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Abstract  

 

Purpose: To understand the biodistribution of lysine and lysyl-histidine functionalized NDs 

(collectively ‘fND’) employed as gene carriers. MicroPET imaging and biodistribution studies will 

elucidate their fate at the organ level. 

Method: lysine and lysine histidine fNDs were synthesized via covalent conjugation using a 3-

carbon chain linker. 1HNMR was used to confirm synthesis of amino acid conjugates after every 

step. Method development was carried out to optimize a synthetic approach for designing 

radiolabeled fNDs. A chelating agent desferoxamine (DFO) was conjugated to fNDs to allow 

labeling with a radionuclide, Zirconium 89 (89Zr).  Thermograms of fNDs were used to quantify 

the percentage of DFO conjugation on ND surface. DFO was conjugated at 8%, 6%, 3% and 1% 

and characterized to maintain size and positive surface without compromising optimum 

radiolabeling efficiency. Pharmacokinetic and biodistribution studies of 89Zr-labeled fNDs were 

performed in naive CD-1 mice using microPET/CT imaging and ex vivo biodistribution 

Results: Among all conjugation ratios, 3% coverage of DFO to fNDs maintained  the optimal size 

of under 200 nm and positive surface charge of +19.4±4.1 mV. The conjugates formed 

diamoplexes (DFO conjugated fNDs/siRNA complexes) at biocompatible mass ratios. 

Radiolabeling method was developed and optimized with respect time and temperature achieving 

more than 90% radiochemical yield (RCY). The 89Zr ND complexes were stable in phosphate 

buffer saline and mouse blood serum for over 96 h (97 ± 2%). Biodistribution assays revealed high 

accumulation of fNDs in liver after 6 h (6.11 ± 4.06) and 72 h (2.32 ± 2.09) followed by spleen 

(0.17 ± 2.71 at 6 h and 1.66 ± 1.31 at 72 h). PET images further confirmed the finding of 

biodistribution assays. 

Conclusion: This study establishes an understanding of in vivo behavior of fNDs for future design, 

optimization and application of these novel carriers for targeted gene therapy. 
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1 Literature review 

1.1 Introduction  

1.1.1 Nanoparticles of the carbon family 

Non-viral gene delivery vectors have been an area of interest for decades in the scientific field. 

They seem simple to be executed in theory, but present various challenges to actually perform 

their function in practice1. There have been several reports of the use of soft and hard 

nanoparticles (NPs) for gene therapy as non-viral vectors. Hard NPs consist of inorganic 

materials that keep their size and shape intact during interactions with biological systems, 

whereas, soft NPs, made by organic material are prone to changing shape and size when exposed 

to different biological conditions.   

Among hard NPs, carbon NPs garnered significant attention in biomedicine. The carbon family 

includes diamond, nanotubes and fullerenes, classified by their atomic hybridization and size2. 

These carbon materials innately possess functional groups on their surface allowing for various 

covalent and non-covalent attachment of various moieties, making them potential candidates for 

drug delivery carriers. Carbon nanotubes (CNTs) are sp2 hybridized tube-like nano-structures 

with hollow core along with multiple layers. The number of layers distinguishes single-walled 

(SWCNTs) from multiple-walled (MWCNTs).  These walls possess weak Van der  Waals forces, 

causing aggregation in dispersion medium3. CNTs have an unreactive surface and call for 

chemical modification before specific functionalization4. Most often, physical absorption of 

functionalities is preferred over covalent modification due to disturbance in the structural 

homogeneity and mechanical stability caused by covalent functionalization.  CNTs are well 

studied and widely researched, mainly as a drug delivery vehicle to cancer cells. Biological 

moieties can be attached to CNTs, either by wrapping around the surface through functional 

groups or by loading inside the hollow core5. Various therapeutic molecules have been attached 

to the CNTs by non covalent hydrophobic adsorption. Doxorubicin has been attached to 

SWCNTs via pi-pi bonding and hydrophobic interactions6. Liu et al conjugated paclitaxel on the 

surface of CNTs by non-covalently functionalizing the surface with an amine containing 

polymer5. However, poor stability of the complexes might represent a deficiency of these 

delivery systems.  
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Fullerenes, such as C60 (consisting of 60 carbon atoms arranged as 12 pentagonal and 20 

hexagonal conformations with sp2 hybridization) are considered primitive species of carbon 

nanomaterials. They have high surface reactivity owing to their electron deficient alkene 

structure, which readily reacts with electron rich molecules. Unlike other carbon family 

members, they are soluble in organic solvents like benzene, toluene and chloroform.  

In contrast to above mentioned carbon family members, nanodiamonds (NDs) possess an sp3 

hybridized diamond core covered with an sp2 hybridized graphite shell. The sp3 core provides 

ultrastability to NDs. These carbon family members have gained significant attention in 

nanomedicine. Unlike CNTs, conjugation of the drug on NDs does not require secondary 

functionalization and can be done through direct covalent attachment onto the surface of the 

NDs7.  

 Biocompatibility of the delivery agent also plays an important role in the success of the entire 

delivery system. It is crucial to understand the biocompatibility of these systems at cellular, 

organ and organism levels.  Toxicity of carbon based NPs depends upon their purity, mass, 

surface functional groups, particle size and overall surface charge8. To date, NDs have proven to 

be the most biocompatible member of the carbon family. Schrand et al. listed the degree of their 

toxicity in the following order : SWCNTs > MWCNTs > carbon black >NDs8.  Another study 

showed that NDs are more inert than CNTs towards cellular proliferation. Their unique 

structural, chemical and biological properties make them excellent  candidates as novel non-viral 

vectors for biomedical applications9.  

1.1.2 Dispersion of NDs 

To render NDs suitable for this purpose, there are several challenges that have to be addressed. 

NDs possess a strong propensity to assemble into micron-sized aggregates when dispersed in a 

polar liquid medium such as water10. Administered intravenously, aggregation of NDs can cause 

blockage in capillaries resulting in toxic effects, therefore, the formulation of the NDs as 

colloidally stable dispersions plays a pivotal role for drug or gene delivery.  The stability of the 

colloidal dispersion, addressed by the DLVO theory established by Derjaguin, Landau, Verwey, 

and Overbeek, describes systems where van der Waals forces are present independently from 

electrostatic forces and can be superimposed or added at each interacting distance for two particles. 
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Aligning with the concept of zeta potential of suspensions, the DVLO theory states that the stability 

of the colloidal system depends on the balance of the attractive and repulsive forces among 

particles.  High zeta potential is favoured to ensure the stability of the system; zeta potential >±30 

mV are regarded colloidally stable. The zeta potential can be modified by varying the type and 

concentration of stabilizer or by functionalizing the surface of the particles covalently with 

chemical moieties.  

There are various methods through which dispersion stability of the NDs can be improved. 

Mechanical methods that are used include stirred media milling and dry- media assisted attrition 

milling. Stirred media milling, a lab-based technique, involves a grinding medium, conventionally 

yttrium stabilized zirconia (YTZ) beads, of various sizes. The beads hit the graphite soot and the 

diamond core, causing the aggregation to break. Since the YTZ beads are softer than the ND core, 

on the downside they erode during milling YTZ particles are difficult to remove and yield a 

significant contamination (up to 0.2%) in the dispersion 41. Osawa et al. elucidated that the milling 

conditions can be adjusted to a mild level so that the beads only hit the graphite soot and not the 

diamond particles. The efficiency of the technique can be improved by adjusting the parameters 

such as bead size, milling level and its duration11. Beads of 30 µm can minimize the erosion and 

contamination.  

Another laboratory-based technique, dry media assisted milling, involves water-soluble nontoxic 

and non-contaminating crystalline materials, such as sodium chloride or sucrose. The grinding 

medium can be easily removed by rinsing the NDs with water, hence reducing the susceptibility 

to contamination. Salt-assisted ultrasonic de-agglomeration (SAUD) utilizes ultrasound energy 

and ionic salts (sodium chloride and sodium acetate) to break apart thermally treated ND 

aggregates (~50–100 nm) and produce an aqueous slurry of de-aggregated stable colloidal ND 

dispersions by virtue of ionic interactions and electrostatic stabilization. The water solubility of 

salts provides simple processing and complete elution from the NDs producing pure colloidal 

dispersions12. The processed NDs are suitable for engineering nanocomposites, electrocatalysis, 

bio-labeling and other biomedical applications12.  

The most common industrial-scale method used for the dispersion of NDs is ball milling. Khan et 

al. studied the de-aggregation of functionalized detonated NDs by ball milling with different 

milling media (NH4HCO3, NaCl and sucrose). NaCl as a milling media resulted in better de-
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aggregation compared to other milling media. NaCl grains prevented re-aggregation of NDs 

maintaining the particle range from 50 to 100 nm for around 3 days due to attachment of ionic 

crystals of NaCl onto the surfaces of detonated NDs13.  

Considering the challenges with mechanical methods, there is a need for better solution to control 

aggregation, maintain the dispersion stability and perform multiple purposes surface 

functionalization of NDs with various chemical moieties11,14,15 . One approach to control ND 

aggregation is by chemical modification of the surface, such as fluorination5 and biotinylation6. 

Lie et al. developed an efficient two-step method for covalent surface functionalization of the NDs 

(~3.5 nm) through fluorination and subsequent derivatization with the alkyl and amino acid 

functionalities16. The dispersion  of functionalized NDs in organic solvents remained stable for 

three weeks16. The functionalization improved the solubility of the NDs, enabling their engineering 

for biomedical applications. Direct functionalization of the NDs was also reported with maleimide; 

however, the dispersion stability was not assessed10. Another study reported ND-DGEA (Asp-Gly-

Glu-Ala) peptide conjugation for enhanced delivery of doxorubicin (DOX) to prostate cancer11. 

The properties of ND-DGEA conjugates and the ND-DGEA + DOX system were assessed by 

hydrodynamic diameter and zeta potential measurements. The size increased from 35 nm for 

pristine NDs to 59 nm for the ND-DGEA conjugates to 89 nm for the ND-DGEA+DOX system. 

The zeta potential decreased with each modification of the NDs. At a concentration of 200 µg/ml, 

the zeta potential for the pristine NDs, ND-DGEA and ND-DGEA+DOX were +44 mV, +28 mV 

and +21 mV, respectively. Both the conjugates and drug systems were stable at dilute 

concentrations in aqueous solution for 10 days17.  

In our research group, the surface of the NDs was covalently functionalized with biomolecules 

capable of protonation, consisting of basic amino acids such as lysine and histidine. 

Functionalizing NDs with lysine served the purpose of generating a positively charged surface that 

provide optimum balance between electrostatic repulsion and van der Waal attraction forces 

among the particles to avoid aggregation. Pristine NDs, reoxidized NDs and functionalized NDs 

were dispersed in water and the stability of the resultant dispersion was monitored for 3 days. The 

lysine functionalized NDs showed a significant reduction in aggregate size, having an average 

particle size of 21 nm with a polydispersity index of 0.2518.  
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1.1.3 Cellular internalization of NDs 

 

Another reason for the need of maintaining the size of the particles for specific biological 

applications is that these particles will govern the penetration and retention of their cargo in target 

tissues. In general, NPs enter the cell mainly through endocytosis, leading to the engulfment of 

NPs by membrane invaginations, following bud formation, pinching off and forming endocytic 

vesicles, which then transport NPs to a specialized trafficking compartment. Cellular 

internalization can be classified into several types19,20: phagocytosis, clathrin-mediated 

endocytosis, caveolin-mediated endocytosis, clathrin/caveolae-independent endocytosis and 

micropinocytosis21.  

Phagocytosis usually occurs in macrophages, monocytes, neutrophils and dendritic cells, initiated 

by opsinization22,23. Opsonized NPs are recognised by and attached to phagocytes24. NPs prone to 

opsonisation preferentially end up in organs with reticuloendothelial system (RES), such as liver 

and spleen. In general, larger particle (>200 nm) experience more efficient uptake by phagocytes25.  

Clathrin-mediate endocytosis (CME) is the main mechanism for cells to obtain nutrients and 

plasma membrane components. CME occurs either via receptor specific uptake or non-specific 

adsorptive uptake, known as receptor independent CME19.   

