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Prologue 

In this thesis dissertation, the use of gold nanoparticles as agents for delivery of cisplatin is 

discussed. The book has been organized following a logic sequence that starts by the 

synthesis of gold nanoparticles, followed by their functionalization, first with surfactants 

and then with the drug to finally analyze the performance of these drug delivery vehicles 

in in vitro and in in vivo experiments. Every chapter has been structured so to allow its 

individual lecture. 

Although aspects applicable to other drug delivery systems such as the colloidal and 

chemical stability in physiological media, the drug release profile, etc. are discussed here 

using our system as an example, this work does not pretend to be a general discussion 

about the state of the art in nanomedicine and/or drug delivery, but a contribution to 

these growing areas. However, I encourage the lecture of some of the very interesting 

references provided here to achieve a deeper understanding in specific aspects. 

This multidisciplinary work could have not been possible without the contribution and 

advice of a great number of people. Thus, I feel the obligation to acknowledge all those that 

directly contribute to this work especially all the members of the Inorganic Nanoparticles 

Group, led by Prof. Víctor Puntes, for their invaluable help and knowledge, but also Prof. 

Fernando Domínguez and Carmen Sotelo from school of medicine at Santiago de 

Compostela, prof. Franciso Romero from Molecular Science Institute at València and Dr. 

Óscar Gallego and Prof. Agustí Barnadas from the Santa Creu I Sant Pau Hospital at 

Barcelona for their active contribution and discussions about this work. Last but not least, 

my gratitude to all the members of the Radiation Biology Group lead by Prof. Kevin Prise 

in the Centre of Cancer Research and Cell Biology at Belfast for receiving me and teaching 

me the little I know about this field.  

Also, a special mention goes to Nanotargeting S.L. for trusting in this project.  

It is impossible to extend here my gratitude to all of those that indirectly contribute to the 

work so I will let you know one by one personally. Just be patient. 
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Chapter 1 

Introduction 

 

 

Many of the conventional therapies can be improved through the use of drug delivery 

systems (DDS). They are designed mainly to modify the pharmacokinetics and 

biodistribution of small molecular drugs. This is of special importance in the case of 

anticancer therapies in which a widespread distribution of small molecular 

chemotherapeutic drugs is often limiting treatments due to severe side effects that make 

impossible to reach the full benefits of the therapy. In this context, nanotechnology 

emerges as a disruptive technology to design carriers that improve the delivery of drugs to 

their target organs. 

 

1.1 Engineering AuNPs as scaffolds for drug delivery 

Although a plethora of nanoparticles (NPs) including polymeric NPs, liposomes, 

dendrimers, metallic NPs, etc. have been used to design nanocarriers for drug delivery,1, 2 

we will focus the discussion on the use of gold nanoparticles (AuNPs). The synthesis of 

AuNPs have been first described by J. Turkevich at 1954,3 but it was not until last years 

that advances on the engineering of these NPs allowed researchers to control the size, 

shape, and functionalization of these nanocarriers and thus starting using them as 

scaffolds for drug delivery. Thus, new synthetic protocols make possible to achieve 

biocompatible spherical AuNPs from 5 to 200 nm with a monodispersity lower than 10 %.4 

The control over the size is a key point in the use of AuNPs in biomedicine since it 

influences important biological properties such as interaction with proteins, 

biodistribution and clearance rate. The variety of sizes of AuNPs that can be easily 

obtained facilitated a better understanding of the role played by this property in 
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important parameters for cancer treatment with NPs such as accumulation in tumors, 

blood half-life, or penetration. From a simplistic point of view, one could say that the final 

fate of the NPs is strongly influenced by their size since smallest AuNPs (<5 nm, core + 

surfactant) are rapidly cleared up by the kidneys and the the largest ones (>100 nm) are 

removed easily from the circulation by the immune system.5 Sizes in between showed the 

best accumulation and penetration in tumors; at this range of sizes other parameters such 

as the presence of stealthing agents or different surface charge should be tuned case by 

case to achieve the desired behavior. In addition, shape of the AuNPs is also important. 

Spherical NPs are usually the chosen option when they wanted to be used just as carriers 

due to the simple synthesis and easy functionalization. However, other shapes such as 

nanorods or nanoboxes have been used too. These advanced AuNPs have special 

physicochemical properties that make them appealing to be used not only as vehicles but 

also as effectors by themselves. They present a surface plasmon resonance (SPR) in the 

near infrared (NIR) region, which make them suitable to be used in photothermal therapy 

in which NIR light is absorbed by NPs, delivering toxic amounts of heat.6 In this type of 

therapy, working with wavelengths that can penetrate deep into tissue such as IR is 

required and only non-isotropic AuNPs present a SPR at this region. 

Regarding functionality, chemistry on gold planar surfaces has been extensively studied to 

obtain molecular Self-Assembled Monolayers (SAMs).7  Thus, this technology has been 

easily adapted to functionalize AuNPs in solution. However, some considerations need to 

be taken into account for NPs: the curvature radius may play a role in the determination of 

important properties of the molecules conjugated to small NPs such as apparent pka 8 and 

the coverage density9 of the attached ligands amongst others. Also, AuNPs need to be 

stabilized during the synthesis to avoid aggregation by means of conjugation to a 

surfactant. Thus synthetic protocols in which the surfactant is weakly bound to the NPs 

(e.g. sodium citrate), and therefore can be easily exchanged by other ligands, are 

recommended for further functionalization of these AuNPs.4 Note that physiological 

conditions (high ionic strength) are harsh for citrate-capped AuNPs. Conjugation may also 

result in destabilization of NPs if special care is not taken.10  

AuNPs show affinity to different chemical groups such as phosphates, carboxylic acids, 

ammines and specially to thiols. Thus, one can found in the literature AuNPs conjugated to 

a great variety of molecules including alkanethiols, polymers, proteins, amino acids, and 

drugs amongst others.11 Interestingly, the control over the conjugation facilitates 

engineering multifunctional AuNPs. Hence, it would be possible to create a nanocarrier 

that contains, for example, a molecule to stealth the DDS from the immune system, a ligand 
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that promotes uptake by specific cells, and the drug which in its turn can be attached via a 

responsive link which release the drug only after a specific response such as a pH drop.  

Last but not least, the greater monodispersity of AuNPs compared to other metallic or 

polymeric NPs is another advantage of using this type of NPs 

 

1.2 Nanoparticles for anticancer therapy: Advances and challenges of a new 

therapy 

NPs are perfect candidates to be used in anticancer therapy since they showed passive 

accumulation in tumors due to the Enhanced Permeation and Retention effect (EPR). This 

effect first reported by Matsumura and Maeda12 exploits the ability of NPs to permeate 

through the leaky tumor vessels (with fenestrations between 100 and 800 nm 13, 14) and to 

be accumulated into the tumor due to the lack of a functional lymphatic system (Figure 

1.1). Long-time circulating NPs maximize the EPR effect since the changes to permeate 

through the tumor vessels are greater. Related to this, the size of NPs plays an important 

role in determine tumor accumulation and distribution: 60nm AuNPs showed a greater 

accumulation than 20 nm AuNPs likely due to a slower clearance. However, larger AuNPs 

are accumulated in the perivascular region of the tumor failing to penetrate deeper, whilst 

20 nm AuNPs were still found significantly at 50 m from the blood vessel.14 

 

Figure 1.1. Scheme showing the differences of the vascular system of normal tissue (A) and 

tumor (B). Leaky vessels and non-functional lymphatic system are responsible for the passive 

accumulation of NPs into tumors. Adapted from reference 15.15 

The intrinsic property of NPs to be passively accumulated into tumors has been exploited 

to deliver a great variety of drugs.1 Some groups proposed to improve further this 

accumulation by attaching a ligand recognized by receptors overexpressed in tumor cells. 
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These include epidermal growth factor (EGF)16, folate17 and transferrin18 amongst other. 

However, there is some controversy regarding the efficiency of this approach.19 It is not 

clear that active targeting favors the accumulation in tumor, since physicochemical 

properties of NPs govern the pharmacokinetics properties of DDS. Thus, size and surface 

charge and composition (e.g. presence of stealthing agents or not) of NPs seems to play a 

more important role in determining final distribution of DDS20 and ligands influence only 

in interactions directly onto the cell once the cell is reached (e.g. a greater uptake) 

Once the NPs are localized in the tumor, different strategies have been used to release the 

drug. Normally, the strategies are based on the different physicochemical properties found 

in the cytoplasm compared to the extracellular environment (e.g. blood). For example, NPs 

are known to be internalized via endocytic pathways, in which a pH drop is produced.21 

Thus, a pH-sensitive link between drug and NPs ensures non-specific release of drug 

during the circulation through the body.22 A controlled release can be also achieved by the 

reduction of an oxidized inactive prodrug in the cytoplasm, releasing the drug in its active 

form.23 Also one can take advantage of specific enzymes to cleave the link between NP and 

drug.24 

The metallic core of AuNPs conjugates can also act as an effector in thermotherapy as 

explained above. In addition, AuNPs have been recently proposed as radiosensitizers due 

to the induction of an Auger cascade after an ionizing event localized in the vicinity of the 

AuNP surface. These special properties open up the possibility to strategies that use 

AuNPs as carrier and effector. 

Thus the use of AuNPs as carriers for drug delivery might provide several advantages 

including: 

 Increased blood half-life of the small drug 

 Accumulation in the tumor via the EPR effect 

 Reduced toxicity in normal tissue 

 Controlled release of the drug, delivering high payloads directly to the site 

of action  

 Possibility of multiple functionalization which allow combined therapy 

and/or tuning blood half-life, immune responses toward the vehicle, tumor 

uptake, etc. 

