanolamine and (D) [68Ga]Ga-DFO-Ethanolamine purified radiolabeled borosilicates. 2.2-μm microparticles. 
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• APTES functionalization: 68Ga-labeling Experiment 2 

Free [68Ga]GaCl3 was also spotted only for visual comparison with the final 

product. Unfortunately, purified versions of the radiolabeled [68Ga]Ga-unmodified, 

[68Ga]Ga-HCl cleaned and [68Ga]Ga-APTES precursors cold not be subjected for 

evaluation in this case.  

             

Figure 38. iTLC plates evaluated under autoradiography. Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A) Free [68Ga]GaCl3 and (B) [68Ga]Ga-DFO-APTES purified radiolabeled 
product. 2.2-μm microparticles. 
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• APTES functionalization: 68Ga-labeling Experiment 3 

In this case, free [68Ga]GaCl3 was also spotted only for visual comparison with 

the radiolabeled products. 

 

      

    

Figure 39. iTLC plates evaluated under autoradiography.  Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A) Free [68Ga]GaCl3, (B) [68Ga]Ga-Unmodified, (C) [68Ga]Ga-HCl cleaned, (D) 
[68Ga]Ga-APTES and (E) [68Ga]Ga-NODAGA-APTES purified radiolabeled product. 2.2-μm microparticles. 
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• APTES functionalization: 68Ga-labeling Experiment 3 

In this case, free [68Ga]GaCl3 was also spotted only for visual comparison with 

the radiolabeled products. 

        

        

    

Figure 40. TLC plates evaluated under autoradiography.  Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A) Free [68Ga]GaCl3, (B) [68Ga]Ga-Unmodified, (C) [68Ga]Ga-HCl cleaned, (D) 
[68Ga]Ga-APTES and (E) [68Ga]Ga-NODAGA-APTES purified radiolabeled product. 2.2-μm microparticles. 
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• 18F-fluorination 

Correspondent iTLCs of the radiofluorination approach. 

        

         

          

        

Figure 41. iTLC plates evaluated under autoradiography. Exposed plate is on the left, radiation intensity in PSL 
versus position in cm on the right. (A, C, E, G) [18F]F-Unmodified and (B, D, F, H) [18F]F-HCl cleaned for sets 1-4 

respectively. 
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