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Abstract 

The goal of this study is to demonstrate in an analytical and complete way the 

theory, applications, limitations and broad potential, of gold nanoparticles (AuNPs) in 

diagnostic imaging with X-Rays, both on a theory and experimental approach. 

 The x-ray attenuation of a contrast agent is dependent on the atomic number, 

bulk density, x-ray source energy spectrum and presence of x-ray absorption edges. 

Gold nanoparticles (AuNPs) have gained attention as an x-ray contrast agent because 

gold has a high density and a high atomic number. Generally, gold nanoparticles 

exhibiting a high x-ray attenuation, nontoxicity, biocompatibility, and facile synthesis 

and surface functionalization for colloidal stability and targeted drug delivery due to 

their physicochemical and optical properties.  

This study summarizes the current state of knowledge for AuNP x-ray 

contrast agents at preclinical level. Four experiments are presented here with 

commercial and experimental samples of gold nanoparticles, for quantification and 

for in vivo verification of the obtained results. A combination of computed 

tomography (CT), (X-CUBE™ Molecubes BE), and a prototype benchtop system for 

planar X-ray imaging is used. 

 Commercial GNPs (AuroVist™ 15 nm Nanoprobes) of different 

concentrations (0.01-200 mg GNPs/ml) were studied and compared to standard 

iodine solutions at the preclinical level (30-80 kVp). The image contrast was 

quantified through Contrast to Noise Ratio (CNR) for planar imaging and through 

Hounsfield Units for CT imaging. It was found that CNR slightly increased with 

higher energies with the best contrast at 40 kVp, thus confirming the optimal energy 

for x-ray imaging of GNPs at preclinical energies.  

The quantification study with experimental GNPs was performed on CT with 

the aim to test their suitability for contrast induction in in vivo studies. The results 

confirmed that these candidate NPs induced an efficient CT contrast and appropriate 

dosages were established. 

The in vivo imaging study was performed on, computed tomography (CT) X-

CUBE™ system (Molecubes BE) and the images were quantified to provide the 

contrast-induced by the NPs in Hounsfield Units (HUs). Appropriate dosages were 

confirmed in vivo for both experimental and commercial GNPs. 

 To sum up, this study demonstrates that gold nanoparticles can be used as an 

excellent X-ray contrast agent because of their properties that overcome some 

significant limitations of other contrast agents used at the clinical level. The cost 

remains a serious limitation for clinical use but the advantages of gold are many. In 

addition to conventional medical applications such as contrast enhancement, various 

novel research areas have been developed and are expected to be further developed 

through AuNP-based -technologies such as cancer therapy, sensing, and drug 

delivery. 



ii 
 

 

 



iii 
 

Περίληψη  

Σκοπός της παρούσας διπλωματικής εργασίας είναι η μελέτη των νανοσωματιδίων 

στην απεικόνιση με ακτίνες χ τόσο σε θεωρητικό όσο και σε πειραματικό επίπεδο. 

Στην εργασία παρουσιάζονται με αναλυτικό και ολοκληρωμένο τρόπο  η θεωρία , οι 

εφαρμογές, οι περιορισμοί και οι ευρείες δυνατότητες των νανοσωματιδίων χρυσού 

(AuNPs). 

Η εξασθένιση των ακτίνων Χ ενός σκιαγραφικού μέσου αντίθεσης εξαρτάται από τον 

ατομικό του αριθμό, από την πυκνότητα του υλικού, την ενέργεια των φωτονίων και 

από τις κορυφές απορρόφησης (K-edge). Τα νανοσωματίδια χρυσού (AuNPs) έχουν 

κερδίσει την προσοχή των ερευνητών με σκοπό την χρήση τους ως σκιαγραφικά 

μέσα αντίθεσης ακτίνων Χ επειδή ο χρυσός έχει υψηλή πυκνότητα και υψηλό 

ατομικό αριθμό. Γενικά, τα νανοσωματίδια Χρυσού προκαλούν υψηλή εξασθένιση 

των ακτίνων Χ ενώ παράλληλα παρουσιάζουν μη τοξικότητα, βιοσυμβατότητα, 

εύκολη τροποποίηση-λειτουργικότητα επιφάνειας που παρέχει κολλοειδή 

σταθερότητα και στοχευμένη απελευθέρωση φαρμάκων λόγω των φυσικοχημικών 

και οπτικών τους ιδιοτήτων. 

Στην παρούσα εργασία συνοψίζεται η μέχρι τώρα γνώση των νανοσωματιδίων 

χρυσού ως σκιαγραφικά μέσα σε προ κλινικό επίπεδο. Διεξήχθησαν τέσσερα σε 

αριθμό πειράματα όπου χρησιμοποιήθηκαν εμπορικά και πειραματικά δείγματα 

νανοσωματιδίων χρυσού, με σκοπό την ποσοτικοποίηση και την in vivo επαλήθευση 

των ληφθέντων αποτελεσμάτων. Στις παραπάνω μελέτες χρησιμοποιήθηκε 

συνδυασμός τεχνικών απεικόνισης όπως η αξονική υπολογιστική τομογραφία (CT), 

(X-CUBE™ system (Molecubes BE), και ένα πρωτότυπο σύστημα για δισδιάστατη 

απεικόνιση. 

Τα εμπορικά νανοσωματίδια χρυσού (AuroVist ™ 15 nm Nanoprobes) μελετήθηκαν 

σε διαφορετικές συγκεντρώσεις (0,01-200 mg GNPs/ ml) και συγκρίθηκαν με 

πρότυπα διαλύματα ιωδίου σε προ κλινικό επίπεδο (30-80 kVp). Η αντίθεση της 

εικόνας ποσοτικοποιήθηκε μέσω του λόγου αντίθεσης προς θόρυβο (CNR) για την 

δισδιάστατη απεικόνιση και μέσω μονάδων Hounsfield για την CT απεικόνιση. 

Διαπιστώθηκε ότι το CNR αυξάνεται ελαφρώς με την αύξηση της ενέργειας με την 

καλύτερη αντίθεση να παρατηρείται στα 40 kVp, επιβεβαιώνοντας έτσι τη βέλτιστη 

ενέργεια για απεικόνιση ακτίνων Χ των νανοσωματιδίων χρυσού σε προ κλινικές 

ενέργειες.  

Η μελέτη ποσοτικοποίησης με πειραματικά δείγματα νανοσωματιδίων χρυσού 

πραγματοποιήθηκε σε CT και ο στόχος αυτής της μελέτης ήταν να ελεγχθεί η 

καταλληλότητά τους για in vivo μελέτες αντίθεσης. Τα αποτελέσματα επιβεβαίωσαν 

ότι αυτά τα υποψήφια NPs προκάλεσαν αποτελεσματική αντίθεση CT, και 

δημιουργήθηκαν κατάλληλες δοσολογίες. 

Η in vivo μελέτη απεικόνισης διεξήχθη σε σύστημα αξονικής τομογραφίας (CT), X-

CUBE ™ (Molecubes BE). Οι εικόνες ποσοτικοποιήθηκαν για να παρέχουν την 
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προκαλούμενη αντίθεση από τα NPs σε μονάδες Hounsfield (HUs). Οι κατάλληλες 

δόσεις επιβεβαιώθηκαν in vivo τόσο για πειραματικά όσο και για εμπορικά 

νανοσωματίδια Χρυσού. 

Συνοψίζοντας, η μελέτη αυτή έδειξε ότι τα νανοσωματίδια χρυσού μπορούν να 

χρησιμοποιηθούν ως εξαιρετικά σκιαγραφικά μέσα αντίθεσης ακτίνων Χ εξαιτίας 

των ιδιοτήτων τους ξεπερνώντας ορισμένους σημαντικούς περιορισμούς άλλων 

σκιαγραφικών που χρησιμοποιούνται σε κλινικό επίπεδο. Το κόστος παραμένει ένας 

σοβαρός περιορισμός για κλινική χρήση, αλλά τα πλεονεκτήματα του χρυσού είναι 

πολλά. Για παράδειγμα, εκτός από τις συμβατικές ιατρικές εφαρμογές όπως η 

ενίσχυση της αντίθεσης, έχουν αναπτυχθεί διάφοροι νέοι ερευνητικοί τομείς και 

αναμένεται να αναπτυχθούν περαιτέρω μέσω τεχνολογιών βασισμένων στα 

νανοσωματίδια χρυσού όπως η θεραπεία του καρκίνου, η ανίχνευση και η 

στοχευμένη απελευθέρωση φαρμάκων. 

 

 



v 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

 

Περιεχόμενα 
1 Introduction ....................................................................................................................... 1 

1.1 Introduction .............................................................................................................. 1 

1.2 X-Ray Imaging ........................................................................................................... 1 

1.3 Computed Tomography ............................................................................................ 2 

1.3.1 Scanning Geometry ............................................................................................... 2 

1.4 Physics of micro-CT ................................................................................................... 3 

1.4.1 X-ray spectrum ...................................................................................................... 3 

1.4.2 Spatial Resolution.................................................................................................. 4 

1.4.3 CT Number ............................................................................................................ 4 

1.4.4 Optimal X-ray Tube Voltage .................................................................................. 5 

1.4.5 Radiation Dose ...................................................................................................... 5 

1.4.6 CT Image Reconstruction ...................................................................................... 5 

2 Medical Physics of X-ray Contrast ..................................................................................... 9 

2.1 X-ray generation ....................................................................................................... 9 

2.2 X-ray production: Bremsstrahlung and Characteristic radiation .............................. 9 

2.3 X-ray spectrum ........................................................................................................ 10 

2.3.1 The continuous X-ray spectrum .......................................................................... 10 

2.3.2 Characteristic X-ray spectra ................................................................................ 10 

2.4 X-ray beam attenuation .......................................................................................... 11 

2.5 Exponential attenuation ......................................................................................... 12 

2.6 Contrast .................................................................................................................. 13 

2.7 Contrast enhancement ........................................................................................... 15 

2.8 Noise ....................................................................................................................... 16 

2.9 Resolution ............................................................................................................... 17 

2.9.1 Spatial Resolution................................................................................................ 17 

2.9.2 Contrast resolution ............................................................................................. 18 

2.9.3 Factors affecting Contrast Resolution ................................................................. 18 

3 Gold Nanoparticles in X-Ray Imaging .............................................................................. 19 

3.1 Contrast Agents ...................................................................................................... 19 

3.1.1 Historic Elements & Basic Principles ................................................................... 19 

3.1.2 Desired Properties of CT Contrast Agents........................................................... 20 

3.1.3 Evaluating the applicability of candidate materials ............................................ 21 

3.2 Already existing CT contrast agents........................................................................ 22 



vii 
 

3.2.1 Iodine-based CT contrast agents ......................................................................... 22 

3.2.2 Small-molecule iodinated contrast agents ......................................................... 23 

3.2.3 Nanoparticulate iodine-containing contrast agents ........................................... 24 

3.2.4 Factors determining Iodine contrast enhancement and timing in blood 

circulation ........................................................................................................................ 24 

3.2.5 Barium-based contrast agents ............................................................................ 25 

3.3 Gold nanoparticles as contrast agents in X-ray imaging and computed tomography

 29 

3.3.1 3.2.1 Introduction ............................................................................................... 29 

3.3.2 Properties of Gold Nanoparticles ........................................................................ 29 

3.3.3 Contrast agents & Composition .......................................................................... 30 

3.3.4 Mass concentration of gold nanoparticles & contrast enhancement ................ 32 

3.4 Synthesis of Gold Nanoparticles ............................................................................. 34 

3.4.1 Synthesis of Au Colloids ...................................................................................... 34 

3.4.2 Turkevich method ............................................................................................... 36 

3.4.3 Brust method ...................................................................................................... 36 

3.4.4 Martin Method .................................................................................................... 36 

3.4.5 Sonolysis .............................................................................................................. 36 

3.4.6 Synthesis of Nanoparticles of Different Shapes-Anisotropic Gold Nanoparticles37 

3.5 Toxicity .................................................................................................................... 38 

3.5.1 Origin and mechanism of toxicity ....................................................................... 39 

3.5.2 In vitro toxicity of gold nanoparticles and cellular uptake. ................................. 40 

3.5.3 Impact of particle size and concentration .......................................................... 40 

3.5.4 Impact of charge and surface functionalization ................................................. 42 

3.5.5 Impact of particle shape...................................................................................... 44 

3.5.6 In vivo assessment .............................................................................................. 45 

3.5.7 Impact of administration routes in animal models ............................................. 46 

3.5.8 Effects on the immune system ............................................................................ 47 

3.6 Size & morphology .................................................................................................. 47 

3.6.1 The quantum size effect - The principle .............................................................. 47 

3.6.2 Effect of size on Physical Properties ................................................................... 48 

3.6.3 Effect of contrast enhancement ......................................................................... 50 

3.6.4 Effect on Deliverability ........................................................................................ 51 

3.6.5 Effect on Targeting Ability ................................................................................... 53 

3.7 Surface functionalization of gold nanoparticles ..................................................... 53 

3.7.1 Surface Functionalization: Active and Passive Targeting .................................... 54 



viii 
 

3.7.2 Surface coatings on nanoparticle–cell interactions ............................................ 55 

3.7.3 Neutral Surface Charge on Nanoparticles Minimizes Cellular Interaction ......... 56 

3.7.4 Interaction of Charged Nanoparticles with Cells ................................................ 56 

3.7.5 Oligonucleotide-Coated Nanoparticles ............................................................... 57 

3.8 Other Applications - Cancer Targeted Gold Nanoparticles Formulations .............. 58 

3.8.1 Applications of Gold Nanoparticles ..................................................................... 58 

3.8.2 Applications of Gold Nanoparticles as Sensors ................................................... 60 

3.8.3 Gold nanoparticles as drug carriers .................................................................... 60 

3.8.4 Therapeutic applications of gold nanoparticles .................................................. 61 

3.8.5 Gold nanoparticles for applications in cancer radiotherapy ............................... 61 

3.8.6 Gold Nanoparticles & Photon Radiation Interaction .......................................... 62 

3.8.7 Physicochemical properties of NPs and their role in radiosensitisation............. 63 

3.8.8 Coating of nanoparticles ..................................................................................... 63 

4 Animal models in preclinical research ............................................................................. 65 

4.1 Introduction ............................................................................................................ 65 

4.2 Mouse: An ideal model organism ........................................................................... 65 

4.3 Routes of administration ........................................................................................ 67 

4.4 Biodistribution of Gold Nanoparticles in mice-Literature example........................ 67 

5 Experimental part ............................................................................................................ 73 

5.1 Phantom and in vivo experiments with gold nanoparticles in Planar X-ray Imaging 

and CT - Introduction .......................................................................................................... 73 

5.2 Quantification study between GNPs solution concentrations and x-ray image 

contrast ............................................................................................................................... 74 

5.2.1 Phantom experiment with commercial GNPs in planar imaging and CT ............ 74 

5.2.2 CT phantom studies with experimental GNPs (n-track) ..................................... 76 

5.3 In vivo imaging studies ........................................................................................... 79 

5.3.1 In vivo imaging experiments with commercial gold nanoparticles .................... 79 

5.3.2 In vivo imaging experiments with experimental gold nanoparticles .................. 80 

5.4 Conclusion- Discussion ........................................................................................... 83 

References ............................................................................................................................... 85 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

1 Introduction 
 

1.1 Introduction 
 

In its simplest form, X-ray imaging is the collection of attenuation shadows that are 

projected from an ideal X-ray point source on to an image receptor. This simple form 

is true for all X-ray imaging modalities, including complex ones that involve source 

and receptor movement, such as computed tomography (CT). This simplified view, 

however, is made vastly more complex by the non-ideal point source, by the 

consequences of projecting a 3-D object on to a 2-D detector and by the presence of 

scattered radiation, generated within the patient or animal, which will degrade any 

image that is captured. [1]  

 

1.2 X-Ray Imaging 
 

The first clinical x-ray images were taken in February 1896, not long after the 

discovery of x rays by Roentgen in November 1895. As a consequence of the 

extremely small wavelength of x-ray light sub nanometer x-ray imaging has an 

unequaled theoretical resolution and excellent ability to penetrate deep within the 

tissue. X-ray imaging can be used to measure the form of the human body with the 

techniques of radiography for measuring 2D projections. Often a radio-opaque dye or 

contrast agent is used to enhance the contrast, as in angiography technique.[2] 

Further enhancement can be achieved by a technique known either as 

bichromography or K-edge subtraction imaging. Radiographic projections can be 

combined to give a 3D tomographic reconstruction by a technique known as CT. X-

ray imaging has been combined with the family of techniques known as video 

densitometry to measure the key function of vasculature blood flow. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1: Frank Austin urged Dr. Gilman Frost to take the first 
medical X-ray. Left to right: physicist Edwin Frost, patient Eddie 
McCarthy, Gilman FrostAdapted from: 
https://engineering.dartmouth.edu/magazine/inventions-diagnostic-x-rays/ 

https://engineering.dartmouth.edu/magazine/inventions-diagnostic-x-rays/
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For the reasons of penetration depth, resolution, and signal-to-noise ratio outlined 

here x-ray imaging is by far the dominant form of medical imaging today. 