Caveolae-dependent endocytosis plays an important role in many biological processes, such as cell 

signaling, transcytosis, and regulation of lipids, fatty acids, membrane proteins and membrane 

tension. This mechanism is involved in a variety of diseases, including cancer, diabetes, and 

various viral infections26-29. Caveolae are flask-shaped membrane invaginations 50-80 nm in size 

found on the epithelial and non-epithelial cells lined with caveolin, a dimeric protein. Since 

particles enter the cell via caveolin-dependent mechanisms and are sometimes able to escape 

lysosomal degradation, they are exploited by various pathogens30 and could be useful for 

delivering degradable bioactives such as therapeutic genes or proteins31.  

Clathrin/caveolae independent endocytosis occurs in cells devoid of both clathrin and caveolae 

and helps in transporting cellular fluids, interleukin-2 and growth hormones19,32,33. Another kind 

of endocytosis is macropinocytosis that is important in many physiological functions such as 

antigen presentation34. It involves large membrane extensions or ruffles formed by cytoskeleton 

rearrangement, which then fuse back onto the plasma membrane forming a large vesicle which 
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traps a large amount of extracellular fluid35. This mechanism is considered important in the uptake 

of larger NPs that would not be possible via clathrin- or caveolae- dependent endocytosis36 (Figure 

1.1). 

 

Figure 1.1 Endocytosis of nanoparticles. (a) Large particles are internalized by 

phagocytosis. (b) Internalization of smaller particles can occur through non-specific 

macropinocytosis (>1 μm). Multiple other internalization pathways are available to 

facilitate the uptake of nanoparticles such as (c) caveolae-mediated endocytosis (~60 nm), 

(d) clathrin-mediated endocytosis (~120 nm), and (e) clathrin- and caveolin-independent 
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endocytosis (~90 nm). Reprinted by permission from 37   Copyright © 2014, Rights 

Managed by Nature Publishing Group. 

 

1.2. Biodistribution of hard nanoparticles  

Pharmacokinetic and tissue distribution studies of various NP formulations have established some 

fundamental guidelines on the design of NPs for effective cellular uptake. The surface chemistry 

of the NPs determines their interaction with the biological milieu, most importantly defining the 

type of proteins that can be absorbed onto their surface and their role in cellular uptake. Serum 

proteins are quickly absorbed onto positively charged NPs, making them tagged for removal by 

the mononuclear phagocyte system (MPS)38.  

Blood half-life of NPs also depends on their shape and size. NPs with diameter smaller than 6 nm 

are quickly eliminated from the body via the kidney39, whereas the NPs with diameter larger than 

200 nm tend to accumulate in spleen and liver where they are processed by MPS.  In general, NPs 

of 30 nm to 200 nm diameter are optimal to circulate in blood for longer times, compared to small 

and large NPs40. Another advantage of the NPs in this size range is that they can accumulate in 

tumors and deliver therapeutic agents. In tumors, the large fenestration between the endothelial 

cells of blood vessels produced by angiogenesis permit escape of the particles from the blood and 

retention in tumour41. The enhanced permeation and retention allows NPs to accumulate inside the 

tumor by passive accumulation and modulation of particle size controls the penetration depth into 

the tumor42.  NPs larger than 100 nm do not extravasate far beyond the blood vessel because they 

remain trapped in the extracellular matrix between cells. Small NPs (20 nm) penetrate deep into 

the tumor tissue but are not retained beyond 24 h. Interestingly, another study showed that adding 

a targeting moiety on the surface of the NPs does not improve accumulation inside the tumor or 

change the biodistribution profile significantly. The tumor accumulation represented only 1-10% 

of the total injected dose, suggesting most of the NPs end up in liver and spleen42.  

The size of the NPs not only influences their localization in the body but also influences cellular 

uptake. For most nanomaterials such as gold NPs, silica NPs, single-walled carbon nanotubes, and 

quantum dots, a 50 nm diameter is optimal to maximize the rate of uptake and intracellular 

concentration in mammalian cells43-45.  



8 
 

In addition to size and surface characteristics, the shape of NPs also influences their behaviour at 

the nano-bio interface. For instance, rod shaped NPs show the highest uptake, followed by spheres, 

cylinders, and cubes46. Ligand-coated rod-shaped NPs may present to the cell with two different 

orientations. Compared with the short axis, the long axis will interact with many more cell surface 

receptors47. For spiky nanostructures such as gold nanourchins, whether the ligand is located on 

or between the spikes affects how it is presented to the target cell receptors48 .  

Once bound to the receptors, NPs typically enter the cell via receptor mediated endocytosis49-51. 

The binding of the NP-ligand conjugate to the receptor produces a localized decrease in the Gibbs 

free energy, causing the membrane to wrap around NPs to form a closed-vesicle structure51. The 

vesicle buds off the membrane and fuses with other vesicles forming endosomes. The endosomes 

eventually fuse with lysosomes where degradation occurs. The size-dependent uptake of NPs is 

likely related to the membrane-wrapping process. Small NPs have less ligand-to-receptor 

interaction than larger NPs. A 5-nm NP coated with 50-kDa proteins may interact with only one 

or two cell receptors whereas a 100 nm NP has much higher surface loading, leading to more 

ligand-receptor interactions per particle41. According to the mathematical modeling of this 

phenomenon, optimal endocytosis occurs when there is no ligand shortage on the NPs and no 

localized receptor shortage on the surface52.  

From formulation development perspective, the selection of a dispersion medium is another 

important element for maintaining the optimum physicochemical characteristics of NPs. Alwani 

et al. studied the dispersion of lysine-NDs and found that the dispersions in phosphate-buffered 

saline showed extensive sedimentation within 3 days, slight aggregation in 0.5% methylcellulose 

in the same time frame, whereas an aqueous dispersion of lysine-NDs  showed minimum 

sedimentation over a period of 25 days. As a delivery system, the positive charge on NDs can also 

assist in cellular uptake by enhanced attachment onto the negatively charged mammalian cell 

membrane39. There are no set guidelines to avoid block opsonisation of particles, however 

significant research in the last 35 years has identified patterns, trends and methods mentioned 

above to predict the cellular uptake and biodistribution of delivery system.  

Therefore, to develop NPs into safe and efficient drug carriers, their interaction with the 

living body must be elucidated. For the NDs, studies describing in vitro internalization and 

toxicity have been carried out 40.   It was established that lysine fNDs are internalized into the cells, 
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however, not able to function effectively due to endosomal entrapment53. Optimization of the 

design was carried out by grafting histidine as an endosomal membrane destabilizer onto the lysyl-

NDs (lysyl-histidyl-ND) and carboxylated NDs were synthesized as a control. To determine their 

actual potential in biomedical application, in vivo biodistribution studies of lysine and lysyl-

histidine fNDs are necessary.  

To elucidate the mechanism of NP biodistribution, three hard NP models will be compared in the 

ensuing paragraph: silica NPs, NDs and quantum dots, as these NPs can be synthesized with a 

narrow size distribution and their physiochemical properties are more likely to remain stable 

throughout the course of their in vivo fate.  

Kumar et al. studied in vivo biodistribution and clearance using multimodal organically modified 

silica (ORMOSIL) NPs with a silica core54 and  a diameter of 20-25 nm, conjugated with near 

infra-red fluorophores DY776 or radiolabeled  with 124-Iodine (124I)54. The NPs accumulated in 

the liver and spleen (75% of the injected dose, ID), whereas the lung, kidney and heart accounted 

for minimum accumulation (less than 5%). Interestingly, a considerable amounts of NPs was 

detected in the stomach and intestine (8%) which can be attributed to the excretion of the NPs over 

a period of 24 h. Similarly unexpected finding was the approximately 9% fluorescence in the 

skin45.  Positron-emission tomography (PET) revealed a similar pattern of uptake of the NPs to 

fluorescence imaging. Quantitative assessment of radioactivity of the injected 124I labeled 

OMROSIL NP showed that a majority of the NPs accumulated in spleen, from 58% of the ID/g of 

organ, 5 min after intravenous injection to 61% at 24 h, followed by liver (from 37% to 46%), 

lungs (from 9.6% to 4.7%) and kidney (from 1.93% to 1.22%). There is a difference between the 

distribution profiles obtained from the two methods which can be attributed to a change in surface 

properties of the 124I conjugated ORMOSIL NPs45. Another study by Huang et al. described the 

effect of shape on biodistribution and clearance of mesoporous silica NPs (MSNPs)55. Two 

differently shaped fluorescent MSNPs were designed (short-rod MSNPs and long-rod NSNPs) and 

the effect of particle shape was investigated in vivo. The intravenously administered MSNPs 

accumulated mainly in liver, spleen and lungs (>80% of the ID) at 2 h post administration. There 

was a difference in the biodistribution trend for different shaped MSNPs. The short rod MSNPs 

were trapped in liver (42% of the ID), whereas long rod MSNPs were more distributed in the 

spleen (55% of the ID). It was concluded that the MSNPs are mainly excreted by urine and feces. 

The shape had a significant effect on the clearance rate as well. The short MSNPs had a higher 
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rate of clearance (from 10% to 20% remaining  in different organs) compared to long MSNPs 

(30% to 70% remaining  in different organs)55 confirming the effect of shape on both organ 

distribution and clearance .  

Silica NPs, quantum dots (QDs) have been at the forefront of biomedical nanotechnology owing 

to their unique optical and photophysical properties especially the CdSe-core, ZnS-capped 

semiconductor NPs. Salykina et al. investigated the particle coating and size on the biodistribution 

profile in mice after intravenous injection (IV)  using florescence methods56. QDs were coated 

with 3-mercaptopropionic acid (QD MPA) and compared for distribution profile with 

commercially available Qtracer 705 QDs coated with non-targeting PEG (QD PEG). The study 

demonstrated that the primary accumulation of these QDs occurred in lungs, as both QD MPA and 

QD PEG remained fluorescent in lungs for at least 24 h post injection. Moreover, QDs were 

detected in liver, spleen, kidneys and lymph nodes. The mercaptoundecanoic acid- coated and 

lysine-cross-linked QDs were not detected in feces or urine for up to 10 days after intravenous 

dosing57.  

In contrast with the results described above, other studies have shown efficient excretion of QDs. 

For example, Choi et al. demonstrated that cysteine coated CdSe/ZnS QDs with zwitterionic 

charge and hydrodynamic diameter of less than 5.5 nm are effectively cleared out through urine 

and bile58.  This difference could be attributed to the differences in size and surface coating of the 

QDs. Thus, concluding that factors such as size, charge and functionalization affect the distribution 

profile of the NPs. 

Biodistribution of NDs has been area of interest over the past years. The use of NDs in molecular 

tracking or imaging is relatively new15-16. For this purpose, NDs can be chemically modified to 

conjugate an imaging moiety17. Rojas et al. studied the in vivo biodistribution of amine-

functionalized diamond NPs (18F-DNPs)   (size of  340 nm in dispersion) based on 18F radionuclide 

emission using PET59 and evaluated the effect of particle size and use of surfactants of the 

biodistribution. The biodistribution was monitored for 120 minutes due to the short half-life of the 

18F and administered intravenously. It was confined to the specific ND derivative with amine 

functional groups with similar hydrophilicity and sizes59. The 18F-DNPs accumulated mainly in 

the lung (70%ID/g), spleen (30%ID/g), kidneys (5-6 %ID/g) and liver (10% ID/g), and were 

renally excreted.  Addition of PEG8000  or Tween 80(18F-DNPs + PEG8000 )  (
18F-DNPs + Tween ) 
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did not modify organ uptake significantly however, urinary excretion rate of these NPs was 

reduced, resulting in increased bioavailability59. The uptake of 18F-DNPs in the lungs is indicative 

of NP trapping in the capillary pulmonary bed by size exclusion and the rise in uptake of liver and 

spleen could potentially reflect phagocytosis of 18F-DNPs by the reticuloendothelial system.  