 Increase the solubility of poorly soluble drugs in plasma 

 Protection of the drug from immune system and from agents present in the 

plasma that might deactivate the drug 
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 Promote a double effect by acting as carriers and as effectors by 

themselves 

 However, the use of AuNPs for drug delivery is not without problems and some aspects 

should be considered:  

Classical syntheses of AuNPs render concentrations of AuNPs in the range of 1012-1013 

NP/mL,25 thus AuNPs are typically synthesized at the nanomolar scale. Even though high 

densities of loading have been achieved,26, 27 concentrations of drugs onto NPs as 

synthesized will rarely be higher than 10 micromolar. Taking into account that there is a 

limitation of volume that can be injected into the body (e.g. 10 mL/Kg for intravenous 

injection in mice), the therapeutic dose might not be reached unless NPs had been 

previously concentrated. This concentration step is not always straightforward because 

concentration of AuNPs could lead to aggregation if special care is not taken (e.g. 

concentration of AuNPs without any surfactant increase the chances of aggregation). Note 

that colloids are intrinsically out of equilibrium and they tend to minimize surface energy 

when this is possible either via functionalization or aggregation.   

The need of concentration of AuNPs to reach therapeutic doses implies that a single lab-

scale synthesis might not be enough to achieve the amount of NPs needed to perform in 

vivo experiments. Thus, not only monodispersity should be guaranteed to control size 

effects, but also reproducibility batch to batch. In addition, robust synthesis protocols will 

also facilitate the scale up of the production, which is essential for the transference of the 

technology to the industry.28 

The special properties of AuNPs are lost if they aggregate. In too many cases the loss of 

colloidal stability is behind the lack of (or unexpected) biological behaviors.20 Therefore, 

one has to ensure the maintenance of colloidal stability along the process (synthesis – 

storage – exposure/treatment). It is common to assay the stability of AuNPs in the storage 

conditions (e.g. in aquose media) even if they are different from the working conditions. 

However, biological fluids such as cell culture media or blood are complex mixtures of 

salts, proteins, sugars, etc. that may promote destabilization of AuNPs, and therefore 

stability should be assayed in this media. The same consideration is valid for the stability 

of the link with the drug. For example, cisplatin adsorbed on AuNPs is not released in 

aquose media, whilst it is unspecifically quickly released in cell culture media. On the other 

hand, cisplatin linked via coordination bond is stable in both media and only released after 

a pH drop.26  
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The choose of appropriate models to determine the potential therapeutic benefits is also 

not trivial, specially for new technologies in which the amount of literature is limited. In 

vitro simple test such as those assessed in monolayer cell cultures do not consider 

important factors such as tumor vascularity, penetration and other differential properties 

given by the tumor microenvironment.15 Consequently, in vitro results do not necessarily 

reflect the behavior of the assayed DDS in a real case. In this context, 3D cell cultures have 

been proposed as models to study the behavior of drugs in the particular environment of 

solid tumors due to the possibility to have an extracellular matrix and different regions of 

tumor (e.g. hypoxic cells in the intern areas). Since the advantages of using DDS are 

achieved mainly by modification on the pharmacokinetic properties of the drug, in vivo 

models are preferred. However, there is a great variety of tumor models including 

xenografted, orthotopic, and spontaneously and induced autochthonous tumor models.29 

This models show variations between them such as different size of porous in vessels or 

different immunological responses which may result in different efficiency of the same 

DDS depending on the model that has been used.  

Finally, treatments with AuNPs are still very few and not beyond clinical trials. Thus, there 

is a lack of knowledge about regulatory aspects. Possible adverse effects of NPs such as 

acute toxicity and longtime accumulation should not be underestimated and should be 

studied case by case. There is a controversy regarding the in vivo toxicity of NPs and the 

parameters that play a role in the NPs-induced toxicity.30 Some works have found no toxic 

signals after AuNPs administration31 or small alterations in the biochemical markers due 

to metabolization of the AuNPs or indicating a temporal inflammation.32 On the other 

hand, it is believed that the disfunction of major organs can be related to the presence of 

NPs at the site of abnormalities. For that reason, there are a lot of studies regarding 

toxicity in spleen and liver, which are generally accepted to be the organs with the highest 

accumulation of NPs. The liver toxicity, when found, seems to be associated to an 

hyperplasia of Kupffer cells that induce an acute inflammation with neutrophils influx.33 

This acute inflammation is a transient response due to the insult of AuNPs, however 

apoptosis and necrosis of hepatocytes as well as accumulation of AuNPs could be related 

to toxic effects.34 Regarding the spleen, macrophages of the periphery seem to be involved 

in the uptake of NPs by this organ. Thus, leading to a temporal inflammation of the spleen, 

however in other cases a loss of weight has been observed after intravenous 

administration.35  White pulp aberration has been also observed.36 Any general trend 

cannot be extracted from the current literature, but it is clear that there are some 

parameters that have to be taken into account before using AuNPs as a vehicle for medical 

applications: i. Size of the vehicle, since it will determine the clearance rate and the 
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biodistribution 36; ii. Surface composition, it has been seen that by changing the surface 

composition of AuNPs the toxicological profile might be different37; iii. Dose and 

administration route obviously will play a role in the potential toxicity. Therefore for 

every AuNP-conjugate, a toxicology study must be done to prove their usability in medical 

applications.  

 

1.3 Cisplatin as anticancer drug 

A paradigmatic case of anticancer drugs are platinum compounds. Cisplatin or cis-

diamminedichloroplatinum(II), [PtCl2(NH3)2],  was originally synthesized in 1845, but not 

until 1970 was its antitumor activity established.38 Today cisplatin is used to treat various 

types of cancers (i.e., non-small-cell lung cancer, ovarian cancer, germ cell tumors, 

osteosarcomas, etc), with a cure rate as high as 90% in testicular cancer.39 After both 

passive and active cellular uptake, the platinum complex reacts in vivo to form adducts 

with DNA, which ultimately trigger apoptosis.40 However, chronic cisplatin usage results in 

resistance by several possible mechanisms including increased interactions with 

metallothioneins and glutathione, which deactivate the drug, as well as increased DNA 

repair and/or cisplatin efflux.41 To counteract resistance and its rapid renal clearance, 

which lowers the efficiency of cisplatin significantly, very high systemic doses of cisplatin 

should be administered. Unfortunately, such high dose of cisplatin results in severe 

systemic toxicity and poor patient wellfare, including nausea/vomiting, renal toxicity, 

gastrointestinal toxicity, peripheral neuropathy, asthenia, and ototoxicity, thus limiting its 

clinical use.41, 42 Of all the toxicities induced by cisplatin, nephrotoxicity is considered to be 

the dose-limiting factor.40 Such side effects make it impossible to achieve the full benefit of 

the treatment in a large number of patients.43 In humans, the cisplatin treatment generally 

involves series of intravenous injections administered every 3-4 weeks at a dose of 50-120 

mg/m2 (1.2 – 2.7 mg/Kg). In addition to the undesired side effects, there is also a loss of 

drug activity in the body associated with poor circulation and poor delivery to the tumor, 

as well as deactivation mechanisms that irreversibly alter the chemistry of these 

molecules before reaching the tumor cells.42 Since its discovery, many attempts to find 

derivatives has been carried out looking for both reduced side effects and modified body 

distribution (in order to target different organs), rather than improving cisplatin 

efficacy.41, 44 Here, second-generation platinum drugs as carboplatin and oxaliplatin 

represent an improvement in some cancer treatments, as lung and colorectal respectively, 

although the limitations observed for cisplatin have not been entirely overcome40, 41.   
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1.4 Carrying cisplatin 

Hence, recent efforts have been focused on targeting the tumor by using drug delivery 

systems to avoid the organs to which cisplatin is toxic. As the kidney is responsible for 

filtration and removal from the blood of molecules smaller than 50 KDa, which 

corresponds to molecular sizes of around 6 nm in diameter, any larger delivery vehicle 

will divert the drug away from the kidney.45 In addition, more than 90 % of the 

administrated cisplatin is known to bind irreversible to albumin, which deactivates the 

drug.46 Thus, a properly designed nanocarrier will not only transport the cisplatin to the 

tumor, but also protect it against plasma deactivation.  In this context, approaches based 

on the encapsulation and transport of cisplatin have emerged recently. Sterically stabilized 

polymeric nanoparticles, having excellent stability in plasma, a much longer circulation 

time, better efficacy, and lower toxicity than free cisplatin have been reported.47-50 As the 

case of lipid capsules51 or polymers, as in Prolindac®, a 22 kDa 

hydroxypropylmethacrilamide copolymer as a backbone and then a glycine chelator linker 

which is pH sensitive.52 Other examples include soluble CNTs,53 carbon nanohorns,54 and 

Fe3O4 NPs.55 Similarly, CytImmune corp. is developing AuNPs as carrier for TNF-a and 

doxorubicin. In a close related work, Ren et al.56-58 reported the adsorption of commercial 

cisplatin to gold colloids via ionic interactions. In the case of adsorption via ionic 

interactions on the surface of the nanomaterials, a non-controlled rapid liberation of the 

drug is observed as soon as the conjugates are dispersed in highly ionic media as serum.26  
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Chapter 2  

Synthesis of Biocompatible Gold 

Nanoparticles with Control of the 

Size 

 

2.1 Introduction 

When using AuNPs for biological applications, special care has to be taken in the synthesis 

step since the size and size distribution play an important role in some biological 

responses such as biodistribution, time of circulation, and immune response among other. 