Furthermore, other improvements are made possible by the availability of extremely 

brilliant, coherent, and monochromatic x-ray radiation from synchrotron radiation 

sources.[2]  

 

1.3 Computed Tomography 
 

Computed tomography (CT) is one of the most commonly used non-invasive clinical imaging 

modalities owing to its wide availability, high efficiency, low cost, and the development of 

novel hybrid imaging systems ((PET)/CT and (SPECT)/CT). The CT scanner was developed 

by Godfrey Hounsfield at Electric and Musical Industries (EMI) LTD., and the first clinical 

trial using a prototype CT scanner (Mark I) was performed in 1972. [3] 

 

 

1.3.1 Scanning Geometry 
 

Micro computed tomography or “micro-CT” is X-ray imaging in 3D, by the same 

method used in hospital CT (or “CAT”) scans, but on a small scale with massively 

increased resolution. Some micro-CT systems use the hierarchy of the first-

generation clinical CT, currently, most micro-CT systems adopt the third-generation 

CT scanning structure, where the X-ray source and the detector array rotate 

synchronously with respect to the scanned animal[4], [5]. The scanning geometry can 

be roughly classified into two categories: rotational bed and rotational gantry, as 

shown in Fig. 1.3 (a) and (b), respectively. In the rotational bed design, the small 

animal rotates on the bed while the X-ray source and the detector stay still to acquire 

projection data from different angles. It is worthwhile to note that the small animal 

must be well confined in the rotating carrier to prevent soft tissue movement. In the 

Figure 1.2: Micro CT of brain of live mouse after IV injection of AuroVist-15 nm. Tumor stands out (white density) 
due to penetration of AuroVist-15 nm through the compromised blood-brain-tumor barrier. Right: Skull 
computationally removed revealing brain vasculature. Captured from: 
http://www.nanoprobes.com/products/AuroVist-Gold-X-ray-Contrast-Agent.html 

http://www.nanoprobes.com/products/AuroVist-Gold-X-ray-Contrast-Agent.html
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rotational gantry design, the small animal lies in the fixed bed, while the X-ray source 

and the detector rotates around the subject, like clinical CT systems. The rotational 

gantry may usually guarantee a higher spatial resolution compared to the rotational 

bed design since the small animal can stay still and the soft tissue movement can be 

largely reduced during the long scan time, typically more than 5 min [4]. 

 

 

1.4 Physics of micro-CT 
 

1.4.1  X-ray spectrum   
 

The output of the X-ray tube consists of X-ray photons with a board range of 

energies, which are generated by either of the two mechanisms: bremsstrahlung 

radiation (general radiation) and characteristic radiation. The bremsstrahlung 

radiation mainly contributes to the continuous part in the X-ray spectrum, while the 

sharp peaks in the spectrum arise from the characteristic radiation. For the tungsten 

anode, there is no characteristic radiation below a 70kV tube voltage.[6] 

 

 

Figure 1.3: Scanning geometry. (a) Rotational 
bed; (b) rotational gantry. Adapted from : 
https://www.researchgate.net/figure/Scanning-
geometry-a-Rotational-bed-b-rotational-
gantry_fig4_228627378 

https://www.researchgate.net/figure/Scanning-geometry-a-Rotational-bed-b-rotational-gantry_fig4_228627378
https://www.researchgate.net/figure/Scanning-geometry-a-Rotational-bed-b-rotational-gantry_fig4_228627378
https://www.researchgate.net/figure/Scanning-geometry-a-Rotational-bed-b-rotational-gantry_fig4_228627378
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Though the spectrum of the X-ray tube is polychromatic, effective or average X-ray 

energy can be given, which lies between one-third and one-half of the maximal X-ray 

photon energy, e.g. an X-ray tube operating at 150 kV has the emission X-ray energy 

for an effective value of approximately 68 keV [6]. In imaging procedures, it is 

necessary to reduce the low-energy photons emitted from the tube via bremsstrahlung 

radiation by adding the filter because these X-ray photons cannot pass the object and 

reach the detector and mainly contribute to the dose. Empirically, for a 50 kV tube 

voltage, 0.5 mm-thick aluminum filter is used; for a tube voltage between 50 and 

70 kV, 1.5 mm-thick aluminum filter is used; and for a tube voltage above 70 kV, 

2.5 mm-thick aluminum is used [6]. 

 

1.4.2 Spatial Resolution 
 

A number of measures have been used to describe the spatial resolution of micro-CT, 

e.g. the point spread function (PSF), the line spread function (LSF) and the edge 

spread function (ESF) in the spatial domain or the modulation transfer function 

(MTF) in the frequency domain. [7] 

MTF is an equivalent of the PSF in the spatial frequency domain. The MTF and PSF 

are closely related by: 

 

 MTF (kx, ky, kz) =   (1) 

 

where kx, ky,and kz are the spatial frequencies, in cycles/millimeter or line 

pairs/millimeter [6]. The spatial resolution can be denoted as the value at a specific 

position on the MTF curve, e.g. 10% MTF.  

 

1.4.3 CT Number    
 

The CT number is the traditional CT metric to measure the attenuation coefficient. 

The CT number in Hounsfield unit (HU) is calculated as: 

 

CT number =   (2) 

 

where μwater and μ are the attenuation coefficients of water, and the tissue under study, 

respectively. It can be seen that the CT number of water is zero. The CT number of 

air, which has little attenuation of X-ray thus μair ≈ 0, is −1000. The tissue that has a 

twice attenuation coefficient of water, such as bone, has a CT number of +1000. Most 

soft tissues have a CT number ranging from −100 to +100 and for this reason are not 

greatly distinguished in CT images, in contrast to bone that has excellent CT 

contrast.[8]  
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1.4.4 Optimal X-ray Tube Voltage   
 

The X-ray data are typically Poisson-statistics limited. Grodzins pointed out that the 

contrast resolution limit might be expressed as: 

 

 =    (3) 

 

where σCT number is the standard deviation of the measured CT number, D the subject 

diameter, μ the attenuation coefficient, N the number of incident X-ray photons, and 

Δx the detector pixel size. Since the value of μ depends on the X-ray energy, different 

X-ray tube voltage has been tested to find out the optimal contrast resolution. 

Eq.  reaches the minimal value when μ=2D. For a 3 cm mouse-sized phantom, the 

optimal energy is approximately 25-35 keV. Since the X-ray spectrum is 

polychromatic, the aforementioned energy refers to the effective energy of the X-ray 

beam. [9] 

 

1.4.5  Radiation Dose   
 

One critical concern for in vivo micro-CT imaging is the radiation dose received by 

the small animal. In the literature[5], [10], typical radiation doses were measured 

using small thermoluminescent dosimeters implanted into mice, and lie 

approximately in the range of 0.10–0.50 Gy. Being roughly 10% of typical LD50/30 

(the dose that kills 50% of mice population within 30 days of exposure, 

approximately 5 Gy), the cumulative dose for multiple scans within a single small 

animal over a period of time will be extremely high. Thus, the radiation-induced 

damage, immune response, and apoptosis might be simultaneously observed after 

being scanned. However, animals that have been exposed to the dose of radiation at 

the level of 0.10–0.50 Gy might have very confusing biologic effects, even benefits 

sometimes. [11] 

Therefore, it is critical and crucial to developing micro-CTs that would acquire high-

quality images under low radiation doses. Meanwhile, the radiation-induced effect 

should be taken much care of during the longitudinal research using micro-CT. [11] 

1.4.6 CT Image Reconstruction   

 

The objective of CT image reconstruction is to determine how much attenuation of 

the narrow x-ray beam occurs in each voxel of the reconstruction matrix. These 

calculated attenuation values are then represented as gray levels in a 2-dimensional 

image of the slice. Image reconstruction in CT is a mathematical process that  
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generates tomographic images from X-ray projection data acquired at many different 

angles around the patient or animal. Image reconstruction has fundamental impacts 

on image quality and therefore on radiation dose. For a given radiation dose it is 

desirable to reconstruct images with the lowest possible noise without sacrificing 

image accuracy and spatial resolution. Reconstructions that improve image quality 

can be translated into a reduction of radiation dose because images of the same 

quality can be reconstructed at a lower dose.[12] 

 

Two major categories of reconstruction methods exist, analytical reconstruction and 

iterative reconstruction (IR). The most commonly used analytical reconstruction 

methods on commercial CT scanners are all in the form of filtered backprojection 

(FBP), which uses a 1D filter on the projection data before backprojecting (2D or 3D) 

the data onto the image space. 

Backprojection is illustrated in Figure 1.5. Suppose that a simple test object 

containing 3 objects with different attenuation values is scanned as shown in Figure 

6A and that views (attenuation measurements) are obtained at 3 angles. For each 

view at each angle, the reconstruction process is very straightforward. The 

attenuation measurements of each view are simply divided evenly along the path of 

the ray; this process is called backprojection. An example of backprojection for the 

view measured at 0_ is shown in Figure 1.5 B. Note that after backprojection of only 

4 views, an image of the test object is beginning to appear in Figure 1.5 C. 

Backprojection is efficient (each measurement is processed just once) and involves 

relatively simple calculations but has a serious flaw: The resulting images are blurry 

(i.e., they exhibit poor spatial resolution). This problem is evident even in the partial 

reconstruction shown in Figure 1.5 C. This blurring is a natural result of the scanning 

and backprojection processes, but there is a solution: The blurring can be reversed by 

a mathematic process known as filtering.[13] 

Figure 1.4: CT image reconstruction. Adapted from : 
https://www.researchgate.net/publication/261395031_CUDA_and_OpenCL_implementations_of_3D_CT_recon
struction_for_biomedical_imaging 

https://www.researchgate.net/publication/261395031_CUDA_and_OpenCL_implementations_of_3D_CT_reconstruction_for_biomedical_imaging
https://www.researchgate.net/publication/261395031_CUDA_and_OpenCL_implementations_of_3D_CT_reconstruction_for_biomedical_imaging
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Different from analytical reconstruction methods, IR reconstructs images by 

iteratively optimizing an objective function, which typically consists of a data fidelity 

term and an edge-preserving regularization term. The optimization process in IR 

involves iterations of forward projection and backprojection between image space 

and projection space. With the advances in computing technology, IR has become a 

very popular choice in routine CT practice.[12] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 : (A) Backprojection reconstruction for simple phantom containing 3 objects with different attenuation 
values.(B) For each view, attenuation values are simply divided evenly along their ray paths. Summing 
backprojected views from several angles builds image. (C) Four views of phantom are summed. Although this 
method is efficient, images reconstructed with backprojection exhibit considerable blurriness.Adapted from: 
http://tech.snmjournals.org/content/35/3/115/F5.expansion 

http://tech.snmjournals.org/content/35/3/115/F5.expansion
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2 Medical Physics of X-ray Contrast 
 

2.1 X-ray generation  
 

X-ray photons are produced by the interaction of energetic electrons with matter at 

the atomic level. The basis for the various imaging methods used in diagnostic 

radiology is the differential absorption of X-rays in tissues and organs, owing to their 

atomic composition. In this chapter, an outline of the principles of X-ray production, 

X-ray attenuation and image quality will be given.[1] 

 

2.2 X-ray production: Bremsstrahlung and Characteristic radiation  
 

The production of X rays involves the bombardment of a thick target with energetic 

electrons. These electrons undergo a complex sequence of collisions and scattering 

processes during the slowing down process, when the electrons impact the target (the 

anode) x-rays are produced in two main ways (Fig.2.1) 

• Bremsstrahlung. Energetic electrons are mostly slowed down in matter by 

collisions and excitation interactions. If an electron comes close to an atomic 

nucleus, the attractive Coulomb forces cause a change of the electron’s 

trajectory. An accelerated electron, or an electron changing its direction, emits 

electromagnetic radiation, given the name bremsstrahlung (braking radiation), 

and this energy of the emitted photon is subtracted from the kinetic energy of 

the electron. The energy of the bremsstrahlung photon depends on the 

attractive Coulomb forces and hence on the distance of the electron from the 

nucleus.[1] 

 

• Characteristic radiation. A fast electron colliding with an electron of an 

atomic shell could knock out the electron, provided its kinetic energy exceeds 

the binding energy of the electron in that shell. The binding energy is highest 

in the most inner K shell and decreasing for the outer shells (L, M, etc.). The 

scattered primary electron carries away the difference of kinetic energy and 

binding energy. The vacancy in the shell is then filled with an electron from 

an outer shell, accompanied by the emission of an X-ray photon with an 

energy equivalent to the difference in binding energies of the shells involved. 

For each element, binding energies, and the monoenergetic radiation resulting 

from such interactions, are unique and characteristic for that element.[1] 
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2.3 X-ray spectrum 
 

2.3.1 The continuous X-ray spectrum 
 

The electrons in an x-ray tube are slowed down and stopped in the target, within a 

range of a few tens of micrometers, depending on the tube voltage. The total x-ray 

energy emitted per second depends on the atomic number Z of the target material and 

on the x-ray tube current.[14] The higher the kVp the greater the overall intensity of 

X-radiation and the higher the value of the intensity maximum which moves towards 

the shorter wavelengths.[15] X-rays, as mentioned before, are not generated at the 

surface but within the target (in a range of micrometers), resulting in an attenuation of 

the X-ray beam. This self-filtration appears most prominent at the low energy end of 

the spectrum. 

 

2.3.2 Characteristic X-ray spectra 
 

Characteristic radiation appears in the spectrum as very sharp intensity peaks and 

occurs at wavelengths which depend on the target material and not on the potential 

differences across the tube. This radiation shows up in the case where the kinetic 

electron energy exceeds the binding energies. Characteristics lines are so narrow 

where permits especially in K-lines to be used in x-ray diffraction. There are several 

lines in the K-set. The strongest are Ka1, Ka2, Kb1. [16] 

 

 

 

Figure 2.1: Bremsstrahlung and characteristic radiation. Adapted from ref. 
[12] 
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2.4 X-ray beam attenuation  
 

Attenuation is the reduction of the intensity of an x-ray beam as it traverses the 

matter, and may be caused by absorption or scattering of the beam. The thickness and 

type of material play an important role in the intensity of an x-ray beam passing 

through a layer of it. Additionally, the attenuation is related to the photoelectric 

effect, Compton scattering and pair production in the nuclear field. [17] 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: a) X-ray spectrum: The intensity of the beam is plotted as a function of the wavelength of the 
radiation. b) Electronic energy levels of an atom of the anode. Adapted from ref. [16] 

Figure 2.3: Total photon cross sections. Adapted from : 
https://commons.wikimedia.org/wiki/Category:Photon_cross_section
s#/media/File:Attenuation_Coefficient_Iron-H.svg 
 

 

https://commons.wikimedia.org/wiki/Category:Photon_cross_sections#/media/File:Attenuation_Coefficient_Iron-H.svg
https://commons.wikimedia.org/wiki/Category:Photon_cross_sections#/media/File:Attenuation_Coefficient_Iron-H.svg
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2.5 Exponential attenuation 
 

The attenuation of X-rays can be described by Beer’s Law: 

 

  (2.1) 

Where, 

o I: intensity after attenuation,  

o Io: incident intensity,  

o μ: the linear attenuation coefficient (cm-1),  

o χ is the physical thickness of absorber (cm). 

 

The linear attenuation coefficient μ is a measure of the quantity of radiation 

attenuated by a given thickness of absorbing material and is measured in units of per 

unit length. The Eq. (2.2) defines the μ which is the fractional change in x-ray 

intensity per the thickness of the attenuating material. [18] 

 

he o   (2.2) 

 

Where ΔΝ is the number of photons removed from the x-ray beam in thickness Δx. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Exponential attenuation. Adapted from: 

https://www.nuclear-power.net/nuclear-power/reactor-
physics/atomic-nuclear-physics/radiation/x-rays-roentgen-
radiation/x-ray-attenuation/ 

https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/radiation/x-rays-roentgen-radiation/x-ray-attenuation/
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/radiation/x-rays-roentgen-radiation/x-ray-attenuation/
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-physics/radiation/x-rays-roentgen-radiation/x-ray-attenuation/
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The linear attenuation coefficient μ is the sum of the three interactions between X-ray 

photons and traversed matter in the proper energy range for diagnostic imaging:  

I. Coherent scattering (ω), produces scattered radiation and noise on X-ray 

images, but its effect on X-ray image quality is minor, 

II. The photoelectron effect (τ) is considerable when the X-ray photon energy is 

greater or almost the same as the electronic binding energy. The greater the 

photon energy, the less X-ray absorption will occur in this process, thus is 

inversely proportional to the third power of photon energy Ε:  1/Ε3. 

III. and Compton scattering (δ) that becomes dominant at higher energies. 

Compton scattering is about constant for different energies although it slowly 

decreases at higher energies (Fig. 2.3). 

 

Cross section is defined as the probability that a particular reaction will occur. The 

total linear attenuation coefficient is equal to the sum of the individual interactions 

and their cross-sectional values: 

 

μ=ω+τ+δ  (2.3) 

 

The mass attenuation coefficient is obtained by dividing the linear attenuation 

coefficient by the density of the material through which the photons pass and thus is 

represented by the symbol μ/ρ. 

To sum up, even though there are several factors which affect x-ray beam attenuation, 

some of the most significant are mentioned below:  

1. beam energy,  

2. the number of photons traversing the attenuating medium or absorber 

3. the density of the absorber 

4. the atomic number of the absorber 

 

 

2.6 Contrast  
 

The contrast in radiology images is based on the different X-ray absorption of the 

different parts of a specimen. In other words, contrast is the deviation in some 

quantity of the radiation fluence, energy fluence or signal from the detector behind or 

beside a contrasting detail.[19] 
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, 

The following equation describes the subject contrast between transmission at two 

thicknesses (Fig.12). 

  

   (2.4) 

 

Given   and  

 

  (2.5) 

 

The contrast in medical imaging can be categorized into three types which are 

depending on the imaging technique that is used. In X-ray imaging, the subject 

contrast depends upon the X-ray spectrum and the attenuation of the object and 

background while the image contrast depends upon the subject contrast and the 

characteristics of the imaging detector. The display contrast is the contrast of the 

image as displayed for final viewing and is dependent upon the image contrast, the 

greyscale characteristics of the display device and any image processing that occurs 

prior to or during display. 

 

 

Figure 2.5: the relation between the changes in thickness of an 
object and subject contrast for the x-ray projection imaging. 
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2.7 Contrast enhancement 
 

Materials or tissues with high atomic number (Z) and bulk density (ρ) generally 

absorb more x-rays. Therefore, higher atomic number contrast agents used in 

medicine and in preclinical research such as barium, iodine, and gold. These three 

elements have considerable photoelectric attenuation because their K edges are in the 

diagnostic X-ray energy range. Generally, the position for the K edges for the 

contrast agents can have an important influence on absorption efficiency. More 

specifically, the probability per unit length, τ, (for photoelectric absorption) decreases 

with increasing photon energy until an absorption edge is reached. In passing the 

absorption edge, more electrons are available for absorption and the probability of the 

process increases dramatically. In passing the K-edge (the innermost shell), the 

probability of photoelectric absorption increases with a factor of 4-14, higher factors 

for lower atomic numbers.[19] Thus a contrast media based on elements with higher 

atomic number will be more advantageous in terms of intrinsic contrast, lower dose 

requirement and lower the radiation exposure to patients or to animals in preclinical 

research. 