Another study by Zhang et al. investigated the biodistribution of NDs using radiotracer techniques 

and evaluated its acute toxicity in Kun Ming mice after intratracheal instillation instead of 

intravenous injections. Rhenium-188 (188Re), a beta emitter with half-life of 16.98 h, was 

conjugated to the NDs of 2 to 10 nm46. The study concluded that the NDs could penetrate the blood 

barrier into the circulation, and redistribute to the spleen, liver, and bone. After 4 h of post-

instillation, 63.4% ID/g of the NDs accumulated in the lung and maintained the level of retention 

for over 48 h. Long-term residence of NDs in lungs induced significant toxicity; however, 

toxicological studies on chronic toxicity to major target organs were not conducted60. The results 

from these studies indicated that NDs showed high affinity towards lung accumulation regardless 

of the mode of administration of the NPs; however, the size of NPs in the two studies is 

significantly different. Similar study of the biodistribution of the pristine NDs was conducted by 

Yuan et al using Iodine-125 (125I) with half-life of 59.49 days, to investigate the accumulation and 

translocation of NDs in mouse47. NDs with a diameter of 50 nm predominantly accumulated in 

liver (about 60% ID/g) after 30 minutes of intravenous injection. Spleen (1%ID/g) and lung 

(8%ID/g) were also target organs for NDs. The distribution profile remained the same at 28 days 

post injection. No NDs were detected in urine and feces47.  

In conclusion, the biodistribution studies of the NDs demonstrate that the size of NDs and mode 

of administration play an important role in their biodistribution profile. For this work, fNDs were 

conjugated with a radioisotope to monitor in vivo biodistribution. As gleaned from the literature, 

development of agents with diagnostic and therapeutic capabilities, theranostic agents, requires 

careful selection of a monitoring methodology that is sensitive, precise and translatable to clinical 

use. Imaging probes should be stably attached to the NPs, maintain their properties in the body 

and cause no intrinsic toxicities. The following chapter describes options of imaging that are 

suitable to monitor the biological fate of NP-based delivery systems.1.2.1 Positron Emission 

Tomography (PET) 
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PET is one of the most commonly used imaging modalities for diagnosis and monitoring 

therapeutic outcomes that reveals real time functioning of tissues or organs48. PET is based on the 

principle of a radioisotope undergoing positive beta decay, emitting a positron. The emitted 

positron travels in tissue until it decelerates when it interacts with an electron, resulting in 

producing a pair of annihilation photons emitted at 1800 from each other (Figure 1.2). These 

photons are detected by the scintillator on the scanning device followed by the computation of the 

tracer’s location in the living system21.  

   

Figure 1.2 Positron Emission Tomography. Copyright© Hammersmith Medicines Research 

PET is comparable to single-photon emission computerized tomography (SPECT), an imaging 

technique based on detection of gamma rays, however, these two techniques differ in some aspects 

and preference is given to one or the other depending on the desired outcome.  PET is preferred 

over SPECT owing to the higher spatial resolution and quantitative capabilities22.  PET offers a 

resolution of 5 to 7 mm, compared with a SPECT resolution of 12 to 15 mm.  However, the 

availability of stable chelating agents, appropriate radionuclides, and robust radiochemistry also 

play critical role in the selection of the imaging modality. The other alternative to PET is 

Fluorescence-Mediated Tomography (FMT)/CT, an optical imaging based on light in the visible 

or near-infrared range and makes use of fluorescent dyes to obtain tissue specific information61. It 

uses multiple diffuse transilluminations to determine the fluorescence signals non-invasively in 

small animals similar to PET or SPECT. However, unlike PET, optical imaging is affected 

significantly by tissue depth and tissue-specific optical properties, such as absorption and 
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scattering. Hage et al. performed a comparative study to investigate the performance of advanced 

FMT/CT against PET/MRI for the quantitative assessment of drug biodistribution62. These models 

were compared using Alexa750 dye as the fluorescent label and 64Cu-NODAGA as the radiolabel. 

The study concluded a strong correlation of the FMT/CT and PET/MRI measurement with the ex 

vivo results and consistency with the biodistribution patterns obtained by both in vivo techniques. 

These findings qualify FMT/CT as a convenient and cost-effective technology for pharmacokinetic 

studies as an alternative to PET. However, the fluorescent label could trigger liver uptake, and thus 

modify distribution profile. In conclusion, FMT/CT is still limited by the tissue depth, for the 

biodistribution studies, PET is a preferred methodology. 

1.2.2 Radiotracers  

Radiotracers are integral part of PET/SPECT imaging techniques. Attached to bioactive molecules, 

they are used for diagnostic purposes or radiotherapy.  The use of radiotracers in medicine is based 

on three principles:  

1) Radioactive isotopes of a given element behave identically as the stable isotopes of the same 

element, 

2) The radioactivity does not change the physiochemical properties of the experimental system 

(i.e., the radiation dose does elicit a response from the experimental system) unless intended for 

radiation therapy, and  

3) The physical and chemical form of the radionuclide labeled compound is the same as the 

unlabeled variety.  

The success of the application of radiotracers is also dependent on certain practical matters such 

as availability of radiotracers. Ideally, radioisotopes of oxygen and nitrogen are desirable for 

various studies however, the half-lives of their radioactive isotopes are only 2-10 minutes, limiting 

the use of such isotopes for diagnostic or therapy purposes. For most diagnostic studies, the 

radiotracer is administered intravenously, however, it may also be administered by inhalation, oral 

ingestion or localized injection into an organ of interest depending on the disease under 

investigation. There are various radiotracers used depending upon the kind of disease or disorder 

(Table 1.1).  

Table 1.1 PET Radiotracers with FDA Approval 60 
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Radiotracer Trade name Indication 

[11C]Choline N/A Prostate cancer recurrence 

[18F]FDG N/A PET imaging agent for 

assessing abnormal glucose 

metabolism in oncology or 

myocardial hibernation, and to 

identify regions of abnormal 

glucose metabolism associated 

with epileptic seizures 

[18F]Florbetapir AMYVid Β-Amyloid plaque density 

[18F]Florbetaben Neuraceq Β-Amyloid plaque density 

[18F]Flutematemol Vizamyl Β-Amyloid plaque density 

[18F]Sodium fluoride N/A PET bone imaging 

[18F]Fluciclovine Axumin Prostate cancer recurrence 

[68Ga]DOTATATE Netspot Localization of somatostatin 

receptor positive 

neuroendocrine tumors 

[13N]Ammonia N/A Myocardial rest or stress 

testing 

[82Rb]Rubidium chloride  Cardiogen-82/RUBY-FILL PET myocardial perfusion 

imaging 

   

Developing specific, safe and efficient radiotracers that allow quantification of equally specific 

biomarkers will greatly enhance the potential of PET imaging and further improve the diagnostic 

and therapeutic efficiency of current radiopharmaceuticals.   

Several radioisotopes, notably 64Cu, 124I, 111In, and 99Tc have been used for PET and SPECT 

imaging. Among more than 100 positron emitting isotopes, the majority of the isotopes are not 

suitable for PET imaging applications because of their undesirable decay half-life, poor 
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bioavailability, high production cost and underdeveloped radiochemistry. The challenge is to find 

a suitable radionuclide that is compatible with the pharmacokinetics of NPs.  

Short lived radioactive isotopes20, such as carbon-11 (20 min), while used to study cardiac output 

and lung cancer are not appropriate to study biodistribution of NPs. Medium half-life tracers such 

as fluorine-18 (18F) can be attached to fluorodeoxyglucose, creating 18F-FDG, used to study 

glucose metabolism in heart and lungs and brain activity (Figure 1.3).  
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Figure 1.3 Fluorine-18 (18F) attached to fluorodeoxyglucose, creating 18F-FDG  

18F-FDG is employed in oncology for imaging tumors such as colorectal cancer, breast cancer, 

melanoma and lung cancer. Unfortunately, 18F decays too fast for studying the fate of NPs. Long-

lived tracers however, such as 89Zr, 124I are suitable to study the biodistribution of NPs such as 

NDs. 89Zr gained attention in PET imaging of macromolecules and nanoparticles. Although, 89Zr 

and 124I have comparable half-lives, the decay of 89Zr is preferable to 124I, which emits much higher 

energy positrons (687 and 974 keV) and also emits photons with energies within 100-150 keV of 

the positron-created 511 keV 63. Another advantage of 89Zr is that there is no need to use a highly 

enriched target and the energy required for 89Zr production is lower compared to 124I. Both 

phenomena grant 89Zr a better resolution than its halogen competitor. In addition, 89Zr is an 

internalizing radionuclide while 124I is not. 89Zr is getting considerable attention in the field owing 

to its physical and chemical properties for immunoPET imaging50.  Zirconium is a group IV metal, 

which exists primarily as a +4 ion in aqueous solution.  In nature, zirconium exists as 5 isotopes: 

zirconium-93 (51.45%), zirconium-91 (11.22%), zirconium-92 (17.15%), zirconium-94 (17.38%) 

and zirconium-96 (2.80%). 96Zr is the only among these five isotopes of Zr which is radioactive 

with an extremely long half- life of 2.35 x 1020 years. There are currently 38 known isotopes of Zr 



16 
 

with the mass number ranging from 78 – 112 with additional 4 metastable isotopes. Isotopes with 

mass number less than 80 or greater than 100 demonstrate very short half-lives. Lighter isotopes 

go under decay by electron capture whereas, heavier ones by β emission. Table 1.2 shows the 

properties of some selected Zr radioisotopes. 

Table 1.2 Selected radioisotopes of Zirconium 

Isotope Half life Decay mode/emission 

82Zr 32 seconds Positron 

88Zr 83.4 days Electron capture /gamma 

89Zr 78.4 h 
 

Electron capture. /positron, gamma 

93Zr 1.53 × 106 years Beta 

95Zr 64 days Beta 

100Zr 7.1 seconds Beta 

  

As mentioned earlier, of these radioisotopes, 89Zr has found extensive application as it is positron 

emitter with an appropriate half-life for PET. 89Zr decays with a half-life of 78.41 h via both 

positron emission and electron capture to an intermediate 89mY state, which in turn decays to stable 

89Y via a gamma ray emission (909 keV) with a half-life of 15.7 s. The relatively low translational 

energy of the emitted positrons, 395.5 keV, results in high image resolution, and the energy 

disparity between the 511 keV photons and the 909 keV gamma rays enables the prevention of 

detector interference of the coincident photons 58-62. A simplified decay scheme for zirconium-89 

is shown in Figure 1.4 
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Figure 1.4 Simplified decay scheme for Zirconium-89 

 

Zr4+ cation is a relatively large, highly charged ion which typically forms coordination complexes 

with high coordination numbers, and, as a ‘hard’ cation, typically prefers anionic oxygen donors52. 

The effective ionic radius of the Zr4+ cation with a coordination number of eight is 0.84 Å63. The 

very first 89Zr based imaging was performed by the laboratories of Elisabeth de Vries and Guus 

van Dongen in the Netherlands54-57.  

For studying the biodistribution of the functionalized NDs, 89Zr was selected as a radioisotope 

because of its moderately long half-life of 78.41 h matching the biological distribution of 

antibodies, which is expected to be similar to NDs. 

For this work, we needed to ensure that the physicochemical properties of NDs are not substantially 

altered after conjugation of a chelating agent and complexation with 89Zr.  A series of conjugation 

methods are described in the following chapter to address the challenge mentioned above. 

 

1.2.3 Chelators  

There are various challenges using 89Zr for the biodistribution studies, the more critical being the 

potential release of the 89Zr from the NP complexes resulting in free 89Zr in the body. Zr ions have 

high affinity for phosphate which results in  accumulation in bones64. Association of 89Zr with 
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plasma proteins can direct the deposition of a significant dose in bone marrow24. To overcome 

such challenges, a chelator is attached to the compound of interest to sequester the radionuclide. 

Chelators are chemical compounds that can attach to two or more donor atoms (or sites) to the 

same metal ion and produce one or more rings49. Research into the coordination chemistry of Zr 

commonly reports utilization of bifunctional chelators such as diethylenetriaminepentaacetic acid 

(DTPA), ethylenediaminetetraacetic acid (EDTA), 1,4,7,10-tetraacetic acid (DOTA), and 

deferoxamine (DFO)25 (Figure 1.5). A new conjugation method was introduced by Verel et al. 

using an activated 2,3,5,6-tetrafluorophenol ester of DFO that could be coupled to the unmodified, 

native lysine. It is a five step procedure consisting of extension of DFO with succinyl anhydride, 

the protection of the ligand's hydroxamate groups with Fe(III), the formation of the activated 

2,3,5,6-tetrafluorophenol ester, conjugation to the unmodified antibody, and removal of the iron 

to free the chelate for radiolabeling51. More recently, Perk and Vosjan introduced an even simpler 

method using a p-isothiocyanatobenzyl-bearing DFO (DFO-Bz-NCS). This commercially 

available chelator can be attached to the lysine residues of an unmodified antibody in one step, 

forming a stable thiourea linkage between chelator and biomolecule63. All of these molecules have 

a coordination number of eight. Both DTPA and DOTA coordinate the Zr using three nitrogens 

and five oxygens of DTPA and four of each atom for DOTA, whereas EDTA binds the metal 

through two nitrogen atoms, four oxygen atoms and two exogenous water molecules.  
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Figure 1.5 The ligand structure, coordination scheme, and experimental structure of some 

commonly employed chelators for Zr4+ and their complexes with the metal. Reprinted with 

permission from reference65Copyright 2013 Elsevier. 