Moreover, the nanoparticles surface should be ready for further chemical modifications in 

order to finally link the drug.    

The most common approach in the synthesis of AuNPs was introduced by Turkevich in 

1951 and involved citrate reduction of a gold salt to produce 20 nm Au NPs with a 

relatively narrow size distribution.1 ,2 This methodology, as well as subsequent     

modifications,3 is based on supersaturation of the monomer in solution which induces 

homogenous nucleation followed by growth of these nuclei without additional nucleation 

events.4 This “burst nucleation” is a necessary condition to obtain highly uniform 

nanoparticles.5  Nevertheless, the range of Au NPs sizes available to obtain using these 

methods is small and goes from 7 nm to 25 nm. Frens proposed to decrease the citrate / 

HAuCl4 ratio in order to increase the nanoparticle size up to 150 nm.6 However, it has been 

recently demonstrated that this approach do not follow the “burst nucleation” mechanism 

and consequently monodispersity becomes poor, and also the spherical shape of the Au 

NPs is partially lost.7 To overcome these limitations,  a great number of synthetic protocols 

to achieve better control over the size and shape of nanoparticles have been developed 

during the last years.5 Amongst them, the seeding-mediated strategies based on the 

temporal separation of nucleation and growth processes are considered very efficient 
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methods to obtain monodisperse NPs.8-11 In this strategy, small particles are synthesized 

first and later used as seeds (nucleation centers) to grow larger NPs. For example, Murphy 

and coworkers proposed the use of a weak reducing agent (ascorbic acid), which reduces 

Au3+ to Au+ and prevented the total reduction to Au0 unless seeds are present.12 By using 

this methodology additional nucleation that would lead to polidispersity is avoided. 

However, the use of CTAB as capping agent restricts the possibilities of further 

functionalization since their replacement by thiols is difficult to achieve.13 This condition is 

especially important in nanomedicine, where the ability to render a biological 

functionality to inorganic nanostructures is one of the cornerstones of this emerging 

field.14 In this context, citrate-stabilized AuNPs appear as unique candidates since the 

loosely bound capping layer provided by the sodium citrate can easily be exchanged by 

thiolated molecules that pseudo-covalently bind (~45 kcal/mol) to the gold surface.15 

However, the control of the size is complicated since the energy needed to form Au nuclei 

is not much higher than the needed to grow the NPs and therefore to separate nucleation 

from growth is not trivial. Obviously, the formation of new nuclei during growing stages 

would lead to a broadening of the size distribution and should be avoided in any seed 

growth approach.  

In this chapter, a kinetically controlled seeded growth methodology to synthesize 

monodisperse citrate-stabilized gold nanoparticles from 8 to 200 nm will be discussed. By 

using this methodology, AuNPs of a desired size can be obtained with excellent control of 

the size (the relative standard deviation is not higher than 15 %) and secondary 

populations of particles are avoided.  

 

2.2 Experiminetal 

Synthesis of Gold Nanoparticles.  

Synthesis of Au seeds. A solution of 2.2 mM sodium citrate in Milli-Q water (150 mL) was 

heated with a heating mantle in a 250 mL three-necked round-bottomed flask for 15 min 

under vigorous stirring. A condenser was utilized to prevent the evaporation of the 

solvent. 5 minutes after boiling had commenced, 1 mL of HAuCl4 (25 mM) was injected. 

The color of the solution changed from yellow to bluish gray and then to red. The resulting 

particles (∼10 nm, ∼3  x 1012 NPs/mL) are coated with negatively charged citrate ions and 

hence are well suspended in H2O. 

Seeded growth of AuNPs of up to 30 nm in diameter. Immediately after the synthesis of 

the Au seeds and in the same vessel, the reaction was cooled until the temperature of the 



Synthesis of Biocompatible AuNPs 

15 

 

solution reached 90 ⁰C. Then, 1 mL of sodium citrate (60 mM) and 1 mL of a HAuCl4 

solution (25 mM) were sequentially injected (time delay ∼2 min). After 30 min, aliquots of 

2 mL were extracted for further characterization by transmission electron microscopy 

(TEM) and UV-Vis spectroscopy. By repeating this process (sequential addition of 1 mL of 

60 mM sodium citrate and 1 mL of 25 mM HAuCl4), up to 14 generations of gold particles 

of progressively larger sizes were grown (further details in Scheme 2.1). The 

concentration of each generation of NPs was approximately the same as the original seed 

particles (∼3 x 1012 NPs/mL). 

Seeded growth of AuNPs of up to 180 nm in diameter. Immediately after the synthesis 

of the Au seeds and in the same reaction vessel, the reaction was cooled until the 

temperature of the solution reached 90 ⁰C. Then, 1 mL of a HAuCl4 solution (25 mM) was 

injected. After 30 min, the reaction was finished. This process was repeated twice. After 

that, the sample was diluted by extracting 55 mL of sample and adding 53 mL of MQwater 

and 2 mL of 60mM sodium citrate (further details in Scheme 2.2). This solution was then 

used as a seed solution, and the process was repeated again. By changing the volume 

extracted in each growth step, it is possible to tune the seed particle concentration. 

 

UV-Vis Spectroscopy. UV-visible spectra were acquired with a Shimadzu UV-2400 

spectrophotometer. AuNPs solution (1 mL) was placed in a cell, and spectral analysis was 

performed in the 300 to 800 nm range at room temperature.  

 

Transmission Electron Microscopy. Gold nanoparticles were visualized using 80 keV 

TEM (JEOL 1010, Japan). Ten microliter droplets of the sample were drop casted onto a 

piece of ultrathin Formvar-coated 200-mesh copper grid (Ted-pella, Inc.) and left to dry in 

air. TEM images of the prepared colloidal Au NPs were used for the size distribution 

measurements. For each sample, the size of at least 100 particles was measured and the 

average size and the standard distribution were obtained. ImageJ was used to perform the 

image analysis. ImageJ is open source free software, and the macro used here was                                                                                                              

developed by Dr. Ralph Sperling and can be found in Google docs free of charge at: 

https://docs.google.com/document/edit?id=1zNkzP5Ntan62CeRhABFzc2ZMcH8ZsUsC64

3M4f_YjDg 
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2.3 Results and discussion 

2.3.1 Step by step seeding growth approach 

It is important to understand the mechanism of AuNPs synthesis before introducing any 

variation of traditional methodologies to develop improved synthetic routes. Although 

several methods have been proposed for the bottom-up synthesis, the most popular one is 

the reduction of gold tetrachloroaurate (HAuCl4) by sodium citrate.1, 3 When reaction 

conditions are properly adjusted, a narrow size distribution is achieved. In those cases the 

size of AuNPs is controlled in a way similar to the concept introduced by LaMer of “burst 

nucleation”,16 in which many nuclei are generated at the same time, concentration of 

monomer dramatically decreases, and then they start to grow without any additional 

nucleation.4 Because all particles nucleate almost simultaneously, their growth histories 

are nearly the same, resulting in monodisperse nanoparticles. Thus, the mechanism can be 

divided into two main stages: nucleation and growth of these nuclei. Hence, it can be 

assumed that to prepare highly uniform nanoparticles it is necessary to induce a single 

nucleation event and to prevent additional nucleation during subsequent growth steps. 

In our first approach, we used previously synthesized AuNPs as nucleation centres for 

further growth after successive additions of gold salt (see scheme 2.1 and experimental 

section). The growth of the seeds is thermodynamically favored respect to the formation 

of new nuclei; additionally in previous results we observed a decrease of the nucleation 

rate when decreasing the temperature reaction. For those reasons, we expected that by 

decreasing the temperature 10 ⁰C, the nucleation rate will be drastically decreased and 

hence the growth will be even more favored minimizing the possibility of new nucleation 

events.  

 

Scheme 2.1: Seeded Growth synthesis of Au NPs by subsequent injections of Au salt.  
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The success in the growth of the AuNPs by this methodology is observed in the 

Transmission Electron Microscopy (TEM) images of relevant samples (figure 2.1). The 

initial seeds were 12.4 ± 1.7 nm, and they were growth up to 30.5 ± 3.9 nm after 13 

generations (a generation is the AuNPs resulting from a growth step). No secondary 

populations are observed in any case, which indicates that no additional nucleation events 

were occurred. Moreover, a narrow size distribution was maintained all over the 

subsequent generations.  
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Figure 2.1. TEM characterization of relevant samples. (a) Representative TEM images of seeds, 

and AuNPs after 3, 6, and 13 growing steps. (b) The histograms showed the size distribution for 

these AuNPs. Mean sizes values are 12.4 ± 1.7 nm for the seeds, 18.7 ± 1.8 nm for the 3rd generation 

of AuNPs, 23.5 ± 2.5 nm for the 6th, and finally  30.5 ± 3.9 for the 13th .  
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Additionally, the growth process was monitored by UV-VIS spectroscopy (Figure 2.2). The 

6.3 nm red-shift of the SPR peak as well as the increase in the intensity (from 0.336 to 

4.52) is consistent with the Mie theory in which the max as well as the intensity of the SPR 

increase with the volume of the AuNP.3, 17  This is related to an increase of the extinction 

coefficient as AuNPs size increases.18 Note that the first generations are not very sensitive 

to changes on the max. This deviation for smaller NPs has been reported elsewhere18.