To increase X-ray contrast, long-time exposure and relatively high doses also can be 

attempted, which are not advisable for medical application though.[20] 

X-ray attenuation, as it mentioned before, is also dependent on the x-ray photon 

energy, which governs the initial intensity (Io) and also independently influences the 

x-ray attenuation coefficient. [5] The mass attenuation coefficient is decreased as 

incident photon energy from the x-ray source is increased. Since the values of μ 

reduce as photon energy increases, the contrast is seen to be inversely related to the 

kV setting.[1] 

Figure 2.6 Energy-dependent differences in the mass x-ray attenuation 
coefficient (μ/ρ) of gold compared with current clinical contrast agents 
(BaSO4 and iodine) and tissues. [32] 
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2.8 Noise  
 

The noise of the image plays also an important role in detecting an object and impairs 

the possibility to interpret its information. Image noise can be subdivided in 

electronic, quantum, structural and anatomical noise.[21] Electronic noise is 

considered  independent of the exposure level and arises from a number of source 

like dark noise, readout noise and amplifier noise. Structured noise is created by 

spatially fixed variations of the gain of an imaging system whereas anatomical noise 

could be a result of tissue superposition which limits the quality of image. Quantum 

noise, which is one of the most important sources of noise in medical imaging, occurs 

due to the variations in X-ray flux and is proportional to the squared root of the 

exposure as it mentioned below. 

In x-ray imaging, especially in x-ray diagnostics, the mean energy per unit area of the 

receptors is kept constant. In case of increasing photons’ energies, the signal will be 

produced with a decreasing number of interacting photons. 

The number of photons, N, which interact per unit area of the receptor is a stochastic 

variable with a standard deviation σ. If N is assumed to be Poisson distributed, one 

has  

 =   (2.6) 

 

  where σ represents the noise per pixel. 

The relative noise on an image is equal to the coefficient of variation (COV) 

Relative Noise = (COV) =   (2.7) 

 

Signal to Noise Ratio (SNR):  SNR =   (2.8) 

 

Table 2.1 Examples of noise versus photons 

Photons  Noise  Relative Noise  SNR  

10 3.2 32 3.2 

100 10 10 10 

1000 31.6 3.2 31.6 

10000 100 1.0 100 
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One of the aims of medical imaging is to detect as much as possible more objects 

with smaller signal differences into the body. That can be achieved if the contrast of 

the image is high and the noise is at low levels. The link between them is the Contrast 

-to-Noise-Ration which is defined below: 

   (2.9) 

where SA and SB are signal intensities for signal producing structures A and B in the 

region of interest and σ is the standard deviation representing the image noise. 

 

2.9 Resolution 

  

2.9.1 Spatial Resolution 
 

Spatial resolution is an important image quality factor and is defined as the ability of 

the imaging system to resolve small independent objects in close proximity to one 

another. There are several ways to measure spatial resolution of an image one of them 

is: (i) Point Spread Function (PSF).The spatial resolution can be measured by the 

Full-Width-at-Half-Maximum (FWHM) value of the PSF. Point Spread Function is 

the response of the system to an input of point source and describes the blurring 

properties of an imaging system in the spatial domain. FWHM of PSF is the distance 

between the points where the intensity is half of the maximum one, quantifying the 

degree of blurring of the point object. The smaller FWHM is, the better resolution the 

imaging system has.[22]  

 

 

Figure 2.7: The ability to detect an object is dependent upon both the contrast of the object and the noise in the 
image. Adapted from ref. [1] 
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2.9.2 Contrast resolution  
 

On the other hand, contrast resolution is the ability to distinguish between differences 

in intensity in an image. A metric of image quality linking contrast and resolution is 

Modulation Transfer Function (MTF). 

MTF is a measure of the ability of the system to reproduce image contrast at various 

spatial frequencies. Spatial frequencies correspond to image detail. High spatial 

frequency means fine image detail. Therefore, MTF combines contrast and resolution 

together.[22] 

 

2.9.3 Factors affecting Contrast Resolution   

 

• mAs: the mAs influence the number of x-ray photons used to produce the CT 

image, thereby affecting the contrast resolution. 

• Pixel Size (FOV): If patient size and all other scan parameters are fixed, as 

FOV increases, pixel dimensions increase, and the number of x-rays passing 

through each pixel increases. 

• Slice thickness: The slice thickness has a strong (linear) influence on the 

number of photons used produce the image. Thicker slices use more photons 

and have better SNR. 

• Reconstruction algorithm: affect both spatial and contrast resolution and 

requires trade-odds depending on clinical need. 

• Patient size: For the same x-ray technique, larger patients attenuate more x-

rays, resulting in detection of fewer x-rays. This reduces SNR and therefore 

the contrast resolution. 

• Gantry rotation speed: Most CT systems have an upper limit on mA, and for a 

fixed pitch and a fixed mA, faster gantry rotations result in reduced mAs used 

to produce each CT image, reducing contrast resolution. 
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3 Gold Nanoparticles in X-Ray Imaging 
 

3.1  Contrast Agents 
 

3.1.1 Historic Elements & Basic Principles 
 

 Contrast agents are not a new discovery in medical science, they have been 

employed in radiography for more than 80 years and computed tomography (CT) for 

more than 50 years. They are used to improve image contrast which is achieved 

because of their high atomic numbers. Contrast agents increase photoelectric 

interaction thereby reducing photon intensity projected through the contrast agent 

containing structure to improve image contrast. To date, iodine and barium 

containing agents make up the majority of applications, in fact, there is a wide variety 

of contrast agents that have been examined over the years. In medical science, there 

is a need for contrast agents which may find utility due to dose reduction, better 

imaging characteristics or reduced toxicity.[23] 

Very shortly after the discovery of x-rays by Roentgen in 1895 the utility of 

injectable contrast media was explored. Perhaps the first report of radiography being 

performed with contrast media was in 1896 a mixture of mercury salts injected into 

the vessels of an amputated hand by Hascheck and Lindenthal and the resulting 

radiograph clearly demonstrated the vascular structure. Some years later, in 1920, 

subsequent work was performed, with reports of femoral and cerebral angiography 

with solutions of sodium bromide and strontium bromide as contrast media.[23]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: An X-ray image made by Haschek and 
Lindenthal after the injection of Teichman’s mixture into 
the blood vessels of an amputated hand. Adapted from 
ref. [24] 
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The principal objective of a contrast agent is to enhance the visibility of specific 

internal structures. When they are administrated into the body, they alter the 

absorption of x-rays by specific anatomic structures in relation to their surroundings. 

Contrast agents may also be divided into two groups: positive (iodine or barium 

compounds, for example) that absorb more x-rays than tissues because of their high 

density and higher atomic number and negative (gases) that absorb fewer x-rays than 

tissues because of their low density, even though the effective atomic number may be 

higher.[24] 

 

3.1.2 Desired Properties of CT Contrast Agents 

 

The challenge in the medical image is to identify clearly the interface between two 

adjacent tissues such as a tumor in the liver or to image soft tissue which is in contact 

with physiological fluids such as blood clots. To differentiate between some tissue 

types, it is sufficient to use a difference of 50-100 HU but in Medical Science, the 

objective is to provide high-quality medical images. This target achieved by greater 

signal to noise and contrast to noise ratios as a consequence of greater differences in 

CT attenuation. Hence, it is imperative the use of contrast imaging agents especially 

those that can: 

1) enhance differentiation among different tissues and increase CT sensitivity, 

2) enable evaluation of tissue/organ function or performance, or  

3) provide specific biochemical information of tissue, are of significant interest and 

are highly sought after.[25] 

 

Today, there is a variety of imaging techniques such as MRI, nuclear imaging, optical 

imaging, and CT imaging. Comparing these techniques on the effective diagnostic 

dose of a contrast agent, there are significant differences between them. In CT 

imaging the effective diagnostic dose is in the molar concentration range, in MRI is 

20in nanomolar concentration range, in nuclear imaging is in micromolar 

concentration range, and in optical imaging is in nanomolar concentration range, 

which means that CT imaging has a great disadvantage due to the high contrast media 

required for. As a consequence, it demands the search and the developing of an 

optimal CT contrast agent with minimal dose requirements, maximum imaging 

capabilities, and reduced toxicity. Several general requirements that need to be 

satisfied in the design of a CT contrast agent for clinical applications are identified 

below:[25] 

 

• Optimizing target visualization: To improve the visualization of the target 

tissue, the contrast agent should increase the absolute CT attenuation 

difference between the target tissue and surrounding tissue and fluids by a 

factor of ≈ 2×;  
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• High mol% of the X-ray attenuating atom per agent: In order to reduce the 

volume used and concentrations needed for imaging the imaging media 

should contain a high mol% of the X-ray attenuating atom per agent 

(molecule, macromolecule, or particle); 

 

• Long retention time: The contrast agent should localize or target the tissue of 

interest and possess favorable biodistribution and pharmacokinetic profiles; 

 

• Soluble: The contrast agent should be readily soluble or form stable suspensions at 

aqueous physiological conditions (appropriate pH and osmolality) with low 

viscosity; 

 

• Non-toxic 

 

• Optimal clearance characteristics: The contrast agent should (for most 

applications) be cleared from the body in a reasonably short amount of time, usually 

within several hours (< 24 h). 

 

To fulfill the above-stated requirements, various materials and contrast agent designs are 

currently being proposed and assessed in both clinical and laboratory settings. 

 

3.1.3 Evaluating the applicability of candidate materials 
 

A key role for imaging efficacy plays the element that will be used as a contrast agent 

in CT imaging. That ideal material would be one that provides high image contrast. 

For instance, in calcified structures such as bone, atherosclerotic plaques, or diseased 

tissues, the ideal contrast agent must have a substantial difference in HU compared to 

calcium. As a consequence, the contrast material would have constant or increasing 

HU with increasing kVp, because the CT number of calcium decreases with 

increasing kVp settings. The primary physical X-ray attenuation mechanism that 

produces differentiated HU as a function of photon energy is the K-edge energy of 

the contrast-producing element. If there are multiple contrast-producing elements in 

the contrast agent, the overall kVp-dependent HU depends on the weighted effects of 

the K-edge energies of the contrast-producing elements in the contrast agent.[24] One 

can evaluate the potential applicability of each element for use as a CT contrast agent 

by reviewing the periodic table (Fig. 3.2) . 
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Red: Low potential due to toxicity, radioactivity, or gaseous phase. 

Brown: Low practical potential due to low X-ray attenuation, poorer than that of 

iodine and similar to that of biological tissues. 

Orange: Little practical potential due to limited world production or high cost. 

Gray: Moderate potential, but patient safety, availability, and cost for the anticipated 

composition and application needs to be explored. 

Green background (all shades): Varying degrees of moderate to high potential; have 

been used clinically or are reported in the literature as candidates for consideration as 

CT contrast materials. 

Light green (iodine): The only current clinical general-purpose CT contrast material. 

Medium green (tantalum): Currently under investigation as a general-purpose CT 

contrast material. 

Dark green: Have important limitations such as potential toxicity or low world 

production quantity that may prohibit widespread use as a general-purpose CT agent 

3.2 Already existing CT contrast agents 
 

3.2.1 Iodine-based CT contrast agents 
 

Iodine (Z = 53) has historically been the atom of choice that is incorporated into the 

contrast agent molecule to achieve higher levels of X-ray attenuation for CT imaging 

applications. Furthermore, lithium iodide and sodium were the first water-soluble 

imaging agents but due to the associated toxicity at the iodine concentrations 

necessary for imaging they are not suitable for most clinical applications. So, it is 

referred to in the literature that covalently bound iodine is the best contrast media 

design.[25] 

Figure 3.2:  Potential of chemical elements for use as general purpose DECT contrast materials. Adapted from ref. 
[26] 
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The high photoelectric cross-section of iodine in the energy range is the explanation 

for radiographic subject contrast which is provided. A typical set of parameters for 

general radiography is a peak photon flux of x-radiation produced at 70 kVp filtered 

with 2.5 mm of aluminum, the K-edge of iodine is approximately 33 keV which 

corresponds very nicely to the peak photon flux which is approximately at 34 keV. 

There will be considerable absorption of this spectrum by iodine, because iodine 

absorbs, through photoelectric effect at its K-edge energy (33 keV). It is noteworthy 

that tissues to these energies are relatively transparent. The mass attenuation 

coefficient for muscle it is 0.267 cm2/gm and for iodine at 40 keV is 22.7 cm2/gm.[26] 

  

3.2.2 Small-molecule iodinated contrast agents 
 

Small-molecule iodinated contrast agents can be divided into two general categories: 

the “ionic,” and the “non-ionic” molecules. In most cases, ionic iodinated contrast 

agents are negatively charged species. Although they are widely used in the clinic, 

they possess several inherent disadvantages, compared to non-ionic contrast media. 

Some of their drawbacks are summarized below:[25] 

 

• The tendency to interact with biologicals structures (cell membranes, 

peptides, etc.) 

• High intrinsic osmolality in aqueous formulations of ionic contrast agent that 

leads to renal toxicity, vasodilation, pulmonary hypertension, and 

bradycardia. 

• Increased heat and pain at the site of injection have been observed  

 

Except for the drawbacks of ionic iodinated contrast agents that referred previous, 

small-molecule iodinated CT contrast agents, in general, suffer from several 

drawbacks, which prevent them from being used for all applications:[25] 

Figure 3.4: Mass attenuation coefficients for 
adipose tissue (orange), skeletal muscle (red), 
and iodine (blue) plotted on log-log axes. The 
k-edge of iodine occurs around 33 keV. 
Adapted from: 
http://xrayphysics.com/attenuation.html 

Figure 3.3: Contrast CT of a patient with brain 
metastases from breast cancer, before (left) and after 
(right) injection of iodinated contrast. Adapted from : 
https://en.wikipedia.org/wiki/Iodinated_contrast 

http://xrayphysics.com/attenuation.html
https://en.wikipedia.org/wiki/Iodinated_contrast
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• they exhibit non-specific biodistribution; 

• they tend to undergo rapid renal clearance from the body, due to their small 

size; 

• for the most applications are required high “per dose” concentrations; and 

• high rates of extravasation and equilibration between intravascular and 

extravascular compartments at the capillary level often make it difficult to 

obtain meaningful and clear CT images. 

 

 

3.2.3 Nanoparticulate iodine-containing contrast agents 
 

It is well understood in medical imaging, that an ideal contrast agent has to increase 

the blood residence time, reduce the rate of renal clearance, and “leakage” across the 

capillary vessels. It was found that these contrast agents which are called blood-pool 

agents are in the nanometer range. Various approaches are being studied in the 

development of nanoparticulate contrast agents, including micelles, nanospheres, 

nanoemulsions, nanocapsules, microspheres, liposomes, and polymeric particles. 

Early in the research activities, it was found that nanoparticles larger than 400 nm in 

size taken up by macrophage cells, and the nanoparticles are observed in organs like 

liver and spleen, which possess high concentrations of phagocytic cells. While the 

result of this assessment is desirable in certain cases because of CT image 

enhancement, it also can lead to the causation of flu- and allergy-like symptoms in 

humans and in animals. Additionally, an immune response to certain nanoparticulate 

drug or contrast agent formulations, called “complement activation related 

pseudoallergy” (CARPA), has come to increased attention. The symptoms in most 

patients are mild, transient and preventable by applying appropriate precautions but 

in some patients, CARPA can cause even death. It is considered that nanoparticles are 

responsible for CARPA effects because they mimic the size and shape of pathogenic 

microbes and subcellular organelles. Now it is clear that the use of nanoparticulate 

iodinated contrast media in clinical applications may induce several side effects so it 

is necessary a carefully controlling nanoparticle composition, charge, and size.[25] 

 

3.2.4 Factors determining Iodine contrast enhancement and timing in blood 

circulation 

Body weight 

Body weight is the most important patient-related (and animal-related in preclinical 

research) factor that defines the degree of parenchymal and vascular contrast 

enhancement. It is inversely proportional to the magnitude of contrast enhancement. 

Therefore, to maintain optimal vascular and parenchymal enhancement in patients 

with a high body mass index increasing the total iodine dose by increasing contrast 

volume and/or concentration is necessary. On the other hand, body weight does not 
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affect the timing of enhancement because cardiac output and blood volume increase 

at the same rate with body weight. [27] 

Cardiac output 

The cardiac output strongly affects the timing of contrast enhancement. Cardiac 

output is directly proportional to the contrast bolus arrival time which means that 

with a decrease in cardiac output, contrast bolus arrives slowly and disperses slowly, 

resulting in delayed contrast bolus arrival and postponed peak arterial and 

parenchymal enhancement. Therefore, circulation time is inversely related to the 

extent of maximal vascular enhancement. For this reason, it is important to take into 

account the approximate cardiac output of the patient, when scanning time is critical. 

[27] 

 

Contrast injection factors 

The timing and intensity of contrast enhancement are correlated to the extent of 

iodine delivery and its injection rate. To set an appropriate injection duration and rate 

one has to consider some factors such as body size, the vessel or organ of interest, 

and the desired level of enhancement. Furthermore, keeping the injection rate, 

volume and injection duration constant, limited influence on parenchymal or venous 

enhancement is observed, which is mainly determined by the total iodine dose. [27] 

 

Physicochemical properties 

Clinical practice can be affected by three important physicochemical properties of 

contrast agents: concentration, viscosity and osmolality. 

I. Concentration: The magnitude of peak enhancement is proportional to 

concentration. Keeping the volume, injection rate and duration fixed, an 

increase in concentration of contrast agent will deliver a greater dose of iodine 

faster. 

II. Viscosity: The viscosity affected by the contrast concentration. The higher 

concentration the higher the viscosity but it decreases with the increase of 

temperature 

III. Osmolality: is a measure of the number of dissolved particles per unit of water 

in serum. Dimer contrast agents have lower osmolality in comparison to 

monomeric contrast agents. 