 

DFO is the most prominent chelating agent for 89Zr; its hexadentate, bifunctional siderophore 

containing three hydroxamate groups for chelating metals and a primary amine tail for conjugation 

to a biomolecule renders it an effective chelating agent for 89Zr . It releases less than 0.2% of 89Zr 

after 24 h in serum 66  and less than 2% demetallation occurs in serum for seven days67. Although 

DFO is a widely used chelator for 89Zr and works reasonably well in vivo, there are studies to 

design and synthesize even better ligands. The basis of these studies is that 89Zr favours octadentate 

coordination, but DFO offers only hexadentate chelation, leaving 89Zr exposed to solvent. It has 

been demonstrated that ligands such as EDTA, DTPA and DOTA, despite achieving higher 

coordination number, form complexes with lower stability compared to DFO which led to believe 

that the ideal ligand would be both octadentate and oxygen rich.67   
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Some novel derivatives of DFO such as  N-(S-acetyl)mercatopacetyl desferoxamine B (SATA-

DFO) for coupling with antibodies however, did not show complex stability at physiological pH68. 

In addition to desferoxamines, other siderophores have gained researchers attention such as 

fursarine C (FSC) and its triacetylated analog TFAC69 (Figure 1.6). These chelators include a three 

hydroxamate group, cyclic structure and three primary amines for 89Zr coordination, improved 

stability and bioconjugation strategies. In vitro, [89Zr]-TFAC demonstrated greater stability against 

EDTA compared to Zr-DFO. However, biodistribution and small animal PET/CT studies of [89Zr]-

TFAC showed rapid blood clearance with predominantly renal excretion and minimal bone uptake, 

suggesting that the complex is only stable for a short time. [89Zr]-FSC-RGD (fursarine C -

Arginylglycylaspartic acid) and [89Zr]-DFO-RGD were also compared in receptor binding studies. 

[89Zr]-FSC complex did not disrupt RGD- αvβ3 binding in vitro. Studies to investigate radioisotope 

leaching out to the bones at later time points is fundamental to fully appreciate FSC. 
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Figure 1.6 Hydroxamate-containing Zirconium-89 chelators inspired by the siderophores 

desferrichrome. The coordinating units are depicted in red font. 

Siebold and coworkers designed solid phase synthesis of CTH36 as a ligand for 89Zr. The new 

design includes inclusion of four hydroxamate coordinating units, macrocyclic structure, rotational 
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symmetry, hydrophilic and optimal cavity size, however the author did not report any in vivo data 

regarding distribution of CTH36 complexed Zr with mAb conjugates. Without these studies, it is 

difficult to assess whether CTH36 will be useful in PET applications70. Another attempt by using 

hybrid molecule DFO-1-hydroxy-2-pyridone (DFO-HOPO) aimed to completely satisfy the 89Zr 

coordination number71 (Figure 1.7). [89Zr]-DFO-HOPO has demonstrated a bimodal excretion 

pattern. At early time point post-injection, a rapid renal excretion was seen, followed by 

hepatobiliary excretion becoming dominant. This bimodal excretion can be explained based on the 

differences in hydrophilicity, in addition to accumulation of radioactivity level in the bone of mice 

injected with [89Zr]-DFO. The current results are promising for this hybrid ligand, however, its bi-

functional chelator version must be evaluated before any conclusion can be made over its use for 

PET application.  
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Figure 1.7  DFO-HOPO, an Octa-coordinate chelator for 89Zr inspired by DFO. The 

coordination units are depicted in red font.  

As a result, various siderophore-inspired ligands consisting of various functional groups such as 

hydroxamate, hydroxyisopthalamide; terepthalamide, and hydroxypiridinoate coordinating units 
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have been investigated and reported to effectively chelate 89Zr. However, so far only DFO and 

HOPO derivatives have been proven effective as 89Zr chelators for antibody based 

radiopharmaceuticals, while others still need more evaluation. Hence, we selected DFO for our 

studies. 

 

For this study, conjugation of DFO to the lysine residues of the lysine-NDs, lysyl-his-NDs and 

carboxylated NDs, as depicted in Figure 1.8 was an achievable target, based on similarities for 

conjugation of DFO to soft NPs43.  

            

Figure 1.8  Schematic overview of 89Zr-labeled diamond nanoparticle using DFO as 

chelator 
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2. Hypothesis  

1. Due to hydrophilic surface, the lysine and lysyl-histidine-functionalized NDs will show less 

aggregation in biologically relevant environment (e.g., serum) compared to carboxylated ND 

featuring hydrophobic surface.  

2. Radiolabeling will not affect their overall surface properties of the functionalized NDs.  

3. The difference in surface properties and aggregation behaviour of the lysine-, lysyl-histidine-

functionalized and carboxylated NDs will lead to difference in their biodistribution. 

3. Objectives  

3.1 Objective 1: To synthesize DFO-conjugates of lysine-, lysyl-histidine- and carboxylated NDs. 

 NDs will be synthesized according to established protocols. DFO will be conjugated 

based on specific activity and surface loading calculations. 

3.2 Objective 2: To characterize the DFO-conjugated fNDs.  

 NMR will be used in the synthetic process to characterize intermediates 

 Size and zeta potential measurements will be performed to evaluate colloidal stability of 

the fNDs 

 Thermogravimetry will be used to calculate surface loading 

3.3 Objective 3: To assess in vivo biodistribution. 

 fNDs will be conjugated to radionuclide-chelating agent (desferoxamine) and labeled with 

89Zr 

 PET/CT will be used for biodistribution studies 

 Ex vivo quantification of tracer will confirm the quantification of the images at 

experimental endpoints 
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4. Materials and Methods  

4.1. Materials  

Dry dimethylformamide (DMF), 4 M hydrochloric acid (HCl) (in dioxane) and ethidium bromide 

solution (∼1% in water) were obtained from Sigma-Aldrich (Oakville, ON). Boc-lysine(boc)-

OH,Fmoc-NH(CH2)3NH2⋅HCl,Nα-Fmoc-Nε-boc-L-lysine,1,3diaminopropane·HCl, Nα,Nim-bis-

boc-L-histidine-hydroxysuccimideester,diisopropylethylamine(DIPEA), piperidine, and HATU 

[N,N,N′,N′-tetramethyl-O-(7-azabenzotriazol-1-yl)uroniumhexafluorophosphate] were obtained 

from Chem-Impex International, Inc (Wood Dale, IL). Dichloromethane (DCM) (high-

performance liquid chromatography grade) was purchased from Thermo Fisher Scientific 

(Waltham, MA) and was dried using a solvent purification system (MBraun Incorporated, 

Stratham, NH). Thionyl chloride was acquired from Alfa Aesar (Ward Hill, MA). Molecular 

porous cellulose membrane (MWCO: 6000-8000) was obtained from Spectra/Por® (New 

Brunswick, NJ, USA). Fetal Bovine Serum (FBS) will be obtained from Gibco (Toronto, ON). P-

SCN-Bn-Deferoxamine was ordered from MacrocyclicsTM Inc  (Dallas, TX) .89Zr was produced 

and purified for the first time at the Saskatchewan Centre for Cyclotron Sciences (SCCS) to be 

used for radiolabeling of the DFO conjugated fNDs. 

Chemicals used in the conjugation, radiolabeling, and purification steps were American Chemical 

Society reagent grade or better. Water and buffers were rendered metal-free by passing through a 

column of Chelex-100 resin, 200–400 mesh ordered from Bio-Rad Laboratories, Inc.(Hercules, 

CA), and were sterile-filtered through a 0.22 µm filter device.  
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4.2 DFO conjugation to the lysine-functionalized NDs – Procedure 1 
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Figure 4.1  Scheme for synthesizing DFO conjugated lysine- diaminopropane NDs 
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                        Figure 4.2  Synthesis of Nα boc-lysine-OH- Fmoc-1, 3-diaminopropane 

 

Synthesis of Nα boc-lysine-OH- Fmoc-1, 3-diaminopropane (conjugation of mono boc lysine with 

the linker) 8.661 mmoles of mono boc-lysine were dissolved in dry DMF (approx.10 mL) in a 

Schlenk flask in an inert nitrogen environment. HATU and DIPEA were added in the flask. HATU 

was added in the mole ratio of 1:1.25 (lysine: HATU) whereas, DIPEA was added in 1:1.7 mole 

ratio (HATU: DIPEA). The mixture was stirred for 15 minutes followed by addition of Fmoc-1,3-

diaminopropane hydrochloride in the reaction mixture in mole ratio 1:1.15 (mono boc lysine: 

linker). Dry DMF (15 mL) was added to confirm the dissolution of all the starting material. The 

reaction was left for constant stirring for 24 h followed by DMF removal using vacuum distillation 

(Figure 4.2). DCM (100 mL) was added to dissolve the solid and extracted using saturated aqueous 

solution of sodium bicarbonate (3 x 100 mL). The extracted purified organic phase was dried by 

adding magnesium sulphate and then kept for vacuum filtration to remove hydrated magnesium 

sulphate from the organic phase. Rotary evaporation was used to remove DCM and a solid 

precipitate of the compound was obtained by salting out with the addition of diethyl ether. The 

precipitate was filtered out using vacuum filtration and dried under high vacuum to get the desired 

white coloured powder.  

 

 

Nα boc-lysine-OH- fmoc-
1, 3-diaminopropane (c) 
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Synthesis of Nα boc-lysine-Fmoc-1, 3-diaminopropane-Deferoxamine (DFO)                 
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Figure 4.3  Synthesis of Nα boc-lysine-- Fmoc-1, 3-diaminopropane-Deferoxamine; Nα boc-

lysine Fmoc-1, 3-diaminopropane (c) Deferoxamine (d) Nα boc-lysine Fmoc-1, 3-

diaminopropane-Deferoxamine(e) 

0.0667 mmoles of Nα boc-lysine Fmoc-1, 3-diaminopropane (c) were suspended in 2 mL DCM 

and 25 µL DIPEA was added followed by the addition of 2 mL of DMSO. p-SCN-Deferoxamine 
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(d) (depending upon different concentrations) was added to the solution and the pH of the 

solution was adjusted to 8.5 by adding DIPEA. The reaction mixture was kept for 24 h followed 

by solvent removal using vacuum distillation (Figure 4.4). 

Synthesis of DFO conjugated lysine functionalized NDs 
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Figure 4.4  Deferoxamine conjugated lysine functionalized NDs; Nα boc-lysine Fmoc-1, 3-

diaminopropane -Deferoxamine (e)  Nα boc-lysine--diaminopropane  -Deferoxamine (DFO) 

NDs (f) 

The removal of the Fmoc protecting group of Nα boc-lysine Fmoc-1, 3-diaminopropane  -

Deferoxamine (e) was done by dissolving it in 50 % dry DCM/piperidine (v/v, 12 mL) mixture 

under nitrogen atmosphere in the Schlenk flask. The reaction was kept overnight. The precipitates 

observed in the reaction mixture at the end of the reaction were filtered and dried DCM was 

removed under high vacuum. Excess quantity of hexane was added to the dry compound and 

allowed to stand for 15 minutes. The hexane-soluble portion was decanted to separate hexane-

insoluble precipitates of the desired compound. The precipitates were washed with fresh portion 

of hexane (3 x 100 mL) and then excess ether was added to obtain the purified compound. The 

clean precipitate was subjected to solvent evaporation to obtain dry oily Nα boc-lysine-

diaminopropane-Deferoxamine followed by attachment to the reoxidized NDs and boc 

deprotection to get final desired Nα boc-lysine-diaminopropane-Deferoxamine (DFO) NDs (f).  