 

Figure 2.2. UV-VIS  monitorization of the growing steps. A red-shift of the SPR peak and a 

progressive increase of the Absorbance were observed. This is in agreement with the Mie theory in 

which the extinction coefficient increases with the volume of the metallic NP.  

The pH control is an important point here since each growth step involves the reduction of 

HAuCl4 by citrate.7 Protons are formed in the first stage of this reaction19,20: 

  C6H5O7 3-   C5H4O5
2- +   CO2 +  2e- +  H+ 

AuCl4- + 2e-  AuCl2- + 2 Cl-  

This step is followed by the disproportionation of aurous species to gold atoms. This later 

step does not affect the pH values. To compensate the decrease of pH, an extra amount of 

sodium citrate is needed in every growth step in order to buffer the solution. In fact, a 

parallel experiment was carried out without the addition of this extra-amount of sodium 

citrate and the pH after each generation was measured (Figure 2.3). It is observed a 

constant decrease of 0.3 units of pH after each generation of NPs achieving a value of 3.14 

after 14 generations. At this point, the AuNPs precipitated. This can be explained by 

considering the pKa values of sodium citrate (6.4, 4.8 and 3.2). Since at pH 3.14 all the 

carboxylic groups from citrate are protonated, the electrostatic interactions cannot 

maintain particles stable in solution. Thus, the amount of sodium citrate added in each 
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growth step (1mL, 60mM) was the experimentally determined in order to keep a constant 

pH ~7 during the whole growth process.  
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Figure 2.3 pH values after each growing step and pKa values of sodium citrate (6.4, 4.8 and 

3.2). When solution pH is lower than pKa1 value for sodium citrate, all its carboxylic groups are 

protonated and hence electrostatic interactions cannot keep particles stable in solution, leading to 

immediate irreversible aggregation. 

 

2.3.2 Growth after dilution of the seeds 

Considering that all the gold is consumed by the reaction (confirmed by ICP-MS), that the 

particles are spherical and finally that no secondary nucleation events take place; it is 

possible to estimate the final size of the AuNPs by a simple approach based on the known 

amount of Au added and on the weight of a AuNP. 

Weight of a NP = weight of a seed +
weight Au added

ºn seeds
 

VNP · ρAu = (Vseed · ρAu ) +  
weight Au added

ºn seeds
 

(4/3 rNP3) · ρAu=  (4/3 rseed
3) · ρseed  + 

weight Au added

ºn seeds
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rNP3  = 3/4  

weight Au added

 º n seeds
Au


 + rseed3     (equation 2.1) 

Where VNP is the volume of a NP, is ρAu gold density, rNP is the radius of the NP. 

According to this theoretical approach, the amount of gold needed to obtain 50 nm AuNPs 

from 10 nm seeds at 3.2 x 1012 NP/mL would be the equivalent of 125 consecutive 

injections. One could think on the addition of a higher amount of gold in each injection. 

Unfortunately, this would not be possible because the ratio seeds to gold monomer should 

be kept between a certain range to avoid secondary nucleation (vide infra). Thus, the 

previous growth protocol was modified by the addition of a dilution step every three 

additions of HAuCl4 as shown in scheme 2.2. The advantage of this approach is that one 

can synthesize large AuNPs in a few steps and without compromising the stability and the 

monodispersity of the NPs. AuNPs were grown up to 14 growing steps and all the 

generations analyzed by TEM and UV-VIS. Representative images of every step are shown 

in figure 2.4. It is observed that the monodispersity is maintained in all the samples as well 

as the absence of secondary populations. AuNPs were grown from the initial seeds (8.4 ± 

1.0 nm) to the 14th generation (180.5 ± 10.7 nm). We decided to stop the synthesis here, 

but, in principle, there is no reason against keep growing these AuNPs. Although, the NPs 

are rather faceted and thus not perfectly spherical, the growth is very uniform, avoiding 

formation of elongated NPs such as the ones obtained by the Frens approach.6  
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Scheme 2.2 Seeded growth synthesis of AuNPs up to 180 nm. Dilution steps were introduced in 

this approach to facilitate the growth to larger sizes. 

 

 

Figure 2.4 Representative TEM images of every growth step. Monodispersity and absence of 

secondary populations are maintained all over the process. The morphology of the AuNPs is quasi-

spherical in all cases avoiding the formation of elongated AuNPs. 
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A summary of sizes and size distributions, as well as SPR peak position is provided in table 

2.1. Obviously, the final concentration of AuNPs depends on the dilution factor applied 

(95/150 in our case). As expected, a detailed analysis of the SPR position revealed a linear 

behavior due to the dependence of the peak position on the volume of the NPs.18 This 

tendency is however disrupted for AuNPs larger than 100 nm, in which appears a 

quadrupolar component of the SPR.   Note that standard deviation is never higher than 10 

% of mean value except for the seeds. Note also that the actual size of the AuNPs is quite 

similar to the theoretical size calculated as explained above (equation 2.1). Thus the 

presumptions made to calculate the formula (sphericity, all the added gold is consumed, 

and no secondary populations) are likely accomplished.   

 

Growth 
step 

Diameter ± sd 
(nm) 

sd 
(%) 

Concentration 
(NPs/mL) 

SPR peak 
(nm) 

Theoretical 
Diameter 

Seeds 8.4 ± 1.0 11.9 3.0 x 1012 518  

1st 17.6 ± 1.2 6.8 1.9 x 1012 521.5 18.2 

2nd 22.3 ± 2.2 9.8 1.2 x 1012 523.5 24.5 

3rd 31.1 ± 2.8 9.0 7.6 x 1011 525.5 30.4 

4th 36.0 ± 2.4 6.6 4.8 x 1011 527.5 36.7 

5th 42.2 ± 2.3 7.8 3.1 x 1011 530.5 43.7 

6th 54.4 ± 3.3 6.1 1.9 x 1011 535 51.5 

7th 64.8 ± 3.4 5.2 1.2 x 1012 540 60.5 

8th 69.3 ± 4.5 6.5 7.8 x 1010 542.5 70.7 

9th 80.1 ± 5.4 6.7 4.9 x 1010 546.5 82.6 

10th 96.1 ± 5.6 5.8 3.1 x 1010 555.5 96.4 

11th 109.2 ± 7.6 6.9 2.0 x 1010 574.5 112.4 

12th 123.6 ± 10.6 8.6 1.2 x 1010 606 131.0 

13th 150.0 ± 9.9 6.6 7.9 x 109 649 152.6 

14th 180.5 ± 10.7 5.9 5.0 x 109 720 177.8 

 

Table 2.1 Summary of sizes, concentration and SPR peak position of AuNPs after 14 

consecutive growing steps. The theoretical size is also shown. 
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2.3.3 Variation of seed and gold salt concentrations 

From the results above, it is observed that the final size of the nanoparticles will depend 

on the amount of seeds and gold added in solution. Taking into account these two 

parameters, it seems possible to obtain AuNPs of a desired size. In this section, we explore 

how these parameters affect the resultant AuNPs. 

Firstly, the effect of seed concentration on the size of AuNPs after a growing step was 

studied using 17.0 ± 1.7 nm seeds at concentrations ranging from 4.18 x 1011 NP/mL to 

8.36 x 1010 NP/mL. The final volume (75 mL) and the amount of gold precursor added (0.5 

mL, 25 mM HAuCl4) were the same in all cases. Size and size distribution were analyzed by 

TEM imaging and they are showed in figure 2.5 (black squares). As expected, the higher is 

the concentration of seeds, the smaller is the growth of the resultant NPs. Hence, 23.3 ± 1.7 

nm AuNPs were obtained at the highest concentration (4.18 x 1011 NP/mL), whilst 36.6 ± 

4.4 nm AuNPs were obtained when 5 times less seeds were added. It is also observed the 

fitting of the empirical values with the ones predicted using the equation 2.1. Also note the 

greater increase in the size for high dilutions of the seeds. Thus, one could think that a high 

dilution of seeds could lead to large AuNPs. However, it should be taken into account that 

new nucleation events must be avoided to get a single population of AuNPs with narrow 

size distribution. This cannot be ensured when very few AuNPs are present in solution. In 

fact, at the lower concentration assayed here a small percentage of a secondary population 

of AuNPs appeared. Therefore the addition of subsequent growth steps seems to be the 

appropriate strategy to get larger AuNPs. Additionally, it is shown here the great control of 

the process and the ability to get AuNPs of a desired size. Obviously, it is necessary to 

know previously both the size and the concentration of the seeds to make the required 

calculations. 
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Figure 2.5 Theoretical and empirical AuNPs diameter in function of the concentration of 

seeds. The final size depends on the concentration of seeds added. It is observed here how the 

empirical values match satisfactorily the theoretical value.    

 

The other component of this system that can be modified is the amount of HAuCl4 added in 

a growth step. We followed a similar strategy to analyze the role played by the precursor: 

The concentration of 17.0 ± 1.7 nm seeds was kept constant (1.71 x 1011 NP/mL), whilst 

the concentration of HAuCl4 was varied from 0.022 mM to 0.334 mM. The size of the 

resultant AuNPs, as measured by TEM, as well as the predicted value are shown in table 

2.2.  Obviously, the size of the AuNPs increased as the amount of gold precursor increased. 

Here, the predicted size calculated from equation 2.1 also matches the empirical value. 