 

3.2.5 Barium-based contrast agents  
 

Barium is a metallic chemical element with atomic number 56 (Z=56) and is 

considered one of the heavy metals. It has been used primarily as an oral agent with a 

focus on delineating the bowel lumen, but it is used, in general, for gastrointestinal 
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(GI) fluoroscopic examinations. The specific compound of which is used as a contrast 

agent is usually barium sulfate, which is an inert nano- or microparticle and has been 

used clinically for over 50 years. It is a preferential contrast agent due to its 

characteristics, high attenuation of x-rays, a K shell binding energy (K-edge of 37.4 

keV) very close to that of most diagnostic x-ray beams, lack of absorption, and lack 

of toxicity.[28] 

  

Furthermore, the most common radiopaque agent used for GI imaging, barium 

sulfate, has several inherent disadvantages. Barium sulfate may cause : 

• Inflammation, in case of bowel perforation 

• Pneumonia, in case of aspiration of barium into the lungs; the patterns of 

barium distribution in the lung following aspiration is dependent on the 

volume, and is also time-dependent 

• Intravascular migration/introduction and allergic reactions 

• Intestinal impaction due to high density of this compound 

• A greater exposure to radiation, because barium sulfate moves into the 

intestines, so the time required to perform GI radiographic examination is 

lengthy, resulting in a greater exposure to radiation.[29], 

Figure 3.5: Radiopaque barium sulfate fills the colon in a 
lower gastrointestinal study. Adapted from ref. [81] 

 

Figure 3.6: X-ray mass attenuation 
coefficients of Ba, barium sulfate, and soft 

tissue as a function of X-ray energy. 
Adapted from ref. [29] 
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Table 3.1:  Properties and uses of chemical elements which are used as contrast agents 

 

Element Z Contrast Agent Properties & Uses 

Xenon 54 Gaseous xenon  low density, its MAC 

(mass attenuation 

coefficient) as a gas is 

much lower than those of 

iodine and barium, 

effective dual-energy 

inhalational contrast 

material for pulmonary 

ventilation abnormalities 

 

Gallium 31 Liquid gallium  the very low atomic 

number of gallium results 

in an inefficient X-ray 

attenuation that is 

substantially lower than 

that of iodine, in 

vitro depiction of organ 

anatomy 

Bismuth 83 Bismuth sulfide Inert, nanoparticle 

contrast agent, has the 

highest K-edge energy 

(91 keV) of all the 

elements under 

consideration and as a 

result, it shows less 

change in CT number 

across different kVp 

settings compared to 

iodine and barium 

Lutetium 71 PEGylated NaLuF4 allows for the 

combination of 

fluorescence and X-ray 

imaging. 
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Tantalum 73 Oxide form of 

tantalum, Ta2O5, 

chemically inert 

biocompatible, shows 

good radiopacity 

Tungsten 74 polymer-coated 

tungsten-oxide 

nanoparticles 

multi-modality agent – 

useful both for CT and 

MRI imaging 

  

Gold 79 AuNPs relatively inert, it is 

possible to make the core 

comprised totally of gold 

atoms such that the mass 

concentration of gold in 

the nanoparticle is very 

high, gold solutions have 

low viscosity and low 

osmolality 

Silver  47 9- to 23-nm 

nanoparticles of 

silver stabilized with 

dendrimers 

lower Z- and K-edge 

energies than iodine, may 

have advantages in dual-

energy X-ray 

mammography 

Lanthanide elements 57-71 polyaminocarboxylic 

acid chelate 

complexes 

Have slightly higher K-

edge energies than do 

iodine and barium, most 

clinically approved 

lanthanide-based contrast 

agents are gadolinium 

chelates 
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3.3  Gold nanoparticles as contrast agents in X-ray imaging and computed 

tomography 

 

3.3.1 3.2.1 Introduction 

 

The first data on colloidal gold (Au) was discovered by scientists as early as in the 

V–IV centuries BC. Since then, colloidal Au solutions are important components for 

biomedical applications, they have been widely employed for diagnostics, and have 

also seen increasing use in the area of therapeutics. The first intravenous injection of 

Au solution was performed for alcoholism treatment in 1880. Additionally, Au 

solution is used to trigger specific biomolecular interactions in spinal-fluid and blood-

serum proteins. [20] 

Nowadays, Gold nanoparticles have attracted great interests in the field of medical 

and biological science due to their biotechnology applications such as drug delivery, 

sensory probes, and therapy techniques. Furthermore, gold nanoparticles can be 

excited by light at Near-IR, so they can be the next generation contrast agents for 

diagnostic and phototherapeutic applications, such as light-scattering imaging, two-

photon luminescence imaging, surface-enhanced Raman scattering, and 

photothermal. Moreover, the optical and electronic properties of gold nanoparticles 

can be adjustable for different uses by changing parameters such as their size, 

aggregation state, or surface chemistry.[30] 

 

3.3.2 Properties of Gold Nanoparticles 

  
1. Surface Plasmon Resonance (SPR) 
 

When gold nanoparticles are exposed to a specific wavelength of light, the oscillating 

electromagnetic field of the light induces a collective coherent oscillation of the free 

electrons, which causes a charge separation with respect to the ionic lattice, forming a 

dipole oscillation along the direction of the electric field of the light. The amplitude 

of the oscillation reaches the maximum at a specific frequency, called surface 

plasmon resonance (SPR).[30],[31] 

The fluorescence intensity and the absorption band of gold nanoparticles are 

concentration and particle size-dependent because a change in size from 10 nm to 50 

nm can shift the maximum extinction of the SPR Band from 517 nm to 532 nm in the 

visible region. In addition, radiative properties such as absorption and scattering can 

be enhanced by SPR effect offering more applications in biological and medical field. 

For example, gold nanoparticles/titanium dioxide system has been proved to be 

efficient photo catalyst for some reactions.[30] 
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2. Electrochemical Properties 

Since the electrical property of gold particles has been intensively studied in past few 

years it was found that electron transport is not confined to the discrete energy levels 

of several atoms but appears as a continuum energy level. Therefore, surface 

charging and electron transport processes in gold nanoparticles may be understood 

with relatively simple classical physical expressions, as for resistance/capacitor 

electronic circuit diagrams. The electrical property of gold nanoparticles only 

depends on their size and the surrounding medium, which has been used for many 

applications, such as electrical biosensors and electronic chips.[30] 

3.3.3 Contrast agents & Composition  

 

As it has already mentioned in the previous chapters the composition of an x-ray 

contrast agent plays an important role in X-Ray attenuation and in contrast 

enhancement. Namely, the x-ray attenuation of a contrast agent is dependent on the 

atomic number, bulk density, x-ray source energy spectrum and presence or location 

of x-ray absorption edges. For this reason, Gold is an ideal contrast agent because of 

its high atomic number (Z = 79), and its absorption edge (k = 80.7) which is in the 

diagnostic X-ray energy range. Gold also exhibit a high mass attenuation coefficient 

(μ/ρ) and is thus a good candidate for x-ray contrast agents in soft tissues.[32]  

 

Figure 3.7: Schematic representation of the oscillation of conduction electrons across the nanoparticle in the 
electromagnetic field of the incident light. Adapted from ref. [31] 

 

 

Figure 3.8: Gold nanoparticles provide greater contrast compared with iodine. a) gold nanoparticles, b) iodine. Adapted 
from: http://www.nanoprobes.com/newsletters/ImgGold.html 

http://www.nanoprobes.com/newsletters/ImgGold.html
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Furthermore, gold nanoparticles have high molecular weight, which increases the 

available imaging window, for this reason, provide 2.7 times greater contrast per unit 

weight and exhibit longer vascular retention time than iodine molecules do.[33] 

The x-ray photon energy, which governs the initial intensity (Io), influences the x-ray 

attenuation coefficient. As the incident photon energy from the x-ray source is 

increased, the mass attenuation coefficient is decreased. For instance, at lower tube 

potentials, differences in the x-ray attenuation coefficient between two different 

materials are greater, but the radiation dose is also greater! The way where one can 

control the incident x-ray photon energy spectrum is by setting the peak tube 

potential (kVp), which corresponds to the maximum photon energy in the beam and 

the result will be a spectrum of tube potentials below of the maximum energy. 

Typically, the peak tube potential range in clinical radiography is 50–80 kVp and in 

clinical CT is 80–150 kVp in order to achieve sufficient contrast while minimizing 

the radiation dose. The X-Ray attenuation coefficient of gold within these energy 

ranges indicates that gold permits improved contrast enhancement compared with 

iodine. For example, at 80 kVp, the contrast to noise ratio (CNR) for gold 

nanoparticles was only 14% higher than the CNR for iodine but at 140 kVp the 

difference between them increased to 115%. The figure below shows the K-edges for 

iodine and gold which are located at 33.2 and 80.7, respectively. When the mean 

energy of the source spectrum is near the contrast agent K-edge the contribution of 

absorption edges to x-ray attenuation is the greatest, then, one technique that can be 

used to increase the signal-to-noise ratio is the absorption edge subtraction by 

subtracting images taken at energy levels above and below the K-edge of a material 

or contrast agent.[32] 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Mass attenuation coefficients for Gold and Iodine. Adapted from ref. 
[20] 
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3.3.4 Mass concentration of gold nanoparticles & contrast enhancement  
 

Mass concentration of gold nanoparticles contributes significantly to x-ray 

attenuation. At the photon energy ranges used in radiography and CT (25–140 keV), 

high atomic number elements such as Gold is primarily governed by photoelectric 

absorption due to differences in mass concentration. Therefore, the delivery of a 

greater mass concentration to the site of interest will lead to greater x-ray attenuation 

and thereafter to contrast enhancement; In addition to studies that have been done in 

phantoms have shown that the x-ray attenuation of AuNPs increases linearly with 

mass concentration and a differential contrast (ΔHU) of at least 30 HU is demand for 

visibly apparent contrast enhancement in clinical CT. It is noteworthy to mention that 

the dose of AuNPs which is used at the site of interest for contrast enhancement 

depends on its background signal. The minimum detectable mass fraction of a 

contrast agent within a given matrix can be calculated by the change in the mass 

attenuation coefficient per change in the mass fraction of the contrast agent, for 

instance, the bone is a biological tissue with a high background x-ray attenuation and 

require a higher mass fraction of gold than a tumor with low-attenuating background 

does. [32] 

On the other hand, adverse side effects such as toxicity may be caused in vivo in case 

of large doses of exogenous contrast. So, it is necessary to clarify the appropriate 

dose of the contrast agent in order to avoid cytotoxicity while enhancing contrast. 

One of the main limitations of CT is that demands a high mass concentration, 

typically in the millimolar range, of contrast agent for contrast-enhanced imaging, 

while MRI can detect micromolar concentrations.[32] 

3.2.5 AuNPs: three potential application in diagnostic imaging 

Gold nanoparticles as contrast agents can be categorized by three potential 

applications of diagnostic imaging:1) blood pool, 2) passive targeting and 3) active 

targeting. 

1. Blood pool contrast agents are usually of high molecular weight. They also 

have large sizes, so they remain in the bloodstream for a longer time period by 

limiting diffusion through the vascular endothelium in order to enable a 

longer imaging window.[32] 

1)  Passive targeting relies on the enhanced permeability and retention effect 

where AuNPs accumulate nonspecifically within the site of interest. Passive 

targeting utilizes the pathophysiological properties of the tumor tissue, this 

happens because the vasculature of the tumor can be characterized as leaky 

which allows the nanoparticles to accumulate easily in tumor’s 

microenvironment.[32] 

2) Active targeting is the ability to deliver and retain a contrast agent at a 

specific target site. One way to accomplish active targeting is by  surface 

functionalization with ligands such as peptides, aptamers or antibodies, then 

these ligands interact with their receptors on the tumor cells.[34] [32] 
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Gold nanoparticles have been intensively studied for biomedical applications owing 

to their unique properties and high biocompatibility. To date, various gold 

nanostructures including spheres, rods, shells, and cages have been prepared. To sum 

up, they offer increased: 

1. chemical stability 

2. long circulation times, and an obvious advantage compared to molecular 

contrast agents in terms of X-ray attenuation. Gold (Z = 79; absorption edge k 

= 80.7) has better X-ray attenuation properties than iodine  

3. non-toxicity 

4. biocompatibility (some recently published studies on the toxicity of AuNPs 

indicate that AuNPs may exhibit toxicity in certain particle-size ranges in 

vivo. 

 

 

Figure 3.10: :1 ) blood pool, 2) passive targeting and 3) 
Active targeting. Adapted from ref. [32] 
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3.4 Synthesis of Gold Nanoparticles 
 

3.4.1 Synthesis of Au Colloids 
 

There are many types of AuNPs which can be categorized depending on the size, 

shape, and physical properties. The first achievement in studying of AuNPs was Au 

nanospheres, although they were not exactly spherical in a strict sense. Subsequently, 

various other forms were reported, such as nanorods, nanoshells, and nanocages. As 

time goes by, the synthesis techniques were continuously developed and many 

protocols became available, so nowadays, many forms of different sizes and could be 

well creative. [35] 

For AuNPs preparation two main methods have been reported: a) the “Top-Down” 

and b) “Top-Up” method. In the Top-Down method, nanoparticles are synthesized by 

removing existing material from larger entities, especially in Gold nanoparticles, bulk 

gold reduced in dimensions to the nanoscale pattern, conversely, in Top-Up method 

nanomaterials are built up atom by atom. A general schematic diagram of these two 

strategies is represented in Figure below. Typically, the preparation of AuNPs by 

chemical reduction involves two major parts: [36] 

 

(i) reduction of a gold precursor, which will be a gold salt solution, using suitable 

reducing agents like borohydrides or citrate, to produce the Au (0) and 

(ii) stabilization of the obtained AuNPs by suitable stabilizing or capping agents 

like citrate or alkanethiols, which prevent aggregation of nanoparticles 

from forming a metallic precipitate. 

 

 

 

 

 

Figure 3.11: Basic approaches for nanoparticle preparation. Adapted from ref. [36] 
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Although more advanced and precise methods do exist for gold nanoparticles 

synthesis, the most widespread method is the reduction of chloroauric acid 

(H[AuCl4]) in a liquid. The solution is rapidly stirred while a reducing agent is added 

(citrate), producing monodisperse Au nanospheres. This causes Au3+ ions to be 

reduced to neutral gold atoms. As more and more of these gold atoms form, the 

solution becomes supersaturated, and gold gradually starts to precipitate in the form 

of sub-nanometer particles. To avoid particles from aggregation, some sort of 

stabilizing agent that sticks to the nanoparticle surface is added. They have also the 

option of functionalizing by various organic ligands and creating organic-inorganic 

hybrids with advanced functionality. [37] 

  

Additionally, the shape and size of Au nanospheres would depend on controlling the 

synthesis parameter, such as concentrations of the reactants, HAuCl4, and block co-

polymers. In smaller nanospheres, the absorption peak is close to 510 nm while in 

larger the peak reaches to 550 nm. So, as the particle size increased, the absorption 

peak shifted to a longer wavelength, and the width of the peak indicated the range of 

size distribution. Interestingly, several investigators tried to grow Au nanospheres in 

a human cell.[35][38] 

 

 

 

 

Figure 3.12: Smaller nanospheres primarily absorb light and have peaks 
near 520 nm, while larger spheres exhibit increased scattering and have 
peaks that broaden significantly and shift towards longer wavelengths 
(known as red-shifting). Adapted from : 
https://nanocomposix.eu/pages/gold-nanoparticles-optical-properties 

https://nanocomposix.eu/pages/gold-nanoparticles-optical-properties
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3.3.2 Various Methods of Gold Nanoparticles Synthesis 

3.4.2 Turkevich method  

 The method pioneered by J. Turkevich et al. in 1951 and refined by G. Frens in 

1970s, is the simplest one available. Generally, it is used to produce monodisperse 

spherical gold nanoparticles suspended in the water of around 10–20 nm in diameter. 

Larger particles can be produced, but this comes at the cost of monodispersity and 

shape. It involves the reaction of small amounts of hot chloroauric acid with small 

amounts of sodium citrate solution. The colloidal gold will form because the citrate 

ions act as both a reducing agent and a capping agent. o Recently, the evolution of the 

spherical gold nanoparticles in the Turkevich reaction has been elucidated. 

Interestingly, extensive networks of gold nanowires are formed as a transient 

intermediate. These gold nanowires are responsible for the dark appearance of the 

reaction solution before it turns ruby-red. To produce larger particles, less sodium 

citrate should be added (possibly down to 0.05%, after which there simply would not 

be enough to reduce all the gold). The reduction in the amount of sodium citrate will 

reduce the amount of the citrate ions available for stabilizing the particles, and this 

will cause the small particles to aggregate into bigger ones (until the total surface area 

of all particles becomes small enough to be covered by the existing citrate ions).[39] 

3.4.3 Brust method  

This method was discovered by Brust and Schiffrin in the early 1990s and can be 

used to produce gold nanoparticles in organic liquids that are normally not miscible 

with water (like toluene). It involves the reaction of a chloroauric acid solution with 

tetraoctylammonium bromide (TOAB) solution in toluene and sodium borohydride as 

an anti-coagulant and a reducing agent, respectively. o Here, the gold nanoparticles 

will be 2 to 6 nm in diameter. NaBH 4 is the reducing agent, and TOAB is both the 

phase transfer catalyst and the stabilizing agent.[39] 

3.4.4 Martin Method  

This method, discovered by the Eah group in 2010, generates “naked” gold 

nanoparticles in water by reducing HAuCl4 with NaBH4. Even without any other 

stabilizer like citrate, gold nanoparticles are stably dispersed. The size distribution is 

nearly monodispersing and the diameter can be precisely and reproducibly tunable 

from 3.2 to 5.2 nm. The key is to stabilize HAuCl4 and NaBH4 in the aqueous stock 

solutions with HCl and NaOH for >3 months and >3 hours respectively. In addition, 

the ratio of NaBH4-NaOH ions to HAuCl4-HCl ions must be precisely controlled in 

the “sweet zone”.[39] 

3.4.5 Sonolysis  

In one such process based on ultrasound, the reaction of an aqueous solution of 

HAuCl4 with glucose, the reducing agents are hydroxyl radicals and sugar pyrolysis 

radicals (forming at the interfacial region between the collapsing cavities and the bulk 

water) and the morphology obtained is that of nanoribbons with width 30- 50 nm and 
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length of several micrometers. These ribbons are very flexible and can bend with 

angles larger than 90°. When glucose is replaced by cyclodextrin (a glucose 

oligomer) only spherical gold particles are obtained suggesting that glucose is 

essential in directing the morphology towards a ribbon.[39] 

3.4.6  Synthesis of Nanoparticles of Different Shapes-Anisotropic Gold 

Nanoparticles 
 

The properties of nanoparticles (optical, electronic, and catalytic) depend on their size 

as well as on their shape. The isotropic surface growth of gold nuclei leads to the 

formation of spherical AuNPs whereas anisotropic growth of particles induces 

AuNPs of particular shapes. However, the formation of anisotropic AuNPs is much 

more difficult to achieve but can be accomplished by kinetic control or selective 

surface passivation. A variety of different nanoparticle shapes can fabricate and these 

shapes are rods, wires, belts and combs, plates and prisms, polyhedra, cages and 

frames, caps, stars and flowers, as well as dendrites. Figures below show the 

Transmission Electron Microscopic (TEM) and Scanning Electron Microscopic 

(SEM) images of the AuNPs of different shapes and sizes.[36] 

 

 

 

 

 

Figure 3.13: TEM images of different shaped AuNPs. (A) Gold nanorods. (B) plate 
like triangular gold nanoparticles. (C) gold nanoflowers. (D) tetrapod nanocrystal. 
(E) Star-shaped gold nanocrystals. (F) hexagonal-shaped gold nanoparticles. 
Adapted from ref. [36] 
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3.5 Toxicity  
 

The rapid development of nanotechnology and its applications in the biomedical area 

motivated scientist to study the toxic effects which have the nanomaterials when they 

interact with biological systems. A new field has emerged which is named 

nanotoxicology and studies these interactions with an emphasis on identifying the 

relationship between the physicochemical parameters (e.g. size, shape, surface 

modification of nanoparticles) and the occurrence of toxic effects. Gold can be used 

as a functional material in the biomedical field especially when it comes to the 

nanometer scale because it exhibits various favorable properties. 

For any nanomaterial applied in biological systems, and for deeper insight into the 

molecular mechanisms of toxicity, both cell culture and animal experimental models 

for studying nanoparticles should be evaluated comprehensively with enough 

attention paid to the biocompatibility and safety issues. Remarkably, it is observed 

from numerous applications in vitro and in vivo that there are adverse effects. Factors 

might influence the potential toxicity of gold nanoparticles and that toxicity is 

directly related to all these following factors as a function of concentration: 

 

i) size, 

ii) surface chemistry, 

iii) coating materials, 

iv) shape,  

Figure 3.14:  SEM images of gold nanostructures having shapes (A) 
octahedra, (B) cubes, (C) trisoctahedra (D) octahedral (Scale bars: 400 
nm).(E) gold concave  (F) concave trisoctahedra. (G) gold nanocages 
and (H) nano frame. (I) bipyramids and (J) rhombic dodecahedra (K) 
hexagonal bipyramids (Scale bar: 100 nm).(L) Star-shaped gold 
nanocrystals. Adapted from ref. [36] 
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Moreover, it must be considered that when cell interacts with gold nanoparticles there 

is a possibility of cellular toxicity, and as a result cell death. Nevertheless, there are 

two specific forms of cell death i) apoptosis and ii) necrosis. Apoptosis can be 

characterized as a controlled cell death while necrosis is a pathological process that 

occurs in response to externally induced toxicity. The estimation of AuNP safety 

results rather complicated due to a great variety in: "i) types of AuNPs, ii) stabilizing 

coating agents, iii) physicochemical parameters of the NPs (diameter, surface charge, 

surface topography, surface area), iv) incubation conditions (time and concentration), 

v) type of cells used, vi) type of assay used or vii) possible interference of the NPs 

with the assay readout".[40]  

 

3.5.1 Origin and mechanism of toxicity 
 

Nanoparticles and typical cellular components are of similar size, for this reason may 

bypass natural mechanical barriers, possibly leading to adverse tissue reaction or 

cell’s death. The primary interaction site of cells and particles smaller than about 100 

nm is the pericellular space in and around the microcapillaries. Opsonization is a 

process which uses opsonins (antibodies that bind to particle’s surface and enhance 

phagocytosis) to modify chemically a substance and facilitate endocytosis. One way 

to control opsonization is the surface chemistry of particles thus facilitating or 

blocking endocytosis.[41] 

The particle size plays an important role in toxicity. This happens because smaller 

particles can easier be taken up into cells and then exert damage to cells. The impact 

of particle size will be described in more detail below. There is a high possibility of 

nanoscale gold particles to cause oxidative stress. When AuNPs interact with the 

blood serum they catalyze NO generation. In general, endogenous S-Nitrosothiols 

(RSNOs) are NO carriers, because they are the most abundant and stable form of NO 

in blood serum.[42] The NO production from AuNPs may eventually result in cell 

apoptosis or necrosis- two different kinds of cell’s death- .Necrosis can be caused by 

strong physical stress (boiling, freezing, etc.) or by fast-acting metabolic poisons. 

After necrosis, inflammation may be caused in the body due to the contents which are 

released from this process. On the other hand, apoptosis is the programmed cell 

death, after this process, no inflammation can occur because the contents are into 

membrane sealed apoptotic bodies which can be cleared by phagocytes. Apoptosis 

can occur in two pathways. In the first which is called intrinsic pathway, the cell kills 

itself because of cell stress, while in the second one, that is the extrinsic pathway, the 

cell kills itself because of signals from other cells.[41] [43] 

Gold nanoparticles, as mentioned before, catalyze NO generation. This oxidative 

stress environment could initiate the autophagic process, which protects the cell from 

death by destroying foreign substances. In the case of a higher production amount of 



40 
 

reactive oxygen species (ROS) gold nanoparticles can be possibly degraded through 

autophagy and thus exerted less damage to DNA. [41]  

 

3.5.2 In vitro toxicity of gold nanoparticles and cellular uptake. 
 

Generally, in vitro experiments on cell cultures is a basis for understanding/testing 

the toxicity mechanism of nanoparticles and nanoparticle uptake at the cellular level. 

In the case of the vital cell, nanoparticles could have many adverse effects such as 

DNA or organelle damage, apoptosis, mutagenesis, ROS production, oxidative stress 

and protein up/down regulation. It must be taken into consideration that the results of 

in vitro studies may not accurately predict the in vivo toxicity.[44] 

The mechanisms which are used from cells for internalizing macromolecules and 

particles are phagocytosis, micropinocytosis, and receptor-mediated endocytosis 

(RME) pathways. Cellular signaling cascades, receptors, and type of particles are 

some of the different ways that these pathways use to internalize particles. In the case 

of particles >500nm, phagocytosis occurs, where RME pathways operate for smaller 

particles. For gold nanoparticles, RME has been proposed as the primary mechanism 

of cellular entry because most of the studied nanoparticles have dimensions less than 

100 nm.[44] 

 

3.5.3 Impact of particle size and concentration  

 

The size of gold nanoparticles was found to play a critical role that dominates their 

properties. The cytotoxicity of gold nanoparticles depends on particle size since 

particle size controls endocytosis effectiveness, cellular localization and 

accumulation sites in vivo.[45] In the nanometer scale, gold nanoparticles, which are 

1 nm–200 nm in diameter, can be easily taken up by cells and this process of taking 

up is related to the size. It has been proved that the uptake of them is mediated by 

nonspecific adsorption of serum proteins onto the gold surface, and they are taken up 

into the cells via the receptor-mediated endocytosis pathway.[46] 

On the other hand, a significant key parameter is the concentration of gold 

nanoparticles that has an effect on cytotoxicity, too. Under high concentration, the 

cell morphology changes. There is also a relationship between particle size and 

concentration in toxicity effects. In the following figure, one can see that in the 

presence of larger gold nanoparticles in lower concentrations the viability rate is high. 

Nanoparticle-induced autophagosome accumulation is size dependent, and it results 

from the blockade of autophagic flux. Besides, as shown in Fig.3.16, cell viability 

was related to particle size. 
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Table 3.2: The average size of J774 A1 macrophages treated with AuNPs or AgNPs of various sizes. The cells were 
incubated with culture medium containing NPs at 1 ppm and 10 ppm for 24, 48, and 72 h. Significance p < 0.05: 

cell average size larger than control. Adapted from ref. [47] 

Figure 3.15: Viability of K562 cells in the media after exposure to gold 
nanoparticles with three different diameters  labeled as small (1–3 nm), 
medium (6–7 nm) and large (15–20 nm) for 48 h. After entering into 
cells, the gold nanoparticles induced oxidative damage, as well as 
autophagosome formation possibly to protect the cell from damage by 
oxidative stress. Continuous ROS generation was actually the toxicity 
mechanism causing cell damage. As for the cell death. Copyright 2011 
ACS.   Adapted from ref. [83] 

 



42 
 

The average size of J774 A1 macrophages treated with AuNPs or AgNPs of various sizes. The 

cells were incubated with culture medium containing NPs at 1 ppm and 10 ppm for 24, 48, 

and 72 h. Significance p < 0.05: cell average size larger than control.[47] 

 

The physiochemical properties of gold nanoparticles can change if they interact with 

components such as serum proteins, essential amino acids, vitamins, electrolytes, and 

other chemicals (antibiotics, trace metals, etc.), these components are contained in 

cellular growth media for in vitro studies. The nanoparticles have a surface charge to 

stabilize them against aggregation via electrostatic repulsion. When they interact with 

the cellular components especially with electrolytes and the high ionic strength of the 

biological media aggregation may occur via electrostatic screening. Aggregation of 

nanoparticles could influence their ability to interact with or enter cells, and thus adds 

complexity to the system.[44] 

 

The cytotoxicity of gold nanoparticles varied significantly with different sizes. As 

mentioned before, particle size affects the transport of nanoparticles into the cells as 

it plays also a significant role in sedimentation, agglomeration, and diffusion of 

nanoparticles. It is also reported that gold nanorods are more cytotoxic than 

nanospheres. These findings emphasize the importance of correlating specific size 

and shape with toxic biological responses.[40] 

 

3.5.4 Impact of charge and surface functionalization  
 

The charge of nanoparticle has a crucial impact on cytotoxicity. Cationic 

nanoparticles are able of binding to negatively charged DNA. When this binding 

happens between DNA and highly positive gold nanoparticles, occurs bending and 

damage to DNA. On the other hand, anionic nanoparticles can be internalized within 

a cell through endocytotic pathways. The change in the particle charge is one 

important effect of the particle surface functionalization since electrostatic 

interactions influence cellular uptake much stronger than hydrophobic or wan der 

Waals interactions [48]. Despite the fact that gold nanoparticles have a positive 

effective surface charge upon preparation, they are no longer cationic in the cellular 

media, because in many cases several plasma proteins adsorb on nanoparticles 

surface spontaneously, so the surface chemistry of gold nanoparticles when they 

interact with cellular media changes outright. Instead, the nanoparticles adopt the 

physicochemical properties of the adsorbed protein shell: a protein corona. Although 

a complete understanding of nanoparticle-protein interaction is lacking, the adsorbed 

protein layer strongly influences cellular uptake and particle biodistribution, 

ultimately conditioning particle toxicity.[40]  
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Surface functionalization of nanomaterials is required especially for therapeutic or 

diagnostic purposes in nanomedicine. Peptides, ligands or chemical groups are some 

of the biomolecules were used for nanomaterial functionalization. These 

biomolecules combined with nanomaterials can achieve specific purposes such as 

targeted delivery of the drug, nucleic acid, or co-delivery to cells or disease sites or 

improve their biocompatibility. So, investigating the cellular toxicity of gold 

nanoparticles with regard to surface modification remains worthwhile. 

The cellular membrane is negatively charged because there are differences in the 

concentrations of ions on opposite sides of the membrane that is lead to a voltage 

called the membrane potential. Typical values of membrane potential may vary 

from– 40 mV to –70 mV. This membrane potential has a great influence in the 

cellular toxicity.in the presence of positively charged NPs, they transport into cells 

Figure 3.16: This figure demonstrating the 

formation of protein corona on a gold nanoparticle 

surface. Adsorption of serum proteins [SP] onto the 

surface of gold nanoparticles flips their effective 

surface charge from positive value (upper panel) to 

negative value (bottom panel). On the left, the 

change in the ζ-potential is shown. Adapted from 

ref. [40] 
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more easily because of the electrostatic interaction with the negatively charged cell 

membrane, and then resulting in the breakage of cell membranes. Instead, anionic 

surface groups functionalized gold nanoparticles are much safer, which means that 

cellular potential plays a prominent role in intracellular uptake of gold nanoparticles. 

Positively charged nanoparticles depolarize the membrane to the greatest extent with 

nanoparticles of other charges having almost none effect. Such membrane potential 

perturbations result in increased [Ca2+], which in turn inhibits the proliferation of 

normal cells whereas malignant cells remain unaffected. In conclusion, surface 

chemistry and surface charge proved to greatly affect their intracellular 

processes.[49] 

3.5.5 Impact of particle shape 
 

To find out how the shapes of gold nanoparticles influence their toxicity impact, a 

great variety of gold particles had been synthesized by means of researchers and that 

they've explored the results of shapes. Between shapes of rod and sphere which are 

compared in the 10–100nm range, spheres have been taken up extra effectively than 

nanorods. Recently, observation showed that the spherical gold particles show off the 

fastest internalization rate, followed in order by the cubic ones, then rod- and disk-

like nanoparticles. In addition, a similar behavior to sphere particles have star 

particles too. Meaning that may be quickly wrapped by the cellular membrane. The 

following figure indicates the cellular viability versus particle’s concentration in three 

distinctive particle shapes.[46] 

 

Figure 3.17:  Wang et al. prepared three gold nanoparticles with different shapes including rod-, cage- and 
hexapod-like particles. Hexapod-like particles exhibited the lowest cytotoxicity and the highest cellular uptake in 
vitro for both as-prepared and PEG-modified particles as shown in the figure. (A) Cell viability of MDA-MB-435 
cells after incubation with the as-synthesized Au nanohexapods, nanocages, and nanorods for 48 h. (B) Cell 
viability of MDA-MB-435 cells after incubation with the PEGylated Au nanohexapods, nanocages, and nanorods 
for 48 h.  Copyright 2013 ACS. Adapted from ref. [46] 
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3.5.6 In vivo assessment 
 

The model of a whole organism behaves in a more complicated way, than a single 

cell or a culture of cells. Consequently, toxicological studies are required to assess the 

safety of nanoparticles on the animal experimental model, in vivo [44]. Some of the 

health indicators which are included in these studies are weight loss, behavioral 

abnormality, average life span, and percent of mortality. To dedicate and determine 

the fate of nanoparticles that administered to a living organism is crucial to study the 

pharmacokinetics of them. From a pharmacokinetic study, ones can collect 

information about nanoparticle’s absorption, biodistribution, metabolism, and 

removal techniques. 

The biodistribution of gold nanoparticles into specific tissues can be studied by 

means of isolation of the organ followed by means of acid digestion to oxidize and 

extract the gold ions. The same concept can be employed to study the blood and renal 

clearance of gold nanoparticles by analyzing the gold content in the blood or urine 

samples as a function of time.[46] 

 

The behavior of gold nanoparticles in vivo is described below: 

Gold nanoparticles could enter the organism by these six routes: dermal, intravenous, 

inhalation, oral, subcutaneous, and intraperitoneal. Afterward, the gold nanoparticles 

interact with biological particles such as proteins in an absorption process. Then, they 

are coming in lymph stream and bloodstream so they can be carried to different 

organs and tissues where may remain their own structure or metabolized/modified. 

They can also enter the cells by transcytosis mechanism or through the cell 

membrane by diffusion.it is noteworthy, that nanoparticles could enter not only in 

cells but in cell’s organelles, too. So, it is possible to cause toxic effects to cells 

because they may alter cell metabolism which leads to cell death. On the other hand, 

excretion may also occur. To sum up, the factors that influence toxic effects in vivo 

are routes of administration, interaction with biomolecules, metabolism, excretion, as 

well as the properties of the particles such as size.[46],[50] 

 

Experiments modeling the toxic effects of nanoparticles have shown that the 

mechanism of in vivo toxicity arises from many sources. For instance, injecting gold 

nanoparticles in the blood could cause either blood hemolysis or clotting (blood cells 

break open and release their hemoglobin). Additionally, thrombosis can be caused 

because of nanoparticles’ aggregation, stroke, myocardial infarction, and other 

disorders. Furthermore, concentration, particle size, surface charge, and particle 

shape highly influence the in vivo fate of gold. For example, high concentrations of 

gold nanoparticles could induce decreases in body weight, red blood cells, and 

hematocrit[51]. It was also observed that surface charge affects the biodistribution of 

gold nanoparticles with positively charged particles accumulated mainly in the 

kidneys while negative and neutral particles in the liver. In the case of a smaller size 

and a negative charge it was noticed a higher absorption across intestinal membranes 
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and further accumulation in secondary organs. Other types of toxicity that could 

nanoparticles cause are hepatic and splenic toxicity which is due to their 

accumulation into these organs. Finally, according to the particle's shape distribution 

could be in blood, tumor, and organs; So, the shape and the morphology play an 

important role in circulation and in biodistribution, too. [46][50] 

 

3.5.7 Impact of administration routes in animal models 
 

For toxicologic evaluation in vivo, an animal model is used (mice are in most cases). 

The toxicity is determined by many parameters such as the route of exposure and 

immune response. Different administration routes which are used in experiments 

show that there are toxicologic effects which differ from one route to another. It was 

observed after oral administration in mice affects the digestive system, mucosa due 

to the morphologic and physiologic absorption barriers in the gastrointestinal tract, 

and cause strong gastrointestinal persorption effects. In the case of intraperitoneal 

injection, it was found that the absorption of nanoparticles is better and more rapid 

because of the dense blood vessels and lymph in the murine peritoneum. Another 

advantage of this method was that the effect of body weight was less than that by oral 

administration. There is also dependence of body weight by some different 

administration routes. The widespread route of administration which is used for the 

lowest toxicity in mice is the tail vein injection. The injection’s benefits are that it is a 

less invasive procedure for the animal, shows the highest colloidal stability and non-

aggregation. To clarify the influence of administration on the toxicity, the oral and 

intraperitoneal injection shows the highest toxicity, and tail vein injection shows the 

least toxicity.[51]  

 

 

Table 3.3 : Weight of organs for liver, lung, spleen, kidneys, brain, heart, and thymus by using oral, 
intraperitoneal, and tail vein injection at doses of 1100 μg/kg at 28 days. Adapted from ref. [51] 
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3.5.8 Effects on the immune system 
 

Gold nanoparticles except for toxicity that may cause in an organism they may also 

affect the immunological response of cells. Due to the fact macrophages have a key 

role in the regulation of inflammatory response, they interact with functionalized 

nanoparticles. More specifically, it is found that macrophages, when interacting with 

gold nanoparticles, become larger in size and also change their morphology; these 

differences of the initial macrophages correspond to cell’s activation. Furthermore, 

the immunological response of macrophages increased with the decreased size of 

gold nanoparticles [47].[46] 

 

3.6 Size & morphology 
 

3.6.1 The quantum size effect - The principle 
 

Gold nanoparticles exhibit unique size and shape-dependent physical and chemical 

properties different from those of the corresponding bulk materials. The properties of 

a material are basically determined by the type of motion its electrons can have, in 

the case of reducing the size of materials to the nanometer range, quantization effects 

are appeared due to the confinement of the movement of electrons. For electrons 

which are unbound, motion is not quantized and can absorb any amount of energy. 

On the other hand, once an electron is bound in a given limited space, its motion is 

said to be confined and quantization, this leads to discrete energy levels depending on 

the size of the structure.[52],[36] 

 

 

 

Figure 3.18: A) Density of states for a 3D system (bulk 
material). B) Density of states for a 0D 
system(nanoparticle). Adapted from ref. [53] 



48 
 

The energy separation between the allowed energies of the different types of motion 

depends on the space in which the motion is bound. The smaller the space, the 

stronger the confinement and the larger the energy separation. The confined electrons 

have higher energy than those in bulk, and it depends on the particle’s size.[53]  

The energy shift is derived by:  

   (3.1) 

 

Where, 

n: principal quantum number 

h: Planck constant 

m: effective mass 

a: particle’s radius 

 

To conclude, when the particle comes in nanometer dimensions, its electronic 

properties change, that’s called the quantum size effect. Quantum size effect occurs if 

the size of the particle approaches the characteristic length scale that determines the 

coherence of its wavefunction. Thus, while the properties like mechanical, electrical, 

magnetic, optical and chemical properties of the bulk material are independent of size 

and shape, they change and become sensitive to its size and shape at the nanometer 

length scale.[36] 

 

3.6.2 Effect of size on Physical Properties 
 

As it has already been mentioned, the physical properties such as color, density, 

melting point, mechanical strength and conductivity of nanoparticles show variation 

from the bulk material and are sensitive to their size and shape as well as their 

environment. The mechanical properties like elasticity of materials change 

dramatically as the size approaches the nanometer scale. The hardness and 

mechanical strength increase with decreasing crystalline size. As the particle size of 

gold becomes smaller (<2 nm) the valence and conduction bands become narrower 

and a gap appears between them causing the metallic character to disappear. 

 

Figure 3.19: Gold nanoparticles of different sizes producing different 
color and energy shift. Adapted from ref. [53] 
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A variation is also observed in the melting points of gold nanoparticles when particle 

size gets smaller. Due to the large ratio of surface atoms to inner atoms nanomaterials 

may have a significantly lower melting point compared to the bulk melting point. 

This decrease in the melting temperature as the particle size is made smaller, is due to 

the higher surface energy of the surface atoms because of the reduced interaction 

between the surface and the inner atoms due to decrease in the mean number of 

neighboring atoms such that the attractive forces of the core are very weak so that the 

surface atoms are able to move at lower temperature. The melting point of bulk gold 

is 1337 K but starts to decrease in the nanometer scales most prominently below 20 

nm. Electrical properties of AuNPs also behave differently than those for the bulk 

gold. Electrical conductivity decreases with a reduced dimension due to increased 

surface scattering.[36] 

 

 

Additionally, as particle decreases in size, optical characteristics change. A greater 

percentage of its atoms exist on the surface of the nanoparticle. For this reason, 

electronic structure, surface charge behavior, and surface reactivity can be 

altered.[54]  In optical applications of nanoparticles, an important and remarkable 

factor becomes the simplification of the size distribution of the particles. When the 

particle’s size decreases, the specific surface area increases which mean that there is 

an increase also in the surface energy of nanoparticles. Consequently, there is a great 

possibility for aggregation which occurs when physical processes bring particle 

surfaces in contact with each other and short-range thermodynamic interactions allow 

for particle-particle attachment to occur. Nanoparticles after their growth to the 

desired optimal size, it will be necessary to stabilize the particulate surface by the 

addition of a dispersing agent.[36][54] 

 

 Surface coatings are used also for stabilization of NPs because they enhance the 

electrostatic, steric, or electrosteric repulsive force between NPs and thus prevent 

aggregation. Three classes of typical surface coatings are surfactants, polymers, and 

polyelectrolytes. Surfactants increase surface charge and electrostatic repulsion or 

reduce interfacial energy between solvent and particle, thus, prevent aggregation and 

enhance dispersion stability. Polymers can be naturally occurring or synthetic and 

provide dispersion stability, too. Further, polyelectrolytes which are charged 

polymers with ionizable groups can impart a positive or negative charge to the 

particles. In many cases, polyelectrolytes can act as both reducing and stabilizing 

agents that prevent oxidation and agglomeration.[54] 
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Above some stabilizing factors are mentioned by naming: PEG, 

cetyltrimethylammonium bromide (CTAB), zwitterionic ligands, lipid bilayer, 

protein coatings, glycans, Poly(Maleic Anhydride) Based Polymers, Mercaptoalkyl 

Acid Ligands, Aptamers.[55]  

 

3.6.3 Effect of contrast enhancement  
 

Despite the fact that the size and morphology of AuNPs influence the absorption and 

scattering of visible light, no such effect exists for x-ray imaging. The x-ray 

attenuation of AuNPs and chloroauric acid solutions increases linearly with 

increasing gold concentration, as expected, but is independent of the particle 

diameter. In radiography and CT, the photon energy levels are from 25 to 140 keV. 

At these energy levels the x-ray attenuation of high atomic number elements, such as 

Gold, is governed by the photoelectric absorption as a result of differences in mass 

concentration, while, Compton scattering, is insignificant in comparison. Thus, there 

is no measurable effect of nanoparticle size on x-ray attenuation in x-ray absorption 

imaging systems. Any increase in x-ray attenuation with decreased AuNP diameter is 

most likely to be due to colloidal instability. The morphology of AuNPs was also 

shown to have no effect on x-ray attenuation at an equal mass concentration. 

[32],[56] 

 

 

 

Figure 3.20: Three typical interparticle repulsion mechanisms provided by 
the surface coating molecules. Adapted from [54] 
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Although the size and shape of AuNPs do not affect the x-ray attenuation for a given 

mass concentration, size and shape can significantly impact the delivery of a high 

mass concentration and thus contrast enhancement at the site of interest. For example, 

larger AuNPs (38 nm) that were targeted to lymph nodes in vivo enabled greater x-

ray contrast compared with smaller targeted AuNPs (28 nm) fig. (3.22).[32],[56] 

 

3.6.4 Effect on Deliverability 
 

The deliverability of gold nanoparticles in vivo is governed by blood retention time, 

colloidal stability and biodistribution where these parameters are affected by the size 

of AuNPs. Blood retention times of gold agents must be long because by this way 

there is an extending in the imaging window compared with other contrast agents (i.e. 

iodinated agents). Additionally, long blood retention times ensure passive or targeted 

delivery of gold nanoparticles to the site of interest. As mentioned in the literature, 

the renal system exhibits a 6 nm cutoff diameter for glomerular filtration such that 

AuNPs less than this size are rapidly excreted through the kidney, typically within 5 

min. On the other hand, AuNPs larger than 10 nm have been detected in the blood 24 

h after intravenous injection, indicating sufficient blood retention. When the size of 

nanoparticles decreases from 250 nm to 10 nm then there is an overall distribution of 

AuNPs to other organs such as spleen kidneys, lungs, and brain. In any case, and 

regardless of the size of AuNPs the liver accumulates the highest concentration of 

AuNPs after intravenous delivery in vivo. [57],[32] 

 Colloidal stability refers to the long-term integrity of dispersion and its ability to 

resist phenomena such as particle aggregation and can be assessed by monitoring 

dispersion in solution by measuring the hydrodynamic diameter using dynamic light 

scattering, the location of the surface plasmon resonance peak using ultraviolet-

visible spectroscopy and the ζ-potential. Colloidal stability is achieved when 

repulsive Coulomb forces (Fr) exceed attractive van der Waals forces (Fa). These 

Figure 3.21: Average CT density differences (HU) Hounsfield units) of inguinal lymph nodes between the baseline 
scan before injection, and 1 or 48 h after injection of gold nanoparticles, respectively. Anti-CD4-targeted 
nanoparticles induced higher contrast enhancement than control particles of identical size in all cases, and larger 
particles led to stronger enhancement than smaller particles. Adapted from ref. [56] 
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attractive van der Waals forces are minimized with decreased particle diameter. A 

systematic evaluation of AuNPs exhibiting various particle diameters with surface 

chemistry held constant demonstrated that 20 and 40 nm AuNPs were stable in 

physiologic media for over 48 h, while 80 nm AuNPs aggregated by 24h. [57],[32] 

As it has been mentioned before, the size of nanoparticles affects also the 

biodistribution. Zhang et al.found a significant change in biodistribution of two 

different sizes of AuNPs. The biodistribution evaluated with gamma imaging, the 

radioactivity in mice injected with both 20 nm and 80 nm AuNPs was largely seen in 

the liver and the spleen but there was observed a noteworthy difference. In mice 

which are injected with 80 nm, AuNPs the uptake in the liver and spleen was 

significantly higher than those that are injected with 20 nm AuNPs while the uptake 

in other organs like heart, kidney, lung, stomach, intestine, and tumor was higher in 

mice with 20 nm AuNPs. That result suggests that in case of AuNPs with a smaller 

size, there is a higher possibility to be excreted via the urinary and hepatobiliary 

system and have also a prolonged resident time in the blood so they might be 

extravasated from tumor blood vessels.[57] 

 

 

 

 

 

 

 

Figure 3.22: Biodistribution of 20-nm and 80-nm gold nanoparticles (AuNPs) coated with 
thioctic acid-anchored polyethylene glycol with a molecular weight of 5000 in mice bearing 
subcutaneous A431 tumors. Adapted from ref. [57] 
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3.6.5 Effect on Targeting Ability 
 

AuNP size affects targeting or localization to the site of interest. However, the 

specific route for internalization is dependent on the surface chemistry, more than the 

AuNP size but in case of receptor-mediated endocytosis of AuNPs was shown to be 

governed by the size of AuNPs. As mentioned in the literature, 50 nm mean particle 

diameter was internalized at a faster rate compared with smaller (15 or 30 nm) and 

larger (74 or 100 nm) AuNPs, resulting in a greater number of AuNPs per cell.  

Although the most critical consideration of size in the targeted delivery of AuNPs as 

a contrast agent is to deliver the higher mass concentration of AuNPs to the site of 

interest, the localization of them within a tumor in vivo is highly depended on their 

size due to a 100–200 nm diameter of transvascular pores and fenestrations. For this 

reason, AuNPs must be smaller in diameter than 100 nm for passive or active tumor 

targeting.[32] 

 

 

3.7 Surface functionalization of gold nanoparticles 
 

Gold nanoparticles provide suitable properties for sensing, catalysis, and medicine 

due to their capability of surface functionalization. There is a myriad of molecules 

which play an important role in the conjugation process between them and 

nanoparticles. These molecules are thiol, amine, disulfide, carboxylate and phosphine 

ligands, drugs, peptides, antibodies, saccharides, lipoproteins, DNA and proteins, 

siRNA, etc. However, thiol ligands have been most widely used due to their strong 

covalent bonding with gold (30–40 kcal/mol). [58] 

 Functionalized gold nanoparticles can be used for a large spectrum of biomedical 

applications, ranging from in vitro biosensing to in vivo drug/gene delivery. Surface 

modification could be useful for many reasons; first of all, the facile coupling process 

between gold and thiol enables various stabilization and prevention of their 

aggregation that enhances AuNPs’ utility. Furthermore, the use of thiolated ligands 

permits biocompatible polymers such as PEG and zwitterionic polymers to conjugate 

to AuNPs and improve their in vivo stability and increase their circulation lifetime. 

Consequently, these AuNPs are able to preferentially accumulate at tumor sites 

through a passive or active targeting mechanism and enter cells through 

endocytosis.[58]. One the other hand, it has been referred that in case of gold 

nanorods the capping ligands on them may be cytotoxic so it is necessary to remedy 

this problem by modifying the surface.[59] 
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3.7.1 Surface Functionalization: Active and Passive Targeting  
 

Surface functionalization of gold nanoparticles is a powerful tool to enable drug targeting 

and contrast enhancement of AuNPs to a site of interest, where in most cases this site of 

interest is a tumor. There are two methods used for targeting: 1) Active targeting 2) Passive 

targeting. Active targeting to a site of interest enables specific contrast enhancement and it 

has been studied in vitro that cells which are positive for the receptors are internalizing 

actively targeted AuNPs in greater amounts compared with nontargeted AuNPs or when 

incubated with cells that lack the receptor. Nonetheless, active targeting of functionalized 

AuNPs could enable a transformational shift in CT from an anatomic imaging modality to a 

combined anatomic and molecular imaging modality. In passive targeting AuNPs can escape 

vessels and enter the tumor through transvascular pores formed by a distortion of the 

endothelial layer of blood vessels feeding the tumor; furthermore, in case of passive tar-

geting of surface-functionalized AuNPs, a two-fold increase in the x-ray attenuation of the 

tumor happens compared with before the delivery of AuNPs.[32] 

 

 

Figure 3.23: Schematic representation of a multifunctional 
nanocarrier. These innovative NPs comprise nucleic acids such as RNA and 
DNA used for gene silencing approaches and in colorimetric assays, 
respectively. Aptamers and anticancer drug molecules are also used for 
delivery to the target tissue. Carbohydrates may be useful as sensitive 
colorimetric probes. PEG is used to improve solubility and decrease 
immunogenicity. Responsive nanocarriers can also trigger reaction upon 
external stimuli through the functionality of valuable tumor markers, 
peptides, carbohydrates, polymers and antibodies that can be used to 
improve nanocarrier circulation, effectiveness, and selectivity. 
Multifunctional systems can also carry fluorescent dyes that are used as 
reporter molecules tethered to the particle surface and employed as 
tracking and/or contrast agents. Adapted from : 
https://www.researchgate.net/figure/Schematic-representation-of-a-
multifunctional-nanocarrier-These-innovative-NPs-
comprise_fig9_263779535 

https://www.researchgate.net/figure/Schematic-representation-of-a-multifunctional-nanocarrier-These-innovative-NPs-comprise_fig9_263779535
https://www.researchgate.net/figure/Schematic-representation-of-a-multifunctional-nanocarrier-These-innovative-NPs-comprise_fig9_263779535
https://www.researchgate.net/figure/Schematic-representation-of-a-multifunctional-nanocarrier-These-innovative-NPs-comprise_fig9_263779535
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3.7.2 Surface coatings on nanoparticle–cell interactions 
 

The plasma membrane defines a boundary between the intracellular environment of the 

cell and its surroundings. It is composed of a phospholipid bilayer with embedded proteins 

and is also a selectively permeable membrane to ions and organic molecules through 

specialized membrane-transport protein channels, while small and nonpolar molecules such 

as O2 and CO2 can readily diffuse across the lipid bilayer. Most other nanoscale molecules 

such as nanoparticles are internalized through endocytosis upon contact with the cell 

membrane and confined in membrane-bound vesicles which are called endolysosomes but 

they are incapable of reaching the cytosol. In many biological applications, it is crucial the 

transportation across cell membranes for the delivery of drugs to the cytosol. This can be 

achieved by utilization of a nanoparticle carrier that can circumvent the natural inability of 

these drugs to penetrate the cell membrane. Among synthetic nanomaterials, only cationic 

nanoparticles such as gold nanoparticles, quantum dots (QDs), and dendrimers are capable 

of penetrating cell membranes However, in the process, they create pores in the cell 

membranes that can lead to cellular toxicity by destroying the delicate concentration 

balance of intracellular versus extracellular ions, proteins, and other important 

Figure 3.24: 2D slices and 3D computed tomography reconstructions showing 
microcalcifications in murine mammary glands (white arrows) before and 48 h 
after intramammary delivery of bisphosphonate-functionalized gold 
nanoparticles in vivo. BP-AuNPs enabled contrast-enhanced detection of 
microcalcifications (red arrows) due to specific binding interactions, retention in 
the microcalcification site and clearance from the contralateral control site. BP-
AuNP: Bisphosphonate-functionalized gold nanoparticle. Adapted from :[32] 
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macromolecules that are required to protect the integrity and the normal function of a cell. 

[60] 

 

3.7.3 Neutral Surface Charge on Nanoparticles Minimizes Cellular Interaction 
 

Functional groups on the nanoparticle surface play a primary role in many 

nanomaterial applications while they determine the properties of nanomaterials such 

as solubility and macromolecule and cell-surface interactions. Typically, the entry of 

nanoparticles into cells by receptor-mediated endocytosis can be achieved by 

incubation of nanomaterials with cells in media results in adsorption of serum 

proteins on their surface. On the other side, there are many applications where 

nanoparticles provide a useful route without interactions with cell membranes or 

other biological macromolecules. In this case, nanoparticles are of neutral charge. 

More specifically, nanoparticles can be coated with a neutral ligand such as poly 

(ethylene glycol) (PEG), which is well-known to resist protein adoption. Neutral 

surface charge on nanoparticles can also be obtained through surface modification of 

nanoparticles with zwitterionic ligands that feature both positive and negative charges 

with an overall neutral charge. The utilization of such ligands has also ensured 

relatively low cell interaction and uptake. It is noteworthy that neutral-charged 

ligands can provide desired results such as minimizing nonspecific interactions of 

nanoparticles with their biological environment if positioned favorably on the 

nanoparticle surface.[60] 

 

3.7.4 Interaction of Charged Nanoparticles with Cells 
 

In contrast to neutral functional groups which prevent undesirable nanomaterial–

biological interactions, the charged functional groups of nanoparticles interact 

strongly with cells. In point of fact, negatively charged cell-membrane surfaces 

adsorb much fewer nanoparticles which are neutral and negatively charged 

nanoparticles and consequently show lower levels of internalization as compared to 

the positively charged particles. Consequently, as cationic particles have been well-

known to bind to negatively charged groups on the cell surface and translocate 

across the plasma membrane, they are the most widespread synthetic carriers for 

drugs and gene delivery. Finally, it has to be clear that interactions of surface-

functionalized nanoparticles with the cell membrane is a very complicated issue 

because it has been observed that slight changes in surface functionalities such as 

the hydrophobic amount of structure can lead to varying amounts of cellular 

internalization, so more studies on functionalization are demand.[60] 
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3.7.5 Oligonucleotide-Coated Nanoparticles 
 

Now, it is well known that nanoparticles can be coated with natural biological 

moieties such as oligonucleotides, peptides, and proteins. Despite the fact that these 

moieties are of negative charge it was observed in studies with mouses that these 

functionalized nanoparticles interact and taken up by mouse endothelial cells. In 

actual fact, the nanoparticles adsorb serum proteins on the surface through 

electrostatic and hydrophobic complementarity and after that interface with the cell 

membrane. It was also found that the uptake of cells is dependent on the density of 

the oligonucleotide because it was observed that in higher densities of them the 

uptake of cells is greater.  

 

 

Figure 3.25: Schematic illustration of gold nanoparticles featuring 
different surface charges and SK-BR-3 breast cancer cells. A) Citrate-
coated and PVA-coated nanoparticles display low affinity of 
interaction with the cell membrane while a B) poly (allyamine 
hydrochloride)-coated nanoparticles show high cell-membrane 
binding affinity. Copyright2009, American Chemical Society. Adapted 
from : [60] 
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Surface functionalization not only affects the quality of NPs (stability, monodispersity, 

and biocompatibility) but also provides functional groups (−COO−, −NH3 +, −CHO, 

and so on) or charges that can be exploited for the bioconjugation or ligand 

exchange. In addition, surface chemistry is of great significance to the orientation, 

accessibility, and bioactivity of the targeting molecule that dictates the sensitivity and 

specificity of the biochemical assays. For certain types of application, NPs may be 

functionalized with a wide range of surface chemistry to prepare functional 

nanoprobes that enable target recognition, effective signal amplification, and 

straightforward signal readout.[61] 

 

3.8 Other Applications - Cancer Targeted Gold Nanoparticles Formulations 
 

3.8.1 Applications of Gold Nanoparticles 
 

Gold nanoparticles have unique physical and chemical properties due to their shape 

and size, so they can be utilized in a variety of applications (Table 3.4). In very early 

ages, colloidal gold was used for coloring glass and ceramics and for the curing of 

several diseases. So, they have been received great attention in research areas during 

the last few decades exploited their different fascinating properties such as electronic, 

magnetic, optical and catalytic properties together with their biocompatibility. In 

medical applications, they are more attractive in the fields of sensing, imaging, 

diagnostics, therapeutics, electronics, energy harvesting, and catalysis.[62] 

 

 

 

 

 

 

 

Figure 3.26: Proteins in the media bind to the antisense oligonucleotide-functionalized gold nanoparticle (ASPN), 
which allows interfacing of the nanoparticle with the cell membrane and its subsequent internalization. Copyright 
2007, American Chemical Society. Adapted from :[60] 
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Table 3.4 Shapes of gold nanoparticles and their applications  

Shape of 

AuNps 

  Size Application  

Nanorod   2-5nm Drug delivery and photothermal therapy  

Hollowparticle   25nm Photo-electronics, catalysis and cancer 

therapy  

 

Triangular 

particle 

 

 

  3.85-7.13nm Highly effective against E. coli and K. 

pneumonia  

 

Faceted 

particle 

  50-100nm 

 

Effective, reproducible, and stable large-area 

substrates for NIR SERS near infra-red 

surface-enhanced Raman spectroscopy 

 

 

Nanocube   50nm Field enhancement applications and 

refractive-index sensing 

 

 

Nanocage   50nm 

 

Effective molecular contrast agent for 

nonlinear endomicroscopy imaging and in 

vivo medical applications 

 

Figure 3.27: Biomedical applications of AuNPs. Owing to their unique physico-
chemical, optical and electronic properties, AuNPs have been exploited for a 
wide range of applications in diagnostics, imaging, delivery, and therapy. 
Adapted from : [84] 
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Nanowire   Thickness, ~80 

nm, Width, ~ 

20 µm, Length, 

~0.15 m. 

Strain sensors  

 

 

3.8.2 Applications of Gold Nanoparticles as Sensors 
 

AuNPs are an important tool in sensing of different chemically or biologically 

important molecules or ions. A typical sensor must feature the following two 

components: (i) a ligand that selectively attaches to the target analyte and (ii) a 

transducer component which shows a measurable change of some property during the 

binding events (i.e. change in conductivity, plasmon resonance absorption, redox 

behavior, etc.).  AuNPs can be excellent scaffolds for the fabrication of novel 

chemical and biological sensors due to their distinct physical and chemical attributes. 

They have also advantageous properties and characteristics for sensing such as 

optical properties, easy synthesis, biocompatibility, high surface-to-volume ratio, and 

surface functionalization with various ligands. However, any detectable response 

signal from AuNPs-sensors can be brought about by a change in any of the 

parameters like size, shape or their environment by the approach of an analyte, where 

analytes can be metal ions, anions, and molecules like toxins, saccharides, proteins, 

and nucleotides. Generally, AuNPs sensors can be categorized in colorimetric 

sensors, fluorescence sensors or electrochemical sensors based on the sensing 

strategy which is used.[36][63] 

 

3.8.3 Gold nanoparticles as drug carriers  
 

In biomedical science, drug delivery is a field of research that has attracted the 

attention of researchers. Gold nanoparticles can be used as drug carriers, which 

means that can release of biologically active medicament at a certain speed and at a 

specific location, because of their SPR, optical, and tunable properties. Nanomaterials 

due to their size can effectively penetrate across obstacles through small capillaries 

into individual cells. Specifically, AuNPs can be prepared in a broad range of core 

sizes (1 to 150 nm), which makes it easier to control their dispersion. Additionally, as 

it has already mentioned in previous paragraphs, they are easily modifiable, so they 

can be functionalized by the addition of various drugs, and they are also non-toxic 

and biocompatible. These characteristics make them an excellent candidate for their 

use as drug carriers. [34] 

 



61 
 

3.8.4 Therapeutic applications of gold nanoparticles  
 

Therapeutic applications of gold nanoparticles are of critical importance in medical 

science because they can be used as carriers of therapeutic agents for targeted 

delivery to desired tissues. Therapeutic agents can be drugs or antisense and short-

interfering (si)RNA. Some therapeutic applications of AuNPs are summarized below:   

 

I. Delivery of chemotherapeutics 

II. Photodynamic therapy (PDT) 

III. Gene delivery 

IV. Radiation therapy 

V. Photothermal therapy (PTT) 

 

3.8.5 Gold nanoparticles for applications in cancer radiotherapy 
 

Mechanisms of radiation damage 

Radiotherapy is a key treatment for cancer patients and relies on the deposition of 

energy in tumor cells. Typically, a tumor can be irradiated by either high-energy 

gamma rays or X-rays (photons) or by energetic beams of ions. The aim of 

radiotherapy as a treatment method is to damage the cancer cells and their 

vasculature, thus induced tumor death or nutrient starvation. The main disadvantage 

of the method is its non-specificity of the dose since it can be delivered to healthy 

tissue along the track. It is also noteworthy to say that radiotherapy is a beneficial 

treatment of about 50% of all cancer patients. [64] 

One way to damage the cancer cells is to damage the DNA. It has been referred to in 

several studies that the main pathway of DNA damage, from irradiation, is through 

the production of water radicals (·OH, NO·, H·, and H2O2). It is also referred that 

70% of cell damage can be caused by water radicals and free species while 30% can 

be caused due to secondary electrons and direct fragmentation of the DNA. 

Specifically, highly reactive molecules such as ·OH disturb the stability of cells’ 

organelles and membranes because they rupture molecular bonds and oxidize DNA 

or proteins of intracellular structures. As it is already known, secondary electrons 

produce also damage to cells at a certain extent by ionization events and this process 

is referred to as the indirect damage. Secondary electrons can cause DNA strand 

breaks and increase the radical yield by interacting with the water medium. 

Generally, the radiation can cause many damaging results to DNA such as i) base 

damage, ii) single-strand breaks (SSBs) or, less frequently, iii)  double-strand breaks 

(DSBs). [64] 
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3.8.6 Gold Nanoparticles & Photon Radiation Interaction 
 

When AuNPs are combined with photon radiation and then both are applied to the 

tumor area, an increase in radiotherapy efficiency is observed. The radiotherapy 

efficiency with the contribution of AuNPs is measured by the dose enhancement 

factor (DEF) which is defined as the ratio of the radiation dose absorbed by the tumor 

cells in the presence of AuNPs to the dose absorbed in the absence of AuNPs. 

However, AuNPs’ concentration, characteristics, and location inside the cell affect 

the DEF. AuNPs have also a high interaction cross-section with the radiation (until 

the megavoltage range) in comparison with the soft tissue and water which 

contributes to the localization of the dose,for this reason they are highly 

radiosensitive. In addition, radiation plays also a major role in radiosensitisation 

effect since it has been shown that the increase in the interaction cross-section of gold 

versus soft tissue decreases at high energies. 

Photon radiation interacts with NPs mainly through the excitation and scattering of 

electrons of the NP. It is also possible to happen the Auger de-excitation and is 

especially likely to take place for high-Z metals like gold due to the photoelectric 

effect scaling proportionally to (Z/E)3. This process leads to one or more Auger 

electrons being emitted with energies below 5 keV. Additionally, more Auger 

electrons can be emitted if secondary electrons from the NPs 

interact further with other NPs. Typically, Auger electrons are responsible for 

ionizing surrounding water molecules and damaging DNA directly while the other 

secondary electrons which are emitted from NPs and absorbed by the medium can 

cause ionization and radical formation. [64] 

 

 

Figure 3.28: Illustration of mechanisms of radiation damage in the presence of nanoparticles. In addition to the 
direct and indirect damage (yellow and red stars, respectively) to DNA or other parts of the cell (a), the incident 
radiation may also interact with NPs (b) (illustrated by dashed, wiggly arrows) and induce the emission of 
secondary electrons. (c)All the secondary species may diffuse and damage other parts of the cell (like 
mitochondria). Adapted from : [64] 
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3.8.7 Physicochemical properties of NPs and their role in radiosensitisation 

There are several physico-chemical properties on NPs which are influence cellular 

uptake and the biological response of cells as well as their interaction with radiation. 

These parameters are size& shape, the net charge on the NP, and the surface coating. 

Size 

The size of NPs used for radiosensitisation affects their interaction with the biological 

system and their interaction with the radiation, too. Furthermore, the size of the NPs 

affects the biodistribution and route of elimination from the body. To avoid 

accumulation of NPs in organs such as heart and liver, causing potential long-term 

side effects, metal NPs should be eliminated from the body within a few days, which 

will still provide a window for radiotherapy with NPs present.[64] 

 

Surface charge 

The NPs uptake into cells can be improved if the charge on the surface of NPs is 

positive because of its interaction with the negatively charged lipid membrane. In 

many cases, cancer cells are covered by a layer of multifunctional glycans which is 

called glycocalyx structure and make cells’membranes more negatively charged. So, 

it makes easier for positively charged NPs to target cancer cells selectively. 

Additionally, positively charged NPs (after emission of photo-or Auger electrons) 

could cause surrounding water molecules to become unstable and more easily 

dissociate, further increasing the radical yield in the environment of the NPs.[64] 

 

3.8.8 Coating of nanoparticles 
 

Generally, coating of NPs affects strongly the interaction of NPs with the proteins of 

the bloodstream. In cancer therapy, the NP coating can be used to target specifically 

the tumor cells in the body. There are used two methods of achieving the tumor cells’ 

targeting: passive targeting and active targeting. These strategies have been analyzed 

in previous paragraphs.[64]  
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Figure 3.29: The synthetic versatility of AuNPs. AuNPs offer a unique 
platform for straightforward manipulation of particle size, shape, surface 
coating and functionalization, enabling fine-tuning of particle properties. 
Adapted from : [84] 
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4 Animal models in preclinical research 
IF YOU HAVE CANCER AND YOU ARE A MOUSE, WE CAN TAKE GOOD CARE OF YOU. JUDAH FOLKMAN 

4.1 Introduction 
 

Animals are used extensively in preclinical research to model humans because the 

basic processes are sufficiently similar across species to allow extrapolation. The 

animal experiments lead scientists to understand the fundamental mechanisms of the 

organism and to discover improved methods to prevent, diagnose and treat 

diseases.[65][66] 

There are several animal models which are used in preclinical research such as frog, 

fruit fly, mouse, rat, birds, and zebrafish. Mice and rats are the most common 

mammals used in biomedical research, approximately 95 % of all laboratory 

animals, because of their physiology and genetic make-up which are similar to that 

of humans. Despite their phylogenetic relatedness, there are certain differences 

between rodents and humans. For example, mice are not a suitable model organism 

for studying biological processes that have been conserved during the evolution of 

the rodent and primate lineages and for investigating the developmental mechanisms 

by which the conserved mammalian genome gives rise to a variety of different 

species.[66] However, the similarities are too strong to give us an enormous 

mammalian system in which to investigate human diseases. Some examples of 

human disorders and diseases for which mice and rats are used as models include: 

Hypertension, Diabetes, Cataracts, Obesity, Seizures, Respiratory problems, 

Deafness, Parkinson's disease, Alzheimer's disease, Cancer, Cystic fibrosis, HIV and 

AIDs, Heart disease, Muscular dystrophy, and Spinal cord injuries.[67] 

4.2 Mouse: An ideal model organism 
 

Mice can be modified genetically (Mus musculus) through the use of genetic 

engineering techniques. The first transgenic mouse was created in 1974 at the 

Massachusetts Institute of Technology. It was created through an in vitro 

microinjection of Simian virus 40 into mouse blastocysts and early embryonic 

infection with retrovirus. The technology to create transgenic animals broke new 

ground in the scientific community and enabled scientists to seek new ways of 

treating diseases and developing new drugs.[68] 

Mice (Mus. musculus) provide great advantages in biomedical research because they 

are mammals and there are also very few anatomical differences between mice and 

humans. Typically, mammals are very similar organisms. Mice are chosen as the 

model organism as they are small, inexpensive and easy to handle. They also have a 

fully sequenced genome and the most mutations in a mouse gene correspond to a 

similar mutation is a human. So, certain genetic diseases can be studied extensively 

by scientists. Another advantage of mice in research is their short life span and their 
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fast-reproductive rate. This enables scientists to investigate biological processes in 

many subjects, at all stages of the life cycle.[69] On the other hand, there are 

significant drawbacks to using mice in preclinical research. Following, there are 

summarized some advantages and disadvantages of using mice in biomedical 

research.  

Benefits of the mouse as a model organism [70] 

• The mouse has many similarities to humans in terms of anatomy, physiology, 

and genetics. Their genome has a 90-95% similarity to human one. 

 

• Cost-effective, they are cheap and easy to look after. 

 

• Quick reproduction, they can reproduce as often as every three weeks and 

their generation time is around 10 weeks. 

 

• The mouse is small, so convenient to house. 

 

• The mouse has a short lifespan and scientists can easily measure the effects of 

aging. 

 

• Easy manipulation of the genome (i.e. adding /removing a gene) 

 

Even if it is the most common organism model in preclinical research, it was found 

that some experiments with mice do not show the expected results. This happens 

because they cannot attribute a whole disease model but only specific functional 

details.[69] In addition, they live in an enclosed space and this can affect their 

behavior to a large extent. This situation has an impact on the health and happiness of 

mice, and in the quality of research.[71] 

 

Some drawbacks of the mouse as a model organism [72] 

• genomics for significant genetic changes, mouse orthologs were close to 

random in matching to their human counterparts  

 

• poor models to study inflammation 

 

• drugs that have shown promise in mice have done poorly in humans  

 

• mice are resistant in infections and inflammations 

 

• mice trials did not translate to human  
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4.3 Routes of administration 
 

One of the major methods of evaluating the biological activity of mice is the 

administration of test substances, such as chemical elements, compounds, drugs, 

antibodies, cells or other agents. The route of administration is largely dependent on 

the property of the test substance and the objective of the experiment. Furthermore, 

each route has different properties from another route such as the absorption, 

bioavailability, and metabolism of the substance. The chemical and physical 

characteristics of the substance must be known if it would be performed 

administration. Last but not least, during administration mice should be protected 

from pain, suffering, distress, and lasting harm or at least pain and distress shall be 

kept to a minimum. Some useful administration routes are mentioned below: [73] 

1. Enteral administration  

I. Oral administration, 

II. Intragastric administration 

 

2. Parenteral administration  

I. Subcutaneous administration, 

II. Intraperitoneal administration, 

III. Intravenous administration, 

IV. Intramuscular administration, 

V. Intradermal administration 

VI. Intracerebral administration 

VII. Intrathoracic administration 

VIII. Intranasal administration 

 

4.4 Biodistribution of Gold Nanoparticles in mice-Literature example 
 

Biodistribution is a method of tracking where compounds of interest travel in an 

experimental animal or human subject. In this particular case, the compounds of 

interest are the Gold Nanoparticles. Quantification of the amount of Gold 

Nanoparticles in organs and tissues can be done by biodistributions, after in vivo 

administration in mice, as a function of time. Biodistributions also may vary 

according to gold nanoparticles’ parameters such as: 

• the size, 

• the surface, 

• the method of administration, 

• geometry. 

The following literature example shows the biodistributions of Gold Nanoparticles in 

mice where the size-parameter of nanoparticles changes. 
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Size-dependent biodistribution of AuNPs – Literature example 

The method of biodistribution is very vital for assessing the concentration of the drug 

in biological samples. The topic of this research study is the biodistribution of 

colloidal gold nanoparticles after intravenous administration and how the particle size 

effects on the method. Firstly, the gold extracted from the biological samples with 

aqua regia. Then, tissues were homogenized in tissue homogenizer and further 

employed for the treatment of aqua regia for 24 h. Thereinafter, the samples were 

heated at 126 ◦C until complete evaporation of aqua regia, the residue was then 

redissolved 0.05N HCl and sonicated for 5 min.[74] 

Gold nanoparticles of different sizes (15, 50, 100, 200 nm) were used. The 

biodistribution study (g of Au/g of tissue ± S.D.) happened after 24 h of gold NP 

administration. First of all, in case of 15 nm size gold NP it was observed: a) the 

highest concentration was in liver followed by lung, kidney, brain, and spleen, and b) 

a considerable gold concentration was detected in the brain which indicated 

permeation of gold NP through the blood-brain barrier (BBB). The nanoparticles of 

this small size (15nm) may be transferred to the brain through gaps of 20 nm size 

which are formed between astrocytic end-feet and the capillary endothelium.[75]. 

Secondly, 50 nm gold NP had similar biodistribution results as the 15 nm gold NPs. 

The biodistribution study showed a) higher concentration of gold in liver, lung and 

spleen tissues, and b) small amount of gold in other tissues like brain, kidney, blood, 

stomach, and pancreas. A small decrease in brain gold concentration was observed 

compared to 15 nm size gold NP while higher was the amount of gold in the spleen. 

Similar to earlier observations with 15 and 50 nm size gold NP, 100 nm size gold NP 

also showed higher accumulation of gold in liver, lung, and spleen and, in particular, 

the concentration of gold in liver and spleen was higher in comparison with 50 nm 

gold NP. In organs like brain, heart, kidney, pancreas, and stomach the amount which 

was observed was very low. Finally, in the case of 200 nm size gold NP, it was 

detected, as expected: a) high concentration of gold in the liver followed by spleen 

lung and kidney, and b) small amount of gold NPs in tissues like pancreas, brain, 

stomach, and blood. In this experiment, three mice were used as control where they 

were administered with normal saline and studied for inherent availability of gold. 

Unsurprisingly, no gold was detected in various tissues/organs of saline administered 

mice. (Table ) [74] 

This experiment proves that the particle size of the gold nanoparticle can determine 

the particle distribution profile and stability in the body. 
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Table 4.1 :   Comparative average colloidal gold distribution [15, 50, 100 and 200 nm] (±S.D.) at the organ/tissue 
level of albino mice after 24 h of dose administration (n=3). Adapted from ref.  [68] 
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5 Experimental part 
 

5.1 Phantom and in vivo experiments with gold nanoparticles in Planar X-ray 

Imaging and CT - Introduction 
 

Gold nanoparticles (GNPs) are already recognized as a promising contrast agent in 

planar x-ray and Computed Tomography (CT) imaging, and as drug carriers for 

targeted therapy [76]. In both cases, being able to determine the allocation of the 

GNPs in vivo and defining the lowest detectable solution concentration, is of crucial 

importance in several applications.  

 

A quantification study between GNPs solution concentrations and x-ray image 

contrast induction has been performed and is presented here. A combination of 

imaging techniques is used for this study such as computed tomography (CT) 

(Fig.5.2) and a prototype benchtop system for planar imaging (Fig.5.3). Additionally, 

an in vivo imaging study has been performed, too. In that case, computed 

tomography (CT) was the imaging technique, which was used.  

 

Four experiments are presented here with commercial and experimental samples of 

gold nanoparticles, two for quantification study and the other for in vivo study. The 

experiments have been conducted at BIOEMTECH’s labs in N.C.S.R. 

“DEMOKRITOS”. 

 

 

 

 
 

Figure 5.2: The commercial X-CUBE™ 
system (Molecubes BE), allows for fast 
whole-body mouse and rat CT imaging at 
extremely low dose and excellent soft 
tissue contrast. Adapted from 
http://www.molecubes.com/x-cube/. 

Figure 5.1: Image of the constructed tri-modal small animal 
imaging system. 

http://www.molecubes.com/x-cube/
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5.2 Quantification study between GNPs solution 

concentrations and x-ray image contrast 
 

5.2.1 Phantom experiment with commercial GNPs in planar imaging and CT 
 

Materials and methods 

Commercial gold nanoparticles with a core diameter of 15 nm, stabilized with a 

highly water-soluble organic shell were obtained from Nanoprobes (AuroVist™ 15 

nm Nanoprobes). The GNPs samples of 0.01-200 mg GNPs/ml were studied and 

compared to standard iodine solutions and the measurements were carried out on two 

x-ray imaging systems, to account for preclinical energies (30-80 kVp). For planar 

imaging, a prototype benchtop system, with a spatial resolution of 0.1 mm at 30 cm 

source to surface distance (SSD) was used. For CT imaging, the commercial X-

CUBE™ system (Molecubes BE), having a spatial resolution of 0.05 mm was used. 

The image contrast was quantified through Contrast to Noise Ratio (CNR) [77] for 

planar imaging and through Hounsfield Units for CT imaging. Selected 

concentrations were validated through in vivo imaging, as presented in paragraph 5.3. 

 

 

 

 

 

 

Figure 5.3: Quantification between GNPs concentration and x-ray contrast was based on phantom imaging 
studies for planar imaging. Four different energies are shown, and sample concentrations ranging between 0.02 
– 200 mg Au/mL. Qunatification was measured through Contrast to Noise Ratio (CNR). 
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Results  

The imaging studies showed that for preclinical planar imaging, where an x-ray tube 

and a CMOS detector were used at an SSD of 30 cm, concentrations as low as 2 mg 

Au/ml were detectable, i.e. presenting a CNR > 5 (Rose Criterion, [78]). The CNR 

slightly increased with higher energies. The best CNR was found for 40 kVp, thus 

confirming the optimal energy for x-ray imaging of GNPs at preclinical energies, 

based on the L-edge absorption peak of gold [79]. CT imaging greatly improved 

detection sensitivity, as expected [76]. The lowest detectable concentration (i.e. 

ΔHU>30 HU with respect to soft tissue [32] was found through the X-CUBE™ 

system, before post-processing application. Concentrations of 0.1 mg/ml and of 1 

mg/ml produced values of 21 HUs and of 114 HUs, respectively. A much greater 

sensitivity emerging from a wider range of HUs, allowed for far better discrimination 

of structures. The lowest detectable concentrations were validated through in vivo 

imaging and a full set of in vivo measurements was acquired for selected samples 

(Experiment 5.3.1). 

 

 

 

Conclusions  

A quantification study between GNPs' (15 nm) concentration and x-ray image 

contrast induction has been performed, over a wide range of solutions and energies at 

the preclinical level. The minimum detectable concentration has been defined for 

each mode, and it was shown that very low concentrations of commercial gold 

nanoparticles can be detectable. 

 

Figure 5.4: The phantom used for preclinical CT imaging with X-CUBE™ and the corresponding Hus ± SD for all 
tested concentrations. A concentration of 1 mg Au/ml produces a contrast of 114 HUs. 



76 
 

5.2.2 CT phantom studies with experimental GNPs (n-track)  
 

Materials and methods  

Three different experimental GNPs samples (nTrack-NPs) 1) MJR (nTrack-AA-01-

06b), 2) BIU (nTrack-Nov-2018), 3) MJR (Ntrack-AA-016bc) were used for 

phantom imaging studies, to test their suitability for contrast induction in in vivo 

studies. These NPs were part of a H2020 European funded project, where the team of 

this study participates in (nTrack EU project). All phantoms contained the initial 

concentration of gold-coated NPs along with water samples, to give an easy, visible 

comparison between NPs solutions and soft tissue - since water has a similar 

attenuation to soft tissue [80]. The images were also quantified to provide the 

contrast-induced by the NPs in Hounsfield Units (HUs) (Fig.5.5 & Table 5.1). The 

candidate nTrack-NPs (BIU-nTrack-Nov-2018) was also imaged after being diluted, 

and the results can be seen in Figure 5.6, along with the quantification results in 

Table 5.2. For CT imaging, the measurements were carried out on the commercial X-

CUBE™ system (Molecubes BE), having a spatial resolution of 0.05 mm. All the CT 

imaging studies were performed at 40 kVp for optimal contrast induction. 

 

 

 

Table 5.1 : Quantification of the CT contrast-induced for 3 different candidate nTrack-NPs. 

No Sample HUs SD 

1 MJR (nTrack-AA-01-06b) 243 44 

2 BIU (nTrack-Nov-2018) 3055 125 

3 MJR (Ntrack-AA-016bc) 61 43 

 Water 13 48 

Figure 5.5: Three different candidate nTrack-NPs imaged on CT at 40 kVp to test their CT contrast ability. 1) MJR 
(nTrack-AA-01-06b), 2) BIU (nTrack-Nov-2018), 3) MJR (ntrack-AA-016bc). 
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Table 5.2 : Quantitative results of the CT contrast, induced by sample BIU-nTrack-Nov-2018, after multiple 

dilutions. 

No Sample  HUs SD 

1 30 mgAu/mL 3551 135 

2 
15 mgAu/mL 

2070 87 

3 7.5 mgAu/mL 1048 67 

4 
3.75 mgAu/mL 

551 57 

5 
1.87 mgAu/mL 

295 55 

6 
0.9 mgAu/mL 

188 51 

7 
0.5 mgAu/mL 

120 54 

 Water 6 47 

 

 

Figure 5.6: CT imaging of sample BIU-nTrack-Nov-2018 after 
being diluted. 1) Initial solution: 30 mgAu/mL. Diluted 
solutions (approximately): 2) 15 mgAu/mL, 3) 7.5 mgAu/mL, 
4) 3.75 mgAu/mL, 5) 1.87 mgAu/mL, 6) 0.9 mgAu/mL, 7) 0.5 
mgAu/mL.  
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Results  

The CT imaging studies, performed at 40 kVp showed that the NPs sample with the 

highest image contrast was the BIU (nTrack-Nov-2018) which was also imaged after 

being diluted Fig.5.6. Initially, it had the following specifications: Gold concentration 

30 mg/mL and Iron concentration 0.19 mg/mL. The concentrations of the diluted 

solutions were: 1) 15 mg Au/mL, 2) 7.5 mg Au/mL, 3) 3.75 mg Au/mL, 4) 1.87 mg 

Au/mL, 5) 0.9 mg Au/mL, 6) 0.5 mg Au/mL. The contrast increases as a function of 

gold concentration. In case of sample’s dilution, the contrast decreases as it was 

expected. Good contrast is observed for up to 10-fold dilution. This proves the 

specific sample as appropriate for in vivo use, as the dilution of the sample after being 

administered and diluted in the animal blood, is expected to reach this concentration 

(10-fold dilution). 

 

Conclusions  

The quantification study of experimental n-track GNPs has been performed at the 

preclinical level. These results confirmed that these candidate NPs induced an 

efficient CT contrast, especially the BIU (nTrack-Nov-2018) sample, allowing to also 

be monitored through CT imaging in vivo. Additionally, the dilution results show that 

the number of NPs administered is capable of giving good CT contrast results, even 

after 10 times dilution. 

 

 

 

 

Figure 5.7: The corresponding HUs ± SD for all tested concentrations of BIU-
nTrack-Nov-2018 
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5.3 In vivo imaging studies 
 

5.3.1 In vivo imaging experiments with commercial gold nanoparticles  
 

Materials and methods  

Commercially gold nanoparticles with a core diameter of 15 nm, stabilized with a 

highly water-soluble organic shell were obtained from Nanoprobes (AuroVist™ 15 

nm Nanoprobes). In vivo imaging studies were performed with the X-CUBE™ 

system (Molecubes BE), having a spatial resolution of 0.05 mm at various energies 

with selected concentrations: 20 mg/mL, 50 mg/mL, 200 mg/mL. The optimal 

imaging energy (optimal contrast) was at 40 kVp. Mice were injected with 200μL of 

gold nanoparticles via a tail vein. CT images were processed and analyzed using 

VivoQuant Software. 

 

Results 

Selected concentrations were validated through in vivo imaging. Firstly, in case of 20 

mg/mL solution (that corresponds to 4 mg of Au in the mouse circulation, i.e. 2.7 

mg/mL imaged), the bone segmentation image showed that vessels start to appear 

after post-processing (Fig.5.8). Secondly, in case of a mouse that was injected with 

50 mg/mL solution, (corresponding to 10 mg of Au in the mouse circulation, i.e. 6.7 

mg/mL imaged), the heart and vessels can be clearly seen without post-processing 

(Fig.5.9). Finally, the bone segmentation image of a mouse injected with 200 mg/mL 

solution, (corresponding to 40 mg of Au in the mouse circulation, i.e. 27 mg/mL 

imaged), showed even minor vessels without processing, too (Fig.5.10).  In all cases, 

a volume of 1.5 mL of mouse blood in circulation has been assumed.  

 

 

 

 

 

 

 

 

 

 Figure 5.10: Bone segmentation 
image of a mouse injected with  
200uL of 200 mg/mL solution 
(27 mg/mL imaged) 

Figure 5.8: Bone 
segmentation image of a 
mouse injected with 200uL of 
20 mg/mL solution (2.7 
mg/mL imaged) 

Figure 5.9: Bone 
segmentation image of a 
mouse injected with  200uL of 
50 mg/mL solution (6.7 mg/mL 
imaged) 
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Conclusions  

These animal studies demonstrate that gold nanoparticles are useful CT contrast 

agents. They appear to be non-toxic and enable higher contrast, especially in higher 

solution concentration that permits in vivo imaging of heart and vessels without post-

processing. This experiment showed that concentration of gold nanoparticles is a 

crucial parameter in imaging. The image contrast is totally different when the 

concentration of gold changes, (Fig. 5.11). 

 

 

5.3.2 In vivo imaging experiments with experimental gold nanoparticles  
 

Materials and methods 

Experimental gold nanoparticles were obtained for in vivo imaging. The sample was 

one candidate nTrack-NP, after succeeding a high gold concentration, provided by 

MJR: MJR (Au@IONPS_1.0 mL_AA14), and showed a good CT contrast at 40 kVp 

in phantom experiments (Fig. 5.5). One Swiss albino healthy mouse was injected 

intramuscularly. The injected gold concentration was 40 mg Au/mL, and volume 

injected was 50 μL of NPs solution (MJR -Au@IONPS_1.0 mL_AA14). This mouse 

was monitored for 24 hours, to observe the fate of the NPs and to check that they can 

still be detectable after at least one day. The time points were at (a) 1 hr p.i., (b) 3 hrs 

p.i. and (c) 24 hrs p.i. For CT imaging, the measurements were carried out on the 

commercial X-CUBE™ system (Molecubes BE), having a spatial resolution of 0.05 

mm. All the CT imaging studies were performed at 40 kVp for optimal contrast 

induction.  
 

                             

 

Figure 5.11: Contrast images of a mouse that was injected with 200 µL of A) 20mg/ml, B) 50 mg/mL, and C) 200 
mg/ml solution, acquired at 40 kV. The separate heart segments can clearly been distinguished with  high 
concentrations of the agent. 
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Figure 5.12: Indicative CT phantom imaging tests showing two candidate nTrack-NPs provided by MJR                                                                    
A: MJR (Au@IONPS_1.0 mL_AA14), B: MJR (Au@IONPS_0.5 mL_AA14)). Both samples show a good CT contrast. 

 

 

Figure 5.13: CT imaging results of a healthy Swiss albino mouse, intramuscularly injected 
with 50 uL of NPs solution MJR-Au@IONPS_1.0 mL_AA14 at (a) 1 hr p.i., (b) 3 hrs p.i. and 
(c) 24 hrs p.i. The NPs can be easily detected at all studied time points. The NPs position is 
indicated with white arrows. 
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Results 

The imaging results confirm that the NPs (MJR-Au@IONPS_1.0 mL_AA14), 

injected gold concentration of around 40mgAu/mL, can be monitored through CT 

imaging for up to (at least) 24 hrs post injection and be easily detected at all studied 

time points due to the presence of the gold that gives a strong signal at the injection 

site. 

 

Conclusion  

This experiment was also proof that gold nanoparticles are a desirable contrast agent 

since can be detectable over time. They are easily detected in vivo even 24 hrs post-

injection. So, gold nanoparticles give the sense that they could be an effective 

contrast agent even in clinical level due to their ability to be observed over time, 

when not diluted in blood circulation. 
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5.4 Conclusion- Discussion 
 

Gold nanoparticles have been proposed for many applications in Biomedical Science. 

In this thesis, it was studied the use of gold nanoparticles as contrast agents in 

diagnostic imaging with X-Rays. They appear to be an ideal new clinical contrast 

agent due to their properties such as non-toxicity, biocompatibility, easy synthesis, 

and surface functionalization.  

 

In this study, some examples have been selected that illustrate the substantial 

progress utilizing AuNPs in X-ray imaging and Computed Tomography at the 

preclinical level. These techniques are the most popular imaging methods and have 

great potential to become highly powerful in many future applications.  

 

The previous phantom and in vivo studies of gold nanoparticles as contrast agents in 

the experimental part show that gold is a useful tool on X-Imaging and computed 

tomography because of contrast enhancement which it causes. It was shown that 

CNR and HUs slightly increased with higher energies and concentration, 

respectively, as expected. The highest contrast is seen in 40 keV photons, as their 

main interactions occur with L-shell electrons. Generally, Gold nanoparticles can be 

detectable with a strong signal even in very low concentration and in many cases 

without post-processing. In theoretical part, it is also referred that the x-ray 

attenuation of AuNPs increases linearly with mass concentration and is confirmed in 

experimental way, too.  It was also proven after in in vivo assessment that gold 

nanoparticles may provide enhanced signal contrast for a long time after delivery to 

the site of interest.  

Worthy of mention is that during the experimental part no toxic effects observed in 

mice. Some published studies on the toxicity of AuNPs indicate that AuNPs may 

exhibit toxicity in certain particle-size ranges in vivo. Toxicity of gold nanoparticles 

is remaining an unclear field where many theories are contradictory to each other. A 

future perspective is extended research on this area for understanding this 

complicated mechanism. 

 

Furthermore, even if AuNPs are available commercially for use as X-ray contrast 

agents are for research use only at the preclinical level. It is still demanding much 

work to be done for clinical acceptance and use. There remain some crucial questions 

for using them as their circulation times, targeting ability and toxicity, too. 

 

The next steps of the present research effort involve investigating improvements in 

their ability to effectively circulate and localize at a desired area of interest. That may 

be a small step in cancer therapy evolution. 
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