 

 

 Nα boc-lysine--diaminopropane  -Deferoxamine (DFO)  (f) 
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4.1.3. DFO conjugation to the lysine-functionalized NDs – Procedure 2 
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Figure 4.5 Scheme for synthesizing lysine- diaminopropane-deferoximine (DFO)-NDs 

Lysine functionalized NDs (1) were suspended in 2 mL DCM and 25 µL DIPEA was added 

followed by the addition of 2 mL of DMSO. p-SCN-Deferoxamine (2) (depending upon different 

concentrations) was added to the solution and the pH of the solution was adjusted to 8.5 by adding 

DIPEA. The reaction mixture was kept on sonication for 24 h (Figure 4.5). The excess conjugated 

p-SCN-Deferoxamine was removed using dialysis bag and DMSO bath. The removal of the 

unconjugated DFO was monitored using TLC. Once all the unconjugated DFO was removed, the 

solvents were evaporated under high vacuum, and DFO conjugated lysine NDs (3) was freeze 
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dried. Similar synthesis protocol was used for synthesizing DFO conjugated lysyl histidine NDs 

and carboxylated NDs.  

Proton nuclear magnetic resonance (1H NMR) was used to analyse the product. (1HNMR) spectra 

were recorded on a Bruker 500 MHz Avance spectrometer (Bruker BioSpin, Milton, ON, Canada). 

Chemical shifts for 1H NMR are reported in ppm in reference to the residual 1H resonances of 

deuterated chloroform at δ 7.26 is an appropriate technique to confirm the presence of the desired 

compound and identify the product impurities. In the case of functionalization of the NDs this 

technique can be used to monitor chemical shifts, reported in ppm in reference to the residual 1H 

resonances of deuterated chloroform (CDCl3) (δ 7.26) which is used as the solvent since the lysine-

linker chemical moiety is non polar and soluble in chloroform. 

 

4.1.4. 89Zr radiolabeling of DFO conjugated lysine NDs  
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Figure 4.6  Radiolabeling of lysine- diaminopropane-deferoximine (DFO)-NDs 

 

1 M HEPES pH 7.4 (Fisher Scientific) was added to 89Zr in oxalic acid and 2 M NaCO3 (pH 11) was 

added drop wise while measuring the pH with pH paper until the oxalic acid was neutralized (pH 7± 

0.5). DFO conjugated Lysine NDs were then added to the 89Zr solution with specific activity 0.5 (mega 

Becquerel/microgram) MBq/μg. The reaction mixture was incubated at 80 °C on a sonicator for 4 h 

(Figure 4.6). The conformation of the radiolabeled conjugates was determined using iTLC. The 

iTLC is based on the same principle as of conventional thin layer chromatography. The chemical 

species separate as the most soluble chemical species product in the mobile phase moves the 

furthest distance along the plate based on the solubility and adsorption affinity. The plates are read 

by scanning the radiochromatogram either by passing it under the scintillation detector or on the 

surface of a gamma camera.  The final solution was formulated in biological grade water. A 

radiolabeling of more than 95% was obtained and considered sufficient for in vivo biodistribution 

studies after method optimization.  

 

89Zr labelled Lysine-diaminopropane -Deferoxamine (DFO)-ND 
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89Zr test labeling was used to verify the chelation efficiency of the DFO. Various batches of DFO 

conjugated lysine NDs were used with each batch carrying different percentage of DFO on lysine 

functionalized NDs. The aim here is to achieve DFO conjugated lysine NDs with comparable zeta 

potential and size as the lysyl functionalized NDs to get the true representation of the lysine 

functionalized NDs for biodistribution studies, since the hydroxylate groups of DFO can affect the 

overall charge on lysine NDs.  The batches were prepared with the various percentages (8 %, 6 %, 

3 % and 1 %) of DFO attached on the lysine NDs and tested for the physiochemical properties and 

radiolabeling.   

 

4.2. Characterization of fNDs and DFO-conjugated functionalized NDs 

4.2.1. Size and zeta potential measurements 

The hydrodynamic size, size distribution and zeta potential measurements were obtained by 

dynamic light scattering and laser Doppler micro-electrophoresis technique using a Malvern Zeta 

sizer Nano ZS instrument (Malvern Instruments Ltd, Malvern, and Worcestershire, UK). Particle 

size measurements were performed using a particle-sizing cell in the automatic mode. The mean 

hydrodynamic diameter was calculated from the auto correlation function of the intensity of light 

scattered from the particles. Size distribution values were derived from three measurements, each 

consisting of a minimum of ten individual runs. The data are reported as volume distribution. Zeta 

potential of the NPs was determined by phase analysis light scattering analysis. Samples were 

measured in the automatic mode and the reported zeta potentials are the average of three 

measurements, each derived from a minimum of ten individual runs.  

There are various techniques available for measuring the size distribution of the NDs. Particle size 

can be interrogated depending upon the type of interface being investigated. For instance, some 

techniques may measure the physical size concentrating on the hard material interface 

(Nanoparticle tracking analysis, Tunable Resistive Pulse Sensing, Atomic Force Microscopy, 

Electron Microscopy), or the hydrodynamic size by targeting the water layer attached to the NPs 

as it moves in solution (dynamic light scattering and disc centrifugation). Since the NDs are prone 

to aggregation in water, which might affect the biodistribution profile, techniques such as dynamic 

light scattering, and disc centrifugation are potential candidates for size measurement. Since disc 

centrifugation particle measurement ranges from maximum to minimum (10 micron to under 0.005 
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micron), and NDs are expected to be in nanometer size range, dynamic light scattering is an ideal 

technique for measuring hydrodynamic size of NDs. The size distribution of NDs in water 

(dispersion) and the polydispersity for functionalized NDs is measured based on dynamic light 

scattering (DLS) where the light is scatter (θ = 173°) by the particle illuminated with a laser beam, 

using the CONTIN algorithm for analysing the decay rates that are a function of D (translational 

diffusion coefficients of the particles). The data is reported in volume distribution. The 

hydrodynamic radius, RH, of the particles was estimated using the Stokes-Einstein equation (RH 

= kT/6πηD), where k is the Boltzmann constant, T is the temperature, and η is the viscosity of the 

solution. This particular analysis gives an estimated size based on the hydrodynamic radius of 

spherical particles having a translational diffusion coefficient equivalent to the actual particles. 

Size distribution values were derived from three measurements, each consisting of a minimum of 

ten individual runs and the zeta potential measurements are based on laser Doppler electrophoresis 

and phase analysis. There are various other ways of measuring the surface charge of the NPs such 

as the streaming potential method, used for characterizing the electrokinetic properties of flat solid 

liquid interfaces and the electroosmosis method referring to the liquid motion related to a 

stationary charged solid-liquid interface, however these techniques are not applicable for 

measuring surface properties of NDs dispersed in aqueous vehicles. Zeta potential values were 

derived from three measurements, each consisting of a minimum of ten individual runs 

4.2.2 Thermogravimetric analysis 

 

Thermogravimetric analysis was carried out using a TGA Q50 (TA Instruments-Waters LLC, New 

Castle, DE). The furnace tube carrying the sample was heated to 500°C, and the percentage weight 

loss was obtained as a function of the temperature. The surfaces of the pNDs and rNDs were 

considered dominated by carboxylic acid functional groups, and surface loading was calculated 

using the following equation: 

Surface loading =
Number of moleslost functional group

Weighttotal sample − Weightlost sample
 

Any loss in weight that occurred below 115°C was attributed to water and was excluded from 

estimates of surface loading. 
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4.3. Biodistribution of 89Zr-labeled functionalized NDs 

Female Balb/c mice were purchased from Charles River Laboratories International; Inc. Animals 

were housed under pathogen-free conditions in air-conditioned rooms and artificial lighting with 

a circadian cycle of 12 h. The diet and drinking water were available ad libitum to all the animals. 

This work was approved by the University of Saskatchewan Animal Research Ethics Board and 

adhered to the Canadian Council on Animal Care guidelines for humane animal use (protocol No: 

20180019 and 20170084). Normal CD-1 mice (n = 4 per group) were injected intravenously via a 

tail vein with 1-2 MBq (dosage: 100 μg of fNDs/200 µL/ animal)89Zr-labeled 3 % DFO conjugated 

lysine ND, 3 % DFO lysyl-histidine and 3 % DFO carboxylated NDs. For biodistribution studies, 

the animals were euthanized under deep anesthesia (isoflurane) followed by cervical dislocation. 

Tissue samples including small intestine, stomach, lung, heart, muscle, liver, spleen and kidneys 

were harvested at 6, 24, and 72 h post. Samples of selected tissues were excised and weighed and 

radioactivity in the samples was measured using an automatic γ-counter. The radioactivity in the 

organs was expressed as percent injected dose per gram (% ID/g). 

 

4.4. Positron emission tomography  

Normal Balb/c mice (n = 4/group) was administered 7 – 9 MBq (specific activity, 0.5 MBq/µg) of 

89Zr-Lysine NDs via a tail vein. At 1, 4 and 24 h time as well at 6, 24, 48 and 72 h post injection, 

PET and CT images were acquired using Vector4CT scanner (MILabs, Utrecht,The Netherlands 

). The mice were positioned in the small animal bed of scanner (mouse bed) with the proper field 

of view. Mice were anesthetized using a mixture of isoflurane/oxygen (5% of isoflurane in oxygen) 

and in vivo whole-body PET/CT images were obtained while anesthesia was maintained (2% of 

isoflurane). Body temperature, heart rate, and breathing frequency were monitored continuously 

and kept at normal physiologic values.  

PET images were acquired in a list-mode data format with a high-energy ultra-high resolution (HE-

UHR-1.0 mm) mouse/rat pinhole collimator. Corresponding CT scans were acquired with a tube 

setting of 50 kV and 480 μA. PET image reconstruction was carried out using a pixel-based order-

subset expectation maximization (POS-EM) algorithm that included resolution recovery and 

compensation for distance-dependent pinhole sensitivity were registered on CT and quantified 
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using PMOD 3.8 software (PMOD, Switzerland). Tracer uptake was expressed as % injected 

activity ID (% ID) per cc tissue volume (% ID/cc). All quantification was reported as mean ± 

standard deviation within the one study group.  

 

4.5 Stability of 89Zr DFO conjugated fNDs 

89Zr-labeled 3% DFO conjugated fNDs was added to 0.5 mL mouse serum or PBS in 1:10 volume 

ratio and incubated at 37 °C for up to 72 h. At 24 h intervals, samples were taken from the solution 

and evaluated using iTLC and a gamma counter. 

 

4.6. Statistical analyses 

All data was expressed as the mean ± SD or SEM of at least 3 independent experiments. Statistical 

comparisons between the experimental groups were performed by 1-way ANOVA with Bonferoni 

multiple comparison post hoc test. Graphs were prepared and P values calculated by using 

GraphPad Prism (version 8; GraphPad, La Jolla, CA). P values of less than 0.05 considered 

significant. 

 

5. Results and Discussion 

5.1. Synthesis  

1H NMR Spectrum was used to confirm the conjugation of lysine to diaminopropane (Figure 5.1). 