However, a secondary population of small AuNPs was clearly observed when the highest 

concentration of HAuCl4 was assayed. Thus, new nucleation of NPs was not avoided in the 

case of the highest HAuCl4 concentration and consequently the monodispersity of this 

sample was lost. This can be also observed analyzing the SPR peak shift: The peak shifts to 

higher values as long as the amount of gold added increases, but at 0.334 mM the peak 

shifts to a smaller wavelength indicating the deficient growth of the AuNPs. Since part of 

the Au added was consumed by the formation of new AuNPs, which in addition competed 

with the initial seeds for the remaining Au, the resultant AuNPs are polydisperse with an 

unpredictable size. Hence, it is important to add the precursor in successive steps instead 

of a single one which would increase the concentration of precursor too much causing new 

nucleation. 
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HAuCl4 

(mM) 
Size    

(nm) 
Theoretical 

size (nm) 
SPR 

peak 
(nm) 

0.022 19.5 ± 2.1 19.3 519.9 

0.083 24.7 ± 2.1 23.9 522.1 

0.167 28.6 ± 2.7 28.2 524.1 

0.334 xxx 34.2 522.2 

 

Table 2.2 Size of AuNPs depending on the amount of gold added. 

 

Summarizing, it has been demonstrated here the possibility to obtain AuNPs of a desired 

size just by adjusting the amounts of seeds and HAuCl4 according to a simple theoretical 

approach. The less seeds and the higher amount of gold added, the larger are the resultant 

AuNPs. However, the variation of both components should be in a certain range to avoid 

new nucleation events and therefore the formation of a secondary population of AuNPs. 

Thus, a range of sizes can be obtained in a single step by adjusting these two parameters, 

but a subsequent synthesis step should be introduced if larger AuNPs are desired. For 

example, starting with 17 nm seeds it is easy to obtain AuNPs à la carte from 18 to 35 nm, 

but if larger AuNPs are desired, an additional synthesis step (normally implying dilution of 

the AuNPs) will be required.  

 

2.4 Conclusions  

The control of the size and morphology of NPs are key points in the synthesis of inorganic 

NPs. In the field of biomedicine, and specifically in the use of AuNPs as scaffolds for drug 

delivery, achieving a great control over the synthesis is recommended since some 

important properties such as biodistribution are strongly influenced by the size of the 

scaffold rather than by the composition. In fact, size effects are paramount at the 

nanoscale.  

Here it has been demonstrated that the synthesis of AuNPs is very well controlled in terms 

of morphology, size and size distribution. Our approach is based on a seeding growth 

synthesis due to the fact that the growth of AuNPs is to some extend thermodynamically 

favored respect to the formation of Au nuclei. To even favor more the growth, the 

temperature was decreased to 90 ⁰C instead of the 100 ⁰C required for the synthesis of 

new AuNPs. AuNPs up to 30 nm can be synthesized by successive growing steps of HAuCl4. 
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The pH control has been shown to be crucial to maintain colloidal stability, since protons 

are formed in every growth step. To obtain AuNPs up to 180 nm, dilution steps were 

introduced to minimize the consumption of Au. In addition, it has been shown the 

possibility to nicely control the final size of AuNPs by adjusting the amounts of either 

seeds or gold precursor. The separation of nucleation and growth is the main factor that 

determines the success of the synthesis and therefore must be always accomplished if 

monodispersity is wanted.  
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Chapter 3  

Conjugation of AuNPs to Achieve 

Stable and Functional Scaffolds for 

Drug Delivery 
 

 

3.1 Introduction 

The world of NPs and the world of cells and biomolecules are quite different and often 

incompatible. Functionalization of NPs surface is our tool to interact at the nano-bio 

interface.1 Thus, engineering properly the AuNPs surface is a crucial step to determine the 

final fate of the AuNPs since it will provide the functionality of interest and it will 

determine important properties such as surface charge and stability.  

A great variety of chemical groups such as thiols, amines, phosphates or carboxylic acids 

have affinity to the AuNPs surface.2 This versatility allows the functionalization with 

different molecules such as organic molecules, proteins, DNA, polymers, etc.3 Among all 

the possible links, the SH-Au bond is the most widely exploited due to its pseudo-covalent 

character (≈45 Kcal/mol)4, this high bond strength allow the exchange with other ligands 

which bind Au more weakly such as citrate, amines, or phosphates. In addition, the high 

strength makes the bond very stable over the time. Thus, the use of thiolated molecules is 

a common strategy to functionalize AuNPs. Examples of this strategy includes conjugation 

with alkanethiols,5 thiolated DNA,6 proteins or peptides containing a superficial cysteine 

residue,7 and polymers with a terminal SH group.8 Alkanethiolates, such as 11-

mercaptoundecanoic acid (MUA), have been largely used to obtain self-assembled 

monolayers (SAM) onto Au surfaces9 due to the presence of a thiol and a hydrophobic 

chain which allow a very compact packing of the layer. In addition, a terminal group gives 

the desired functionality and/or charge to the AuNPs. This is of special importance since 
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some of their biological properties such as potential toxicity or cell uptake are 

dramatically influenced by the surface charge given by this layer.10 Moreover, the presence 

of terminal groups allows further conjugation steps. For example, EDC coupling or other 

click chemistry processes between the monolayer and a molecule of interest have been 

largely studied.11 Other strategies of functionalization are based on a non-specific 

absorption of molecules onto the AuNP surface. These include unspecific absorption of 

protein as in the case of the well-known protein corona12, 13, or weak interactions with 

chemical groups such as phosphates from a DNA strand or OH groups from polymers such 

as PEG, amongst others.1 In this case the link with the AuNPs is weaker than it was for 

thiolated molecules.  

Interestingly, by mixing AuNPs and surfactant molecules, AuNPs conjugates with a specific 

functionality can be properly inserted in the biological machinery. However, it is worth 

noting here that minute differences on the resulting conjugate, often ignored, might have a 

dramatic impact in the biological response of the system exposed to some determined 

AuNPs.14, 15  Taking into account that nanoparticles for biomedical applications are 

reaching a high level of complexity, the fine control and understanding of the conjugate 

composition is required to not halt the development of new products. Thus, factors such as 

conformational changes of the coating molecules or small variations of classic behavior 

induced by the nanoscale have to be considered before using the nanoparticle: For 

example, the curvature radius of the AuNPs modifies the pKa of attached alkanethiolates,16 

thus two AuNPs with the very same composition might be stable or not at a specific pH 

depending on the size of the AuNPs. Also, a change on the conformation of components of 

the monolayer (e.g. PEG), rather than in the composition, modifies dramatically the 

biological properties of the conjugate.15 

In this chapter, we carefully examine the conjugation of two widely used molecules (MUA 

and SH-PEG) to the surface of AuNPs and the design of mixed layers whose properties can 

be tuned depending on the composition of the layer and the conjugate architecture (global 

conformation of the ligands). We also propose methods and principles to control the 

conjugation and to characterize (physically, chemically and biologically) the resulting 

conjugates and their evolution in physiological conditions. Also, a study to determine how 

the layer composition influences the protein binding is showed. Note that the first step on 

tuning NP-cell interactions is to control this protein binding.  This is of special relevance, 

since these are the conjugates that will be used as scaffolds for drug delivery in following 

chapters. 
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3.2 Experimental 

MUA Self-Assembled Monolayer on AuNPs. Different concentrations of MUA from 0 to 

60 M were added to 20 nm AuNPs (21.3 ± 3.3 nm, 5.0 x1011 NP/mL) and 40 nm AuNPs 

(39.3 ± 4.3 nm, 9.0 x1010 NP/mL) solution by adding corresponding volumes of 1mM or 5 

mM MUA aqueous solution. Differences of volume were compensated by addition of miliQ 

water. The conjugation was gently stirred for 21 hours (an aliquote was taken and 

immediately measured at 30 minutes as well). UV-VIS spectra from 300 to 800 nm were 

taken for every sample at 30 minutes and 21 hours.   

SH-PEG Self-Assembled Monolayer on AuNPs:  Different concentrations of SH-PEG (3.4 

KDa) from 0 to 15 mM were added to 20 nm AuNPs (21.3 ± 3.3 nm, 5.0 x1011 NP/mL) by 

adding corresponding volumes of 1 mM SH-PEG aqueous solution. Differences of volume 

were compensated by addition of miliQ water. The conjugation was gently stirred 

overnight. UV-VIS spectra from 300 to 800 nm were taken for every sample. 

Mixed layer-AuNPs obtained by co-conjugation. The different SH-PEG / MUA ratios 

were prepared by mixing the corresponding volumes of 1mM (or 0.3 mM, or 0.1 mM)  

solution of each component. 500 L of these mixtures were subsequently added to 4 mL of 

AuNPs as synthesized (14.6 ± 1.5 nm, 4.2 x 1012 NP/mL) and gently stirred overnight. The 

SPR bands of the resulting conjugates were analyzed by UV-VIS spectroscopy at the range 

of 300 to 800 nm. The hydrodynamic diameter was analyzed by DLS. 

Mixed layer-AuNPs obtained by ligand exchange. An aqueous solution of SH-PEG (125 

L, 0.3 mM) was added to 1 mL citrate-stabilized AuNPs (15.2 ± 2.0 nm, 3.7 x 1012 NP/mL). 

The conjugation was allowed to run for 6 hours. Then, the excess of SH-PEG was removed 

by 2 centrifugation cycles (18000 rcf, 30 min) and resuspension of AuNPs in fresh water. 