The 1H NMR spectrum of Nα boc-lysine Fmoc-1, 3-diaminopropane was used to confirm the 

structure : 1H NMR (500 MHz, deuterated chloroform CDCl3) δ 7.75 (d, 2H, J =7.55 Hz fluorenyl 

of Fmoc protecting group), 7.60 (d, 2H, J = 7.39 Hz fluorenyl of Fmoc protecting group), 7.39 (t, 

2H, J = 14.94,7.55 Hz  fluorenyl of Fmoc protecting group), 7.30 (t, 2H, J= 14.61, 7.55 Hz 

fluorenyl of Fmoc protecting group), 7.26 (s, solvent chloroform), 6.72 (s, 1H, NH of amide), 5.47 

(s, 1H, NH of amide), 5.23 (s,1H, NH of amide), 4.40 (s, 1H, NH of amide), 4.25 (d, 2H CH2 of 

fluorenyl), 4.20 (t,1H, J=14.49,7.06 Hz, CH of the central ring of fluorenyl in Fmoc protecting 

group), 4.03 (s,1H, fluorenyl ring of Fmoc protecting group), 3.47 (q, 1H, J =22.12,14.49,6.67 Hz 



40 
 

CH group of lysine bonded to amide linkage between lysine and linker), 3.29 (m, 2H), 3.20 (m, 

2H), 3.09 (m, 2H) 1.64-1.9 (m, 4H) and 1.43 ( s, 9H boc protecting group) 

 

Figure 5.1 1H NMR spectra for Nα boc-lysine Fmoc-1, 3-diaminopropane at 500 MHz 



41 
 

 

Figure 5.2 1H NMR spectra for Nα boc-lysine Fmoc-1, 3-diaminopropane -Deferoxamine at 

500 MHz 

The 1H NMR of Nα boc-lysine Fmoc-1, 3-diaminopropane -Deferoxamine (Figure 5.2) shows 

absence of peaks in aromatic region, indicating removal of Fmoc from the linker, however, there 

should have been another peak in the aromatic region from the benzyl ring of the DFO, but the 

Fmoc deprotection procedure knocked off the benzyl ring of the DFO as well, making the 

compound not suitable for the next step.  

5.2 Particle size and Surface Potential  

The surface charge and size of the NPs play an important role in gene delivery since they possess 

positive ionic groups to bind with the negatively charged genetic material. Moreover, cationic 

particles can bind to negatively charged cell surface, and can translocate across the cell membrane. 

In addition, it plays a role in the kinetics of the cellular uptake and saturation concentration is 

dependent on the NP, determining gene delivery efficiency38.  
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The average particle size of pristine, reoxidized, lysine, lysyl-histidine DFO lysine (various DFO 

percentage) and Zr complexed 3% fNDs is shown in Table 5.1. The carboxylated, lysine- and 

lysyl-histidine NDs were in the optimum size range (100-500 nm), the DFO-lysine ND was 

acceptable for biodistribution (i.e., under 500 nm) and 89Zr labeling did not change the size 

significantly (P<0.5).  

Table 5.1 Comparison of Size distribution and polydispersity index of NDs before and after 

functionalization and DFO conjugation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Size and zeta potential measurements were used in the studies to ensure that conjugation of 

chelating agents and radiotracers do not change the surface and aggregation properties of the NDs. 

The zeta potential for the 3% and 1% DFO-lysine ND was positive (+18.6 mV and+22.3 mV 

respectively), and therefore, appropriate to test for appropriate radiolabeling (Figure 5.3). 

 

    

Type of NDs Size (nm) PDI 

Pristine NDs 117.2 ± 6.5 0.244 

Reoxidized NDs 83.5 ± 5.6 0.145 

Lysine  NDs 106.9 ± 5.7 0.142 

Lysyl- Histidine NDs 251.4 ± 5.6 0.297 

DFO lysine NDs (8%) 615.2 ± 10.2 0.532 

DFO lysine NDs (6%) 630.5 ± 8.2 0.541 

DFO lysine NDs (3%) 164.7 ± 7.1 0.254 

DFO lysine NDs (1%) 315.6 ± 6.8 0.232 

DFO Carboxylated NDs (3%) 125.8 ± 4.1 0.342 

DFO lysyl histidine (3%) 251.6 ± 5.9 0.257 

Cold Zr complexed 3% DFO lysine 220.3 ± 8.0 0.345 

Cold Zr complexed 3% DFO lysyl histidine  260.4 ±5.2 0.251 

Cold Zr complexed 3% DFO carboxylated  145.2 ± 4.2 0.325 
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Figure 5.3 The comparison of the zeta potential before and after the functionalization along 

with DFO conjugation and cold Zr. 

There was no trend between particle size and zeta potential (Figure 5.4) 
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Figure 5.4   Relationship between size and zeta potential of NDs 

 

5.3 Thermogravimetric Analysis 

We determined the degree of surface functionalization of the fNDs using thermogravimetric 

analysis (TGA). TGA is a quantitative analysis to determine the degree of functionalization by 

providing the data to calculate the surface loading. TGA analysis helped in determining the amount 

of DFO required on the fNDs for chelation of radioisotope.  For lysine NDs the surface loading 

was 1.97 mmol g-1 which is significant compared to other chemical entities reported in the 

literature18  For conjugating , 3% DFO on 20 mg of lysine NDs were used by applying the 

following calculation  

Surface loading of lysine NDs = 1.97 mmoles/g 

1000 mg =1.97/1000 

1 mg = 1.97x20/1000 

20 mg = 0.0394 mmoles  

0.0394x0.03 = 0.001182 mmoles 
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0.000001182 moles = for 3 % DFO  

Calculation for mass in grams  

Moles = mass / molar mass of DFO  

0.000001182 = X/752.4 g 

X = 0.00088934 g  

Hence, the amount of 3% DFO for 20 mg lysine NDs is 0.88 mg similar calculations were 

performed for 6% and 1% DFO coverage, resulting in the use of 1.77 mg DFO and 0.88 mg DFO, 

respectively.  

5.4 Optimization of DFO percentage on lysine NDs for desired   DFO conjugated fNDs 

5.4.1 Effect of DFO conjugated fNDs radiolabeling with 89Zr 

The aim was to achieve DFO conjugated lysine, lysyl-histidine and carboxylated NDs with zeta 

potential and size with efficient labeling comparable with the non DFO conjugated functionalized 

NDs so as to achieve a truly representative biodistribution Instant thin-layer chromatography 

(iTLC) was used to monitor radiolabeling. The radiochromatogram helps in determining if the 

labeling occurred or not. 89Zr-labeled DFO conjugated fNDs remain at the point of application, 

whereas 89Zr4+ (aq) ions elute with the solvent front.  Various batches of fNDs with different 

percentages DFO (3%, 6% and 8%) of lysine NDs were synthesized to determine which percentage 

of DFO is appropriate to maintain the positive charge on the surface of the fNDs without 

compromising the labeling efficacy. 

8% DFO conjugated lysine NDs 

 Staring with 8% DFO conjugated lysine NDs, we tested what is the optimal amount of lysine-

NDs that can be labeled in one batch. Using1000 µg DFO-lysine-NDs demonstrated labeling 

efficiency of 44.05% after 40 minutes incubation (Figure 5.5), increasing to 76.41% at 2 h, after 

which labeling declined and was below the detection limit by 3 h. The 500 µg of DFO conjugated 

lysine NDs presented the best labeling of 40.32% within 40 minutes (Figure 5.6) after which it 

started to decline and after 3 h was 2.90%. In the case of 100 µg of 8% DFO conjugated lysine 

NDs, no labeling was observed (Figure 5.7). Thus 1000 µg was selected as an optimum amount 
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of DFO conjugated lysine NDs for studying the further parameters for test labeling as summarized 

in Table 5.2.  

  

Figure 5.5 iTLC confirming the DFO conjugation with DFO conjugated lysyl NDs (8%) 

(1000 µg) after 40 minutes. 

 

 

Figure 5.6   iTLC confirming the DFO conjugation with DFO conjugated lysine NDs (8%) 

(500µg) after 40 minutes. 

Peak showing 89Zr 

complex formation  Peak showing 

free 89Zr  
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Figure 5.7 iTLC confirming the DFO conjugation with DFO conjugated lysyl NDs   (8%) 

(100 µg) after 40 minutes. 

Table 5.2 Comparison of percentage in labeling with different amount of 8% DFO lysine 

NDs 

Amount of 8% DFO 

lysine NDs (µg) 

Activity of 89Zr 

(MBq) 

Time (minutes ) Radiolabeling 

(percentage) 

1000 10 40 44.05% 

1000 10 120  76.41% 

1000 10 180 10.62% 

500 10 40 40.32% 

500 10 120 8.87% 

500 10 180 2.90% 

100 10 40 None 

100 10 120 None 

100 10 180 None 
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Comparison of percentage in labeling with different amount of 8% DFO lysine NDs 

The 8% DFO conjugated lysine NDs was  not a good candidate for the biodistribution studies 

owing to their negative the zeta potential (-10 mV) (Figure 5.3) which is markedly different from 

the lysine NDs, however, the synthesis of 8% DFO conjugated lysine NDs contributed to the 

development of the protocol for synthesizing DFO conjugated lysine NDs in the future.  Next, the 

6% DFO conjugated lysine NDs were synthesized and used for further test labeling. 

6% DFO conjugated lysine NDs 

The zeta potential of the 6% DFO conjugated lysine NDs improved from -10 mV to -1 mV (Figure 

5.3) as mentioned above. However, this zeta potential is still not suitable for the biodistribution 

studies. For completeness of the procedure, test labeling using 6% DFO lysine NDs was performed 

to confirm labeling was not compromised with reduced DFO amount of the surface. The 6% DFO 

lysine NDs showed the labeling after 40 minutes confirming that 6% DFO is still sufficient for the 

chelation for 89Zr and there is further possibility of reducing DFO percentage. Although, before 

attempting to  lower percentage of DFO on lysine NDs we adjusted the negative zeta potential of 

the 6 %  DFO conjugated lysine NDs by titration, using the  DLVO theory that lead to change in 

pH from 5.58 to 4.62, improving the zeta potential to +10.5 mV and size to 180.3 nm with no 

aggregation and good dispersion stability. However, adjustment in the pH increased the labeling 

time from 40 minutes to 37 h (Figure 5.8).  The labeling remained stable for 5 days measured  

using iTLC before it was below detection range (less than 2 MBq) (Figure 5.9).  
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Figure 5.8   iTLC confirming the DFO conjugation with DFO conjugated lysine NDs  (6%) 

after 36 h. 

  

              24 h after of purification                              Figure 5.9 iTLC confirming the stability of 

labeling for 5 days. The change in the counts over time is the result of decaying radioactivity. 

Name Start 

(mm) 

End 

(mm) 

Retention 

(RF) 

Area 

(Counts) 

%ROI 

(%) 

%Total 

(%) 

Region 1 10.4 22.0 0.135 1011 23.92 N/A 

Region 2 88.0 112.8 0.806 3215 76.08 N/A 

Bkg 1 118.4 118.8 0.911       

Sum of 2 Peaks       4226 100.00 N/A 

  5 days after purification 
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6% DFO lysine NDs presented higher zeta potential than 8% DFO lysine, however 37 h of labeling 

period is not practical and can potentially be improved, therefore, we synthesized 3% DFO lysine 

NDs  

3% DFO lysine NDs 

The zeta potential of the 3% DFO lysine showed a positive surface charge of the NDs (Figure 5.3) 

and hence can be used for biodistribution studies. Before biodistribution, it is important to get 

quantitatively efficient labeling.  3% DFO lysine NDs showed 65% labeling in 4 h (Figure 5.10 ) 

owing to the presence of comparatively more DFO on its surface. . Compared to 1% DFO lysine 

NDs showed higher zeta potential but lower labeling efficiency (Figure 5.11) compared to 3 % 

DFO lysine NDs.  

 

 

 

 

 

  

Figure 5.10   iTLC confirming the DFO conjugation with DFO conjugated lysine NDs  (3%) 

(1000 µg) after 4 h. 
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Name Start 

(mm) 

End 

(mm) 

Retention 

(RF) 

Area 

(Counts) 

%ROI 

(%) 

%Total 

(%) 

Bkg 1 3.2 4.0 0.028       

Region 1 9.6 20.4 0.120 2005 25.42 24.98 

Name Start 

(mm) 

End 

(mm) 

Retention 

(RF) 

Area 

(Counts) 

%ROI 

(%) 

%Total 

(%) 

Bkg 1 1.2 1.6 0.009       

Region 1 12.4 23.6 0.145 8304 65.20 106.61 

Region 2 84.0 98.8 0.717 4432 34.80 56.90 

Sum of 2 Peaks       12736 100.00 163.51 
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Region 2 74.8 100.4 0.689 5882 74.58 73.27 

Sum of  2 Peaks       7887 100.00 98.24 

 

 

Figure 5.11 iTLC confirming the DFO conjugation with 1% DFO conjugated lysine NDs 

after 4 h. 

In conclusion, the 3% DFO conjugated lysine NDs was the best candidate for biodistribution 

studies due to its positive zeta potential of +19 mV, which was comparable with lysine NDs, and 

high radiochemical yield. The 3 % DFO conjugated lysyl-histidine and 3% DFO conjugated 

carboxylated NDs were synthesized to complement the lysine-NDs.  

 

Purification of 3% DFO conjugated fNDs 

The next step was to purify the 89Zr labeled 3% DFO conjugated lysine NDs to eliminate the free 

89Zr. Free 89Zr has high affinity to phosphate, and accumulates in bones. Therefore, it required 

purification prior to in vivo studies. A size exclusion spin column was used to purify the 3% DFO 

lysine NDs. The method successfully eliminated free 89Zr, however, it affected the labeling 

recovery drastically. The recovery of the labeled NDs after purification was only 10%, due to NDs 

adhering to the column (Figure 5.12) making the purification strategy inefficient and requiring 

consideration of other strategies feasible for biodistribution studies. 
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Figure 5.12 DFO lysine NDs sticking to the spin column used for purification 

 

5.5 Optimization of labeling condition for quantitatively efficient labeling  

The strategy to optimize the labeling conditions was to achieve more than 95% labeling, rendering 

further purification processes unnecessary.  The two important parameters that were optimized 

here were temperature and time. The labeling temperature was changed from 37 °C to 80 °C and 

time from 1 hour to 4 h, which resulted in 96.5% labeling. (Figure 5.13). Finally, the optimized 

labeling method was further used for labeling 3% DFO conjugated lysyl-histidine NDs and 3% 

DFO conjugated carboxylated NDs as summarized in Table 5.3.  

 

 

 

 

 

 

 

 

3% DFO lysine NDs 

sticking to the spin 

column 
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                                            Figure 5.13   98% labeling was achieved at 80°C in 4 h. 

After achieving more than 90% labeling, it is important to perform stability studies to see if the 

complexed 89Zr will leach out over time. 

                                 

 

                                        Table 3.3 Optimization of labeling parameters 

 

 

 

                                                        

 

 

  

 

 

Type of fNDs Temperature 

(°C) 

Time (h) Labeling 

percentage 

3% DFO conjugated lysine NDs 37 4 23.05% 

3% DFO conjugated lysine NDs 50 4 44.05% 

3% DFO conjugated lysine NDs 60 4  56.09% 

3% DFO conjugated lysine NDs 70 4 85.63% 

3% DFO conjugated lysine NDs 80 4 96.54% 

98% labeling  
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Figure 5.14 Effect of temperature on labeling efficiency 
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5.6 Stability of 89Zr labeled 3% DFO conjugated fNDs  
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Figure 5.15 Stability testing of 89Zr-labeled 3% DFO conjugated fNDs in mouse serum and 

PBS during the 96 h at 37 °C. 

In both serum and PBS, the labeling efficiency decreased minimally from 98.2% ± 3.4% to 

95.2% ±2.9% in mouse serum and to 96.6% ±3.3% in PBS. There was no significant loss 

(P<0.05) of 89Zr from 89Zr-labeled 3% DFO conjugated fNDs in serum or PBS over a 96 h 

period. (Figure 5.15).  
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5.7 Biodistribution of 3% DFO conjugated NDs in Balb/c mice 

5.7.1 Biodistribution of DFO conjugated carboxylated NDs  

The highest accumulation of radiolabeled NDs was found in the liver (1.86% ± 0.21% ID/g) and 

spleen (3.57% ± 0.25% ID/g) at 6 h post injection. The liver accumulation of 89Zr labeled DFO 

conjugated carboxylated NDs was 1.86 ± 0.21, 1.47 ± 0.25 and 1.51 ± 0.21 ID/g. The spleen 

accumulation was 3.57± 0.25, 2.00 ± 0.21 and 1.99 ± 0.25% ID/g at 6, 24 and 72 h post injection, 

respectively (Table 5.4). The liver and the spleen uptake showed similar increasing trend from 6 

to 72 h post injection (Figure 5.16). 

 Table 5.4   Tissue uptake of 3% DFO carboxylated NDs in naive Balb/c mice 6, 24 and 72 h 

after intravenous injection 

 

 

 

 

 

             

 

Tissues  89Zr –DFO   carboxylated   NDs (%ID/g)  

 
6 h 24 h 72 h 

Kidney 0.05 ± 0.01 0.08 ± 0.02 0.08 ± 0.02 

Liver 1.86 ± 0.21 1.47 ± 0.25 1.51 ± 0.21 

Lung 0.55 ± 0.18 0.36 ± 0.13 0.34 ± 0.12 

Spleen 2.38 ± 0.15 2.00 ± 0.21 1.99 ± 0.25 

Blood 0.13 ± 0.03 0.21 ±0.08 0.34 ± 0.16 
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Figure 5.16 Tissue uptake of DFO Carboxylated NDs in naive Balb/c mice at 6, 24, and 72 h 

after intravenous injection. 

 

5.7.2 Biodistribution of 3% DFO conjugated lysine fNDs 

The highest accumulation of radiolabeled NPs was found in the liver and spleen (Table 6). The 

liver accumulation of lysine NDs was 5.61±0.50, 5.99±0.26, 2.32±0.21 and 1.13 ±0.07 % ID/g 

the spleen accumulation was 3.57±0.25, 15.14±0.42 and 1.66%±0.25 % ID/g at 6, 24 and 72 h 

post injection, respectively (Table 5.5). The liver and the spleen uptake showed similar 

decreasing trend from 6 to 72 h post injection (Figure 5.17).  

Table 5.5   Tissue uptake of DFO lysine NDs in naive Balb/c mice 6, 24, and 72 h   after 

intravenous injection. 
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Figure 5.17 Tissue uptake of the 3% DFO lysine NDs in naive Balb/c mice at 6, 24, and 72 h 

after intravenous injection. 

 

5.7.3. Biodistribution of the DFO conjugated lysyl-histidine NDs  

The highest accumulation of radiolabeled NPs was found in the liver (9.21% ± 0.21% ID/g) and 

spleen (6.02% ± 0.25%) at 6 h post injection. The liver accumulation of DFO conjugated 89Zr-

lysine histidine NDs was 8.78 ± 0.11, 9.21 ± 0.21, and 11.68 ± 0.25 ID/g. The spleen accumulation 

was 3.78 ± 0.21, 6.02 ± 0.25, and 4.51 ± 0.21% ID/g at 6, 24 and 72 h post injection, respectively 

(Table 5.6). The liver and the spleen uptake showed similar increasing trend from 6 to 72 h post 

injection (Figure 5.18).  
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Kidney Liver Spleen Lungs Blood

%
ID

/g

3% DFO Lysine NDs

6 hours 24 hours 72 hours

Tissues  89Zr – 3% DFO lysine NDs (%ID/g)  

 
6 h  24 h  72 h  

Kidney 0.39 ± 0.28 0.28±0.18 0.26 ± 0.05 

Liver 5.61±0.50 5.99±0.26 2.32 ± 0.21 

Lung 2.18±0.28 2.64±0.21 0.51 ± 0.15 

Spleen 3.57±0.25 15.14 ±0.42 1.66± 0.25 

Blood 1.14±0.21 0.21± 0.11±0.02 
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Table 5.6 Tissue uptake of DFO lysyl histidine NDs in naive CD-1 mice 6, 24, 72 h and 168 

h after intravenous injection 

 

 

 

 

 

 

Figure 5.18 Tissue uptake of 3% DFO lysyl-histidine NDs in naive CD-1 mice at 6, 24 and 72 

h after intravenous injection. 
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Tissues  89Zr –DFO  lysyl histidine  NDs (%ID/g)  

 
6 h  24 h  72 h  

Kidney 0.11±0.03 0.09±0.02 0.10 ± 0.02 

Liver 8.78±0.11 9.21±0.21 11.68 ± 0.25 

Lung 0.84±0.11 1.48±0.11 1.04 ± 0.11 

Spleen 3.78±0.21 6.02 ±0.25 4.51± 0.21 

Blood  0.14±0.05 0.11±0.05 0.07±0.02 
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5.8 Micro PET imaging of DFO conjugated lysine NDs in Balb/c mice 

Lung and liver uptake of 89Zr-lysine NDs was the highest. Differences in lung uptake of 89Zr-lysine 

NDs was observed over time. The uptake of 89Zr-lysine NDs in lungs was visible as early as 1 h 

post injection (26.4 ± 3.2%ID/cc). The uptake levels peaked at around 4 h (27.0 ± 3.3 %ID/cc) and 

started clearing after 24 h, (21.0 ± 2.5 %ID/cc). The lung uptake at early time points of 1 and 3 h 

were significantly higher than the later time point of 24 h (p < 0.01). Liver uptake in mice was14.4 

± 0.5, 15.0 ± 0.5, and 13.6 ± 1.5 %ID/cc) at 1, 3, and 24 h post injection, respectively (Figure 

5.19). The highest level of lung accumulation was a result of aggregation, which means the 

particles are reaching upto the size of 1µm. The optimatiozation of the formulation and dosage 

was done to over come this challenge.  

 

 

 

 

                

1h                          4h                     24h 
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Figure 5.19 PET imaging of naive Balb/c mice at 1, 3 and 24 h after intravenous injection 

with 3% DFO conjugated lysine NDs. 

 

Liver and lung uptake of 89Zr-lysine NDs was the highest. The uptake of 89Zr-lysine NDs in liver 

was visible as early as 6 h post injection (15.83± 3.2%ID/cc). The uptake levels peaked at around 

6 h  and started clearing after 24 h, (13.21± 2.5 %ID/cc), 48 h (12.35± 1.59) and 72 h (8.25± 

3.5). The lung uptake at early time points of 6 and 24 h were significantly higher than the later 

time point of 48 and 72 h (p < 0.01). Lung uptake in mice was 4.80 ± 0.5, 2.32 ± 0.5, 3.70 ± 1.5 

and 2.7 ± 2.3%ID/cc) at 6, 24, 48 and 72 h post injection, respectively (Figure 5.17). 

 

 

 

 

       6h                    24h                      48h                            72h  
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Figure 5.20 PET imaging of naive CD-1 mice in at 6, 24, 48 and 72 h after intravenous 

injection with 3% DFO conjugated lysine fNDs 

Similar to lysine fNDs, lung and liver uptake of 89Zr-lysyl histidine NDs was the highest. The 

uptake of 89Zr-lysyl histidine NDs was in lungs and was visible as early as 6 h post injection 

(11.20± 3.2%ID/cc). The uptake levels peaked at around 6h and started clearing after 24 h, (6.99 

± 1.80 %ID/cc), 48 h (4.83± 2.04 %ID/cc) and 72 h (2.24± 1.26). The lung uptake at early time 

points of 6 and 24 h were significantly higher than the later time point of 48 and 72 h (p < 0.01). 

Liver uptake in mice was 4.54 ± 0.5, 2.96 ± 0.8, 3.54 ± 1.5 and 2.19 ± 1.3%ID/cc) at 6, 24, 48 

and 72 h post injection, respectively (Figure 5.18). 

 

 

 

Figure 5.21 9 PET imaging of naive CD-1 mice in at 6, 24, 48 and 72 h after intravenous 

injection with 3% DFO conjugated lysyl histidine fNDs. 

       6h                          24h                   48h                            72h  
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Figure 5.22 10 PET imaging of naive CD-1 mice in at 6, 24, 48, and 72 h after intravenous 

injection with 3% DFO conjugated carboxylated NDs. 

 Lung and liver uptake of 89Zr-carboxylated NDs was the highest. The uptake of 89Zr carboxylated 

NDs in liver was detectable as early as 6 h post injection (32.09 ± 3.2%ID/cc). The uptake levels 

was the highest at 6 h time point  and started clearing after, 24 h (25.76 ± 5.3 %ID/cc) 48 h, (22.64 

± 5.3 %ID/cc) and 72 h (15.42 ± 1.09 %ID/cc). The liver uptake at early time points of 6 and 24 

h were significantly higher than the later time point of 48 and 72 h (p < 0.01). Lung uptake in mice 

was 8.4 ± 0.5, 6.0 ± 0.5, 5.61 ± 1.5 and 4.25 ± 2.3 %ID/cc) at 6, 24, 48 and 72 h post injection, 

respectively (Figure 5.19) 

          6h                          24h                 48h                72h  
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In the current study, we synthesized lysine, lysyl histidine and carboxylated fNDs, and their DFO 

conjugated derivatives for radiolabeling with 89Zr. We then performed ex vivo biodistribution and 

microPET/CT imaging studies to understand the in vivo behavior of the radiolabeled NDs. We 

selected DFO for chelation as previous studies showed that labeling of soft NPs such as gemini 

surfactant and antibodies with 89Zr could be effectively performed with high specific activity using 

this chelator. Moreover, DFO is so far the most widely used chelator for 89Zr chelation72. In this 

study, p-SCN-DFO was conjugated to a primary amine of lysine, histidine and diaminopropane 

followinglab SOPs73. The specific p-SCN group of DFO and primary amines on the fNDs makes 

this conjugation a robust and reproducible method owing to the formation of the stableg thiourea 

bond. To the best of our knowledge, the radiolabeling of NDs with 89Zr has never been reported 

in the literature. This work provides an optimized procedure for labeling of NDs with 89Zr, and 

this protocol can be applied to other similar cationic hard nanoparticles.  

As conjugation with DFO might affect the physiochemical characterization of fNDs, we compared 

the behavior of the parent fNDs (without DFO) with DFO-conjugated NDs. The aim was to 

conserve the physiochemical properties after conjugation of the NDs while aiming for a high 

radiochemical yield. We synthesized various batches of different percentages DFO (8%, 6% and 

3 %,) of lysine NDs and measured size and zeta potential, as well as 89Zr radiochemical yield.  

Comparing it with soft nanoparticle, such as gemini surfactant, the amount of DFO required for 

labeling is higher. The amount of DFO require for labeling gemini surfactant was 42.13 mg as 

opposed to 0.88 mg for NDs. While comparing it with mAb such as nimotuzumab an average of 

two molecules of DFO per antibody were sufficient74. It demonstrated that labeling of NDs 

required higher amount of DFO conjugated fNDs residues than soft NPs, and antibodies, however 

both did not change physicochemical properties.   The 3% DFO conjugated lysine NDs provided 

us the desired positive surface and size (+19.4 and 186.4 nm). Therefore, the 3% DFO lysine NDs 

were used for test labeling and optimization of the labeling procedure. The same percentage (3%) 

of DFO was used for synthesizing DFO conjugated lysyl-histidine NDs and carboxylated NDs. 

We did not find significant difference (P<0.05) in physicochemical properties between the 

unconjugated fNDs and 3% DFO conjugated fNDs. The 3% DFO-conjugated fNDs did not change 

the hydrodynamic size of fNDs significantly (Table 5.1). There was no significant difference 

(P<0.05)  between the zeta potential of the non-conjugated  and  3% DFO-conjugated fNDs, 

indicating that 3 % DFO conjugation did not affect the positive surface charge (Figure 5.3) on the 
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particles that is necessary for forming diamoplexes with the negatively charged therapeutic genetic 

material, as well as for interaction with the  surface of mammalian cells, facilitating endocytosis75. 

The values of approximately +20 mV also indicates that both unconjugated and DFO-conjugated 

systems are colloidally stable, which is important for a pharmaceutically stable formulation76.  

The labelling condition of the soft NPs such as gemini surfactant and anitbodies are different than 

the labelling condition for hard NPs such as NDs. For labeling gemini surfactant and monoclonal 

antibodies with 89Zr requires incubation at 37°C for 1 hour 74.  We also optimized the 89Zr labelling 

condition for NDs, first time for a hard nanoparticle.  The two important parameters that were 

optimized here are temperature and time. The labeling temperature was changed from 37 °C to 80 

°C (Figure 5.13) and from 1 hour to 4 h time duration. The fNDs are stable enough to tolerate the 

temperature upto 80 °C as confirmed it using the analysis of thermogram, where it shows the 

linker- lysine amide bond is stable till the temperature of 150 °C. The 4 h incubation time and 80°C 

temperature reaction condition resulted in 96.5% labeling of 3% DFO conjugated lysine NDs. The 

labeling method demonstrated that the NDs are stable even at the higher temperature, therefore, 

the overall method is feasible for future applications. (Figure 5.13). Finally, the optimized labeling 

method was further used for labeling 3% DFO conjugated lysyl histidine NDs and 3% DFO 

conjugated carboxylated NDs as summarized in Table 5.3.  

In addition to the stability of the 3% DFO conjugated fNDs, the complexation with the 

radioisotope, 89Zr might also pose challenges. Using the isotonic condition during 89Zr 

complexation with 80 °C temperature for 4 h was important to retain the stability of the NDs and 

colloidal formulation. This procedure resulted in stable and highly efficient labeling of more than 

90%, sufficient for in vivo studies without a purification step.   

Before performing the biodistribution studies, it is important to investigate stability of the labeling 

complex to ensure that 89Zr will not leach out from the fNDs over time leading to free 89Zr.  Perk 

et al. investigated the stability of 89Zr-labeled monoclonal antibodies (89Zr-DFO-mAbs) in serum 

at 37 °C72. It was found that the loss of 89Zr from 89Zr-DFO-mAbs was less than 4% at 72 h and 

was less than 4.7% after a 7-day incubation period77. Keliher et al. tested 89Zr-labeled dextran NPs 

(89Zr-DNPs) and found that the NPs did not show any sign of degradation at 37 °C in PBS78. 

Furthermore, stability of 89Zr-labeled liposomes was evaluated in serum at 37 °C for 48 h by Seo 

et al79. The results showed less than 3% loss of 89Zr over the 48 h. Hajdu et al. performed stability 
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testing of the 89Zr-labeled surfactant and 89Zr-labeled lipoplex NPs for 72 h. The 89Zr loss from 

NPs was less than 3% from PBS and even lower, at 2% from biologically relevant medium, mouse 

serum73.  Using similar experimental design, we monitored the stability of 89Zr- labeled fNDs. The 

stability tests for the 3% DFO conjugated-89Zr labeled fNDs showed promising outcome as there 

was no significant loss of 89Zr during the 96 h test period in mouse serum or PBS. There was a 

minimal loss of 89Zr of less than 3% from PBS and even lower at 2% from biologically relevant 

medium, mouse serum (Figure 5.15) similar to 89Zr-labeled surfactant and 89Zr-labeled NPs for 

72 h73. These results demonstrated that 89Zr-labeled fNDs formed stable complexes and do not 

lose radiolabeling over time in the presence of serum, an important factor to consider for 

intravenous administration. For an effective gene or drug delivery system, it is important that the 

NDs are stable in vivo and the radiolabels remain associated with the NDs in the circulation. In 

summary, the procedure for labelling hard nanoparticles such as NDs is comparable to procedure 

used to label soft NPs. 

We investigated the biodistribution of 89Zr-labeled fNDs (lysine NDs, lysyl-histidine NDs and 

carboxylated NDs) at 6 h, 24 h, 48 h and 72 h post injection. Several biodistribution studies of 

radiolabeled soft NPs can be found in the recent literature. Kang et al. evaluated the biodistribution 

of 64Cu-labeled liposomes in mice. MicroPET imaging and ex vivo tissue distribution analyses 

showed high accumulation of radioactivity in the liver and spleen80. Van der Geest et al. found 

that the highest accumulation of the 111In-labeled liposome was in the liver and spleen81 and Seo 

et al. also found that the higher residual radioactivity of the 89Zr-labeled liposome was in the spleen 

and liver73.  However, there are few studies with 89Zr-labeled hard NP and no studies on 89Zr 

labeled NDs. Yaun et al. studied the short term (0.5 h post injection) biodistribution of the pristine 

NDs using 125-Iodine (125I) with half-life of 60.2 days10. The study presented the high level of 

accumulation of NDs in organs like the liver, lungs and spleen. Similarly, to the labeled gemini 

surfactant-based lipoplex NPs, the 89Zr-labeled fNDs also accumulated in spleen and liver 

suggesting that the fNDs are rapidly captured by RES73. There are several factors such as size, 

functional groups and charge that likely influence their distribution in vivo. The uptake of the fNDs 

in the liver and the spleen showed higher accumulation over time and the levels fluctuated between 

liver and spleen over time from 6 to 72 h post injection compared with the other organs, which 

showed decreasing trend in NDs uptake. The reason for the high NDs uptake in the liver and spleen 

is that these organs play a central role in the removal of foreign particles from the circulation, 
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mainly via Kupffer cells and spleen macrophages82-84. Furthermore, spleen macrophages are also 

activated in addition to liver Kupffer cells. The low-level 89Zr-labeled fNDs in the lung revealed 

from biodistribution studies indicated that the fNDs remained dispersed and not aggregated in the 

blood. When the size of the injected NPs is larger than 1 μm or the size of the injected NPs 

increases to this value after the injection, high lung accumulation can be seen85,86. However, it was 

challenging to replicate the result from biodistribution into imaging studies owing to  higher 

activity required for  PET imaging (minimum 5MBq each animal vs. 1MBq in the biodistribution 

studies). More activity demands for increased amount of DFO-conjugated fNDs. Namely, for 

biodistribution 1Mbq activity (100 μg/200 μl) each mouse is sufficient to measure radioactivity 

using gamma counter, however, for micro PET imaging studies minimum of 5 Mbq activity each 

mouse to acquire images which leads to  increase in the amount of labelled fNDs (500 μg/200 μl) 

for 5Mbq activity each mouse. The increase in amount of fNDs disturbed the dispersion stability 

and led to the aggregation of cationic fNDs (lysine fNDs and lysyl-histidine fNDs) invivo resulting 

high accumulation in lungs compared to biodistribution studies. Various studies have shown that 

nanoformulations show significant difference in pharmacological and toxicological properties 

related to organ targeting, increased efficacy, reduced toxicity, from stock material of the same 

composition due to the increased nanoscale  size87. The larger particle with size range 50-100 nm 

were removed by liver and spleen, polymeric NPs measured less than 5 and 5-10 nm were easily 

eliminated through kidneys88. For instance, a study published about formulation, characterization, 

biodistribution and therapeutic potential of Aprotinin microemulsion in acute pancreatitis the 

average droplet size was found 64.55 ± 3.217 nm for Aprotinin microemulsion formulation 87. The 

results of the biodistribution studies showed that intra venous administration of 99mTc-Aprotinin-

S (solution) distributed mostly in kidneys and bladder, 99mTc-Aprotinin-M (microemulsion), with 

droplet size of 64.550 ± 3.217 nm, had high uptake in liver and spleen suggesting the change in 

formulation can alter biodistribution. In summary, the accumulation in liver and spleen suggested 

the elimination of NDs via hepatobiliary excretory system. This was the first time biodistribution 

and PET imaging was performrd on hard nanoparticle with Zr89. The investigation of in vivo 

behaviour of NDs is fundamental for further in vivo studies in disease models.  

6. Conclusion  

In the current study, the lysine, lysyl-histidine and carboxylated fNDs were synthesized, and 

labeled with 89Zr. The in vivo characteristics of the resulting 89Zr-labeled fNDs were evaluated 
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using microPET/CT imaging and ex vivo biodistribution studies. We demonstrated that the 

conjugation of fNDs with the DFO did not significantly alter the physicochemical properties and 

biological activity of the nanosystems . The fNDs maintained structural integrity without trans-

chelation of the label, rendering them applicable as potential theranostic agents, as well for gene 

delivery applications. Owing to the advancement in biomedicine the ability to monitor tumor 

uptake of the nanoparticles in real time using PET imaging will increase our potential to screen 

and optimize the newly developed NDs based gene delivery system. Overall, the outcome of our 

study indicates that 89Zr-labeled fNDs nanosystems could become an attractive nanoplatform for 

cancer diagnosis and therapy. 

7. Future Work  

These findings are the basis of further development and optimization of NDs based gene delivery 

however, further optimization of the imaging studies in still required. Pharmacokinetic studies are 

required to assess whether the fNDs spend sufficient time in circulation, which is important for 

tumor accumulation in cancer models though enhanced permeability and retention (EPR) by which 

particles with certain sizes are more likely to accumulate in tumour tissues than normal tissues.  

Future studies in tumor-bearing animals will probe this hypothesis as conjugation of targeting 

vectors might improve accumulation of the fNDs in tumors.As the main goal is to develop ND 

based gene delivery systems, boidistribution of the fNDs conjugated to genetic material will also 

be probed. The results will be compared to the biodistribution of the fNDs and unconjugated 

genetic material. 
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