Finally, different amounts of MUA (0 to 80 M) were added to the solution and the 

agitation was maintained overnight. The resulting AuNPs were analyzed by UV-VIS 

spectroscopy and DLS. 

Quantification of the SH-PEG-FITC loaded on the AuNPs by fluorescence. The excess 

of SH-PEG-FITC and MUA was removed by 3 centrifugation steps (30000 rcf, 30 min). 

After the last washing step, AuNPs were suspended in the same volume of an aqueous 

NaCN solution (100 mM) and stirred for 6h at 37 ºC. The total dissolution of AuNPs was 

proved by the disappearance of the SPR. All the samples were buffered using CAPS (25 

mM, pH 10.6). Known concentrations of SH-PEG-FITC under the same conditions were 

used to do the calibration curve. 100 L of standards and samples were loaded in a 96-
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well plate and the fluorescence spectra (ex=494, em=521) was taken. The concentration 

of SH-PEG-FITC in the samples was calculated from the calibration curve. 

Quantification of the SH-PEG-FITC by absorbance. AuNPs were removed from the 

sample by 3 centrifugation steps (30000 g, 30 min). Centrifugation conditions were more 

aggressive here to ensure that all the NPs were removed. 25 L of CAPS buffer (200 M, 

pH 10.6) were aded to 975 L of the resulting supernatant. To prepare the standards the 

same procedure than the explained above to functionalize the AuNPs was followed but 

using sodium citrate 2.2 mM instead of the AuNPs solution. The absorbance of standards 

and samples were measured under the same conditions. The amount of SH-PEG-FITC 

loaded on the AuNPs was calculated substracting the concentration of the sample from the 

concentration of the standard.  

Stability in physiological and acidic media. AuNPs functionalized with MUA and SH-PEG 

were concentrated to 2.4 x 1014 NP/mL by centrifugation (18000 rcf, 14 min.) of 1 mL of 

AuNPs and resuspension of the pellet in a final volume of 20 l. Then these 20 l were 

added to 180 l of DMEM supplemented with 10 % FBS and softly mixed during 30 

minutes. To assay the stability in acidic media, 1 mL of previously functionalized AuNPs 

were brought to pH 2.6 by adding 2.5 L of a 0.2 M glycine/HCl buffer. The stability in both 

cases was evaluated by analyzing the broadening and the red-shift of the SPR band.  

Protein adsorption. 1.3 mM solution of bovine serum albumin was prepared by diluting 

182 mg in 2.1 mL of 5 mM Hepes buffer at pH 7.5. Then 7.7 L of this solution was added 

to 1 mL of previously functionalized AuNPs and softly mixed overnight. The changes of the 

hydrodynamic diameter were analyzed by DLS and the shift of the SPR band by UV-VIS.  

Gel electrophoresis.AuNPs were functionalized with relevant ratios of SH-PEG / MUA (0, 

0.3, 0.6, 0.74, 0.88, 0.96, and 1) as explained above. Then the samples were splitted in two 

parts. 1 mL was incubated with 7.7 L of a 1.3 mM BSA solution in 5 mM Hepes buffer (pH 

7.5) overnight and the other part was kept without any modification. Samples were loaded 

into the wells of a 1% agarose gel.The electrophoresis was run under 60 V in a sodium 

borate buffer (30 mM, pH 8.5).  
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3.3 Results and discussion  

3.3.1 MUA Self-Assembled Monolayers onto AuNPs.  

The choice of MUA to study the formation of SAM onto AuNPs is not trivial. The presence 

of a terminal thiol group, the relatively long (11 C) hydrocarbon chain, and the carboxylic 

acid at the other side of the molecule make it a model candidate to form highly stable 

SAMs. In addition, the presence of the carboxylic groups will allow a further step of 

cisplatin loading via a coordination bond (see chapter 4). 

To understand the formation of MUA SAMs onto AuNPs, different amounts of MUA were 

added to a solution of AuNPs (21.3 ± 3.3 nm, 5.0 x1011 NP/mL) and the shift of the SPR 

analyzed by UV-VIS. The position of the SPR of the AuNPs after MUA addition is 

determined by changes in the local refractive index around the NP due to changes in the 

density of the monolayer which is determined by the concentration of ligand on the 

surface.17, 18  Thus, the denser is the layer, the higher is the shift. This is observed in figure 

3.1 in which the position of the peak is represented in function of the concentration of 

MUA added. The SPR varies following a sigmoidal curve, typical of processes involving 

adsorption on a surface at constant temperatures (e.g. Langmuir isotherms).19 From this 

curve, the saturation point, or the point at which adding more MUA causes no change in 

the SPR peak is determined at approximately 15 M for the analyzed AuNPs. Taking into 

account the footprint of MUA in gold, which is reported to be 0.21 nm2,4 it can be easily 

calculated that the amount of MUA needed to completely cover these AuNPs would be 7.25 

M. Thus, at least a 2-fold excess of MUA is needed to be added in this case to ensure a 

saturation of the monolayer. This excess of ligand is low compared to unspecific and 

weaker bindings such as the proteins absorbed onto AuNPs, in which excess as high as 5 to 

10 times the theoretical amount are required to saturate the surface.20, 21 Interestingly, 

there is a slight increase of the peak observed after 21h. This fact, which has been also 

described in SAMs on Au planar surfaces,22 it is attributed to an internal slow 

reorganization of the monolayer, to maximize the surface coverage, and consequently 

minimize the free surface energy.  The differences between 30 minutes and 21 hours are 

greater for higher MUA excess than for low concentrations. At concentrations much lower 

than saturation, most of the added MUA is rapidly attached to the highly available surface 

and therefore the final state (or a very close state) is rapidly reached. On the other side, 

since the surface is densely occupied at high concentrations of  MUA at short times, there 

is a need of reorganization of the layer before more MUA could be attached. This 

reorganization is a slow process which is not completed after the first 30 minutes, but 
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hours. From a practical point of view, this suggests that conjugation of MUA on AuNPs 

should be carried out overnight to ensure a complete formation of the monolayer.  
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Figure 3.1 Shift of SPR in function of MUA added in solution. The formation of the monolayer 

was monitored by UV-VIS 30 minutes and 21 hours after MUA addition. The common saturation of 

a surface behavior is observed. The slight differences between times are due to a slow 

reorganization of the monolayer.  

To evaluate whether the size of AuNPs has an influence on the formation of the MUA SAM, 

40 nm AuNPs (39.3 ± 4.3 nm, 9.0 x1010 NP/mL) were also functionalized with MUA. The 

conjugation was run 21 hours under the same conditions than assayed before. In figure 3.2 

the variation of peak in function of concentration of MUA added is represented for both 20 

nm and 40 nm AuNPs. Note that the concentration is normalized by the surface area of the 

different AuNPs and the peak shift is normalized from 0 to 1 in order to compare both 

samples. It is observed that the conjugation of MUA is rather independent of the AuNPs 

size in this range of sizes, showing an almost identical behavior.  

The shift of the SPR as a function of the concentration of added MUA fits quite well the  

Langmuir isotherm (Figure 3.2 b). This simple approach for adsorption onto surfaces is 

based on four assumptions:                      

i. All the surface sites have the same adsorption energy for the adsorbate.  

ii. The adsorption at one site does not affect the energy of adsorption of neighboring sites. 

iii. All adsorption occurs through the same mechanism. 

iv. At the maximum adsorption, only a monolayer is formed.  

The experimental points fit quite well this theoretical approach. The constant of Langmuir  
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(K) can be extracted from this fitting. This corresponds to the constant of adsorption (Kabs) 

assuming that the shift of the SPR is proportional to the coverage of the surface, and that 

the maximum coverage is 0.21nm2/molecule.4 In the case of 20 nm, this is 0.179 M-1. This 

constant represents the inverse of the bulk solution concentration required to reach half 

of the maximum surface coverage. From this constant the free energy of adsorption (Gads) 

can be also determined.23 

AGads= -RT ln K/Vm 

where R is the gas constant, T is the temperature (297 K), K is the previously obtained 

constant (1.79 x 105 M-1) and Vm the molar volume of the solution. As concentrations of 

MUA were low, molar volume of water is used here (18.0 x 10-3 M-1). Gads is calculated to 

be -39.8 kJ mol-1. Despite several approximations have been done to obtain this value, the 

value is similar to other examples found in the literature in which the loaded molecule was 

directly measured:-38.7 kJ mol-1 for SH-PEG 5 KDa,24  -35.1 kJ mol-1 for SH-DNA6 or-52.7 kJ 

mol-1 for a short-chain thiolated PEG linked to an antiparkinsonian molecule.23 Thus, the 

simple monitorization of the process by UV-Vis spectroscopy gave us information about 

the thermodynamics and kinetics of the process. Nevertheless, it is worth mentioning here 

that this simple approach is applicable only in one-component monolayer in which the 

SPR shift only depends on the number of surfactant molecules per unit of surface (i.e. the 

density of the layer) and where the Langmuir assumptions are valid. This is not the case of 

SH-PEG, in which the SPR is also influenced by the conformational changes of the ligand,18 

or proteins where the energy of adsorption at one site is different whether the 

neighboring sites are occupied or vacant and also depends on the protein orientation.20  

 

Figure 3.2. MUA monolayer characterization. (a) Shift of the SPR in function of the concentration 

of MUA and size of AuNPs. Both the shift and the concentration were normalized for comparison. 

(b) Fitting using the Langmuir approach for 20 nm AuNPs. The value of k can be used to further 

calculate Gads.  
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3.3.2 Pegylation of AuNPs.  

Polyethylene glycol (PEG) is a linear synthetic polymer, build up by repeating [-CH2CH2-O] 

units. It is uncharged, water soluble, inert and considered as non-toxic and non-

immunogenic. It has been extensively used to stealth liposomes and nanostructures from 

being rapidly cleared by the immune system.25, 26 To obtain a stable monolayer, SH-PEG-

CM (3.4 KDa) was used onto 20 nm AuNPs. Similar as in the case of MUA, the saturation of 

surface was followed by analyzing the shift of the SPR by UV-VIS spectroscopy 21 hours 

after the addition of different amounts of SH-PEG (figure 3.3). After normalizing the 

concentration with the surface area of NPs, it is observed that a saturation point was 

reached at ca. 2 x 10-15 nM/nm2, which is 10-fold less than in the case of MUA. Thus, the 

concentration to reach the saturation point is 10 times smaller. This indicates that the 

density of SH-PEG onto the AuNPs was likely about 10 times smaller, since the bond with 

Au is also via a SH group and therefore a similar affinity was expected. As the surfactant is 

stable, what we are looking is at the bonding preference on the NP surface.  
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Figure 3.3 SH-PEG monolayer characterization. Shift of the SPR in function of the concentration 

of SH-PEG added. Both shift and concentration are normalized for comparison.  

 

3.3.3 Mixed layers  

Formation of mixed layers on AuNPs via a surfactant layer formed by various components 

makes possible the achievement of multifunctional AuNPs. The control of this process 

allows tuning the proportion of every component on the monolayer. This is very important 

since small variations on the composition or the conformation of the monolayer may 
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account for great changes in the physicochemical properties of the conjugates.  In our case, 

we were interested on mixed layers formed by MUA to have a highly packed functional 

layer as chemical substrate to further attach cisplatin, and SH-PEG to confer additional 

colloidal stability. Mixed layers can be obtained via a co-conjugation of the different 

components (section 3.3.3.1) or by conjugation of one component and a subsequent 

exchange of ligands by the other component (section 3.3.3.2).  Interestingly, the individual 

behavior of each compound can help to predict the final population on a mixed layer. Thus, 

one could use simple analysis of a single component to make a first approach in the design 

of multicomponent conjugates. However, it is important to determine the impact of the 

competence for the NPs surface when both components are present in solution and see if 

the affinities of the individual components for the NP are maintained. 

3.3.3.1 Formation of mixed layers by co-conjugation of the components. 

14.6 ± 1.5 nm AuNPs were used for these experiments since this is the chosen size for our 

biological assays (see chapter 5).  

Firstly, we analyzed how the addition of different ratios of SH-PEG / MUA affects the 

loading of these molecules (Figure 3.4). Since both molecules compete for the AuNP 

surface, it is important to assay whether the proportion of both components in solution is 

maintained or not after conjugation to AuNPs. The final concentration of the sum of both 

species was kept constant (30 M) and only the proportion of both components was 

modified. SH-PEG of the same molecular weight (3.4 KDa), but modified with a terminal 

fluorescein (SH-PEG-FITC) was also used to quantify the amount of this molecule on the 

surface by measuring the absorbance of the supernatants after removing all AuNPs by 

centrifugation, or by measuring the fluorescence of the attached SH-PEG-FITC after 

digestion of AuNPs with sodium cyanide of the previously washed AuNPs.27 In both cases, 

the amount of SH-PEG on the NPs followed a linear trend reaching a final concentration on 

the NPs of aproximately 2.3 M (Figure 3.4). 
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Figure 3.4. Loading of SH-PEG in function of the ratio SH-PEG / MUA added. (a) The loading on 

the AuNPs was quantified with 2 different methodologies (absorbance and fluorescence after 

digestion of AuNPs) giving similar results. Note that in the case of the fluorescence-based measures, 

the lower ratios could not be measured due to the impossibility of digesting completely the AuNPs, 

likely due to the compactness of the MUA shell. The standard curves are also showed (b and c). 

 

This value corresponds to a final coverage of 334 molecules per NP, representing a 

footprint of 2.0 nm2 which is also in agreement with the 10-fold lower saturation point 

than MUA found for SH-PEG in figure 3.3. Note that in the case of lower ratios (high 

[MUA]), this could not be easily measured due to the difficulty to totally digest the NPs, 

likely due to the compactness of the layer when  MUA is the highly predominant 

component of the SAM.28 Although the amount of MUA has not been directly measured, 

one could assume that the surface which is not occupied by SH-PEG will be occupied by 

MUA. The proportion of MUA that is loaded on the NP will be always higher than the 

added. For example, in the case of the ratio 0.5, the amount of SH-PEG loaded is ca. 0.9 M, 

which corresponds to 131 molecules per NP and a 39% of surface coverage. Assuming that 

the remaining 61% is covered by MUA, and taking into account that the footprint for 

alkanethiols on gold is reported to be 0.21 nm2,4 the number of MUA per NP would be ca. 

1945, which is 15 times higher than the amount of SH-PEG. Therefore, even if both attach 

with a thiol group, the resulting interactions and packing between neighbouring molecules  

favors MUA with respect to the SH-PEG molecules.  This can be explained by the fact that 

MUA is a smaller molecule than SH-PEG with a hydrophobic chain and a hydrophilic head 

that favors the formation of dense SAMs on AuNPs9 readily than SH-PEG does.  
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The conjugates obtained after adding different ratios SH-PEG / MUA were also analyzed by 

UV-VIS to monitor the shift of the SPR. In this case, we were not interested in monitoring 

the formation and saturation of the monolayer in function of the concentration of ligands, 

but in detecting the changes induced by the different composition of the layer. This is the 

reason why we worked at a fixed concentration of ligand (30 M), modifying only the 

proportion of the components (figure 3.5). Interestingly, a discontinuous behavior was 

observed: The SPR position was only slightly shifted from ratios SH-PEG / MUA = 0 (all 

MUA) to ratios ≈ 0.7. From this point, a sharp blueshift from 521.4 nm to 520.5 nm was 

produced. This discontinuous behavior, also observed for absorbance, cannot be 

attributed to a differential loading of both components in function of the ratio since the 

loading of SH-PEG increases constantly as the proportion of SH-PEG added increases 

(figure 3.4). Therefore this sharp change is not related to great modifications in the layer 

composition, but to other factors such as conformational changes. In this context, it has 

been recently reported that the induction of a conformational change of a polymeric ligand 

onto AuNPs, without affecting the composition of the layer, led to a blueshift of the SPR 

peak. This is attributed to changes of the local refractive index due to changes in the 

density of the coating layer close to the AuNP surface.18 It is also known that a high density 

of SH-PEG grafted on the NPs surface lead to a change of configuration from folded to 

stretched or radial, also known as mushroom and brush conformations respectively.29-31  
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Figure 3.5. Shift and Intensity of the SPR in function of the MUA / SH-PEG ratio added. The 

discontinuous behavior observed here differs from the continuous loading of SH-PEG. This is 

explained considering a stretching of SH-PEG chains at high densities.   
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Thus, the observed blueshift is attributed to a stretching of the SH-PEG chains induced at 

high grafting densities of SH-PEG. To corroborate this point, the hydrodynamic diameter 

of the conjugates, measured by Dynamic Light Scattering (DLS), was also monitored in 

function of the SH-PEG / MUA ratios (Figure 3.6a). DLS gives the measure of the diameter 

that a sphere with the same translational diffusion speed than the corresponding 

nanoparticle would have32 and its value is influenced by the length of the ligands as well as 

by the compactness of the layer.20 Interestingly, a similar behavior than the previously 

shown for UV-VIS was observed here: A slight increase of the hydrodynamic diameter was 

produced until ratios ≈ 0.7 in which the hydrodynamic diameter raised rapidly from 14.9 

nm to 27.6 nm. This is in agreement with the predicted stretching of the SH-PEG chains. 

This is even more clearly observed when the hydrodynamic diameter is plotted in function 

of the SH-PEG loaded onto AuNPs measured by fluorescence as explained above (Figure 

3.6 b). The initial loading of SH-PEG did not cause a significant change on the 

hydrodynamic diameter. On the contrary, when the amount of SH-PEG loaded on the 

AuNPs reached values around 1 M, the hydrodynamic diameter dramatically increased. 

Thus, the change on SH-PEG conformation is produced here at loadings around the 45 % 

of the maximum amount of SH-PEG able to load onto the AuNPs (2.3 M).  

We have demonstrated here the importance of not only analyze the mixed layer in terms 

of composition, but also taking into account conformational changes of SH-PEG. It is 

relevant to detect this point, since it will determine the change in the stabilization 

mechanism as well as the protein adsorption profile of this kind of conjugates (see section 

3.3.5). 

 

Figure 3.6. Hydrodynamic diameters in function of the composition of the mixed layer. (a)  

Measure of the hydrodynamic diameter depending on the ratio SH-PEG / MUA added. (b) The 

diameter is shown in function of the loading of SH-PEG-FITC. Note that b shows the amount of SH-

PEG loaded onto NPs whilst a shows the amount of SH-PEG added in solution.  
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3.3.3.2 Formation of mixed layers by ligand exchange 

It has been observed in previous sections that MUA is an excellent SAM-forming agent 

because thiol group has a great affinity for Au, the hydrophobic chain favors the formation 

of a compact shell, and the negatively charged carboxylate groups confer electrostatic 

stability to the AuNPs. Those reasons give more affinity for AuNPs surface to MUA than to 

SH-PEG and consequently, MUA is supposed to be able to displace the SH-PEG, and to 

completely wash away SH-PEG from the surface when enough excess is added. Formation 

of mixed layer by a partial replacement of one of the components of the monolayer has 

been also reported in the literature.24, 33 In this section a methodology to replace SH-PEG 

with MUA to obtain mixed layers will be described. However, we strongly recommend the 

use of co-conjugation (explained in section 3.3.3.1) to obtain this kind of mixed layers due 

to its simplicity and greater reproducibility.  

First, AuNPs were functionalized with SH-PEG (3.4 KDa) as explained in section 3.3.2. 

Then, the excess of SH-PEG was removed and different amounts of MUA were added to the 

AuNPs solutions and softly stirred overnight. The resulting AuNPs were analyzed by UV-

VIS spectroscopy and DLS (Figure 3.7). The general trend was that as the concentration of 

added MUA increased, the hydrodynamic diameter decreased (MUA is shorter than SH-

PEG), and SPR-band was red-shifted (the  coating layer is more compact when MUA is 

predominant). However, some deviations from the general trend are also observed and 

are difficult to explain due to the complexity of the process in which substitution of the 

components takes place together with conformational changes of the components on the 

monolayer. Moreover, the substituted ligands (SH-PEG) are ready to compete again for the 

NP surface with the substituting ligands (MUA). Hence, different stages were observed: In 

the first points, changes in the hydrodynamic diameter and SPR peak were small, which 

would indicate that MUA started to exchange with SH-PEG without causing any 

conformational change in the later. Then, more remarkable changes are observed from 15 

to 30 M of MUA, which could be attributed to a loss of SH-PEG density and therefore to a 

change of the conformation from brush to mushroom. From that point until 60 M 

changes are less evident. This is consequent with a substitution of the SH-PEG in the 

mushroom conformation by MUA. It is worth remembering that it has been observed in 

previous section how a progressive loading of SH-PEG resulted in very little variation on 

UV-VIS and DLS measures as long as SH-PEG conformation had not been changed to brush. 
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Figure 3.7. Monitorization of SH-PEG substitution by addition of  MUA. The changes produced 

in the hydrodynamic diameter (blue squares), SPR peak (black circles) and Zeta-potential (red 

triangles) after adding differents amounts of MUA are indicative of the ligand exchange.  

 

3.3.4 Stability in function of the layer composition at physiological conditions 

3.3.4.1 MUA-capped AuNPs 

As it is stated at the beginning of this chapter, surfactant layer determines several 

physicochemical properties of the NPs which obviously have an influence on the stability 

of NPs in different media.34 For example, the complex mixture of electrolites present in 

physiological media would induce the compression of the Stem layer leading to 

aggregation of electrostatically stabilized AuNPs if they had not been previously protected 

with steric repulsor. This phenomenon is often unnoticed since the protein, present also in 

physiological media, covers the NP via the well-known protein corona, conferring steric 

stability to the NP. However, at high concentration of NPs this protein corona might be 

insufficient to guarantee the colloidal stability of NPs. Unfortunately, high concentrations 

of AuNPs are often required to reach doses of interest in in vivo and in vitro studies, in 

which there is a limitation on the volume of AuNPs solution that can be added to the cell 

culture or the animal.  

To illustrate that aggregation in physiological media depends on the concentration of 

AuNPs, 10 % v/v of MUA capped AuNPs solution at different concentrations was added to 
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cell culture media (CCM, DMEM supplemented with 10 % Foetal Bovine Serum) and the 

peak position of SPR was measured by UV-VIS. Aggregation of AuNPs is known to broaden 

and shift to longer wavelengths the SPR band as well as to increase the absorption at the 

600 – 800 nm range.35 First, the stabilizing role of the protein corona was confirmed since 

all the concentrations aggregated when assayed in DMEM not supplemented with Fetal 

Bovine Serum (FBS). Then, as expected, it was confirmed that the stability of AuNPs in 

DMEM supplemented with FBS is concentration dependent (figure 3.8). At low 

concentrations of AuNPs in CCM (≤ 4.75 x 1012 NP/mL) are very stable due to the 

spontaneous formation of the widely described protein corona36, 37: Briefly, proteins are 

adsorbed on the nanoparticles surface, in this case on the MUA layer, conferring stability 

against aggregation by steric repulsion. In the case of higher concentrations (≥ 9.5 x 1012 

NP/mL), a red-shift and a broadening of the SPR band were observed even in the presence 

of 10% FBS. This indicates that proteins in the media were not capable of stabilizing high 

concentrations of MUA-capped AuNPs. Protein in cell culture media is approximately at 

0.1 mM while the highest concentration of AuNPs used here is 2.5 x 1013 NP/mL (41.5 nM). 

Since the protein in the media is not limiting, the aggregation is likely due to a kinetic 

issue: highly concentrated nanoparticles contact between them before proteins have the 

chance to be adsorbed conferring stability. It must be pointed out that the methodology 

followed in all the experiments here was making a dilution of the NPs and then adding 10 

% v/v of this solution to the CCM. Previous observations showed that if a low volume -

even a small drop- of a very high concentration of NPs is added to a large volume of CCM, 

AuNPs aggregate rapidly, even though the resultant mixture has a low NP concentration. 

On the other hand, if one dilutes first the NP solution in water and then uses this solution 

to reach the same final concentration in CCM, the stability is higher. 

 

 

 



Chapter 3 

44 

 

 

Figure 3.8. Stability of AuNPs in cell culture media in function of the AuNPs concentration. 

The broadening and great redshift of SPR at high concentration of AuNPs in cell culture media show 

the aggregation of AuNPs (a). The different behavior in function of the concentration is observed in 

the plotting of the peaks (b). Low concentrations were stabilized by the rapid formation of a protein 

corona. However, this mechanism was unable to stabilize high concentrations. 

 

Therefore, the spontaneous formation of the protein corona in CCM is not rapid enough to 

avoid aggregation of the nanoparticles when high concentrations of AuNPs are assayed. An 

easy alternative to circumvent this problem is to preincubate AuNPs with BSA in a low 

ionic strength buffer before the addition of these nanoparticles to CCM. Albumin is the 

major protein in serum and the most abundantly adsorbed onto hydrophilic surfaces,38 

while in the case of hydrophobic surfaces, fibrinogen and immunoglobulins play an  

important role and share the surface of the NP with albumin.13 To evaluate the 

concentration of BSA needed to stabilize AuNPs, different amounts of BSA in HEPES (pH 

7.5, 5mM) were added to a 1.0 x 1014 NP/mL solution of MUA-capped Au NPs. The 

formation of the protein corona can be followed either by Dynamic Light Scattering (DLS) 

or UV-VIS spectroscopy (Figure 3.9 a). In DLS measurements, it is observed a gradual 

increase in the hydrodynamic diameter with higher concentrations related to the 

progressive formation of a more compact BSA shell,20 reaching an 8 nm increase at the 

saturation point, which is in agreement with a BSA layer of 4 nm thickness (BSA has an 

equivalent diameter of 3.6 nm). The same behavior is observed when analyzing the red-

shift of the SPR band by UV-VIS spectroscopy confirming the formation of the protein 

corona12 (Figure 3.9 b). 

 Further analysis of the stability of these preparations at the highest concentration assayed 

in the previous stability test (2.5 x 1013 NP/mL) confirmed that preincubation of the 

AuNPs with concentrations of BSA ≥ 10 nM was enough to stabilize these NPs in CCM since 
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the SPR band was not shifted after adding the AuNPs in CCM (Figure 3.10). On the 

contrary, AuNPs which had not been previously incubated with BSA showed a great red 

shift as well as a broadening of the band indicative of aggregation. Thus, protein corona is 

able to stabilize the AuNPs at higher concentrations if they have been preincubated with 

albumin in a low ionic strength media (as 2.2 mM sodium citrate) before adding them to 

physiological media. Protein corona formation is spontaneous  in cell culture media,12 

hence the preincubation with BSA should not show any different biological effect if the 

conjugation has been performed properly to avoid any loss of NP stability during the 

process. It should be noted however, that protein corona spontaneously formed is much 

more complex, with other proteins such as immunoglobulins and fibrinogen forming part 

of the corona. Note also that protein corona, specially in the early stages, is dynamic. 

Hence, proteins which have greater affinity to NP surface, even if they are at low 

concentration, slowly replace abundant proteins.13, 38 Thus it is likely that this process may 

still take place even after the preincubation with albumin which does not show a high 

affinity for NPs surface. 

 

 

Figure 3.9. Monitoring the protein corona formation. The protein shell increase its density of 

packing as more protein is added until a full monolayer is achieved which is translated to an 

increase in the hydrodynamic diameter (a) and to a red shift of the SPR band (b). This is tracked by 

Dynamic Light Scattering and UV-VIS spectroscopy respectively. 
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Figure 3.10. Stabilization of AuNPs by protein corona. AuNPs aggregated in cell culture media if 

they had not been previously stabilized. Aggregation caused a great shift of the SPR peak as well as 

a broadening of the band. The inset shows the difference of the SPR peaks before and after adding 

the conjugates to CCM in function of the BSA added. The minimum amount of BSA that shows no 

difference is 10 nM. 

 

3.3.4.2 Mixed layers. Stability Dependence on the layer composition.  

The presence of SH-PEG on the surfactant layer is known to confer stability to the AuNPs.39 

Here, the stability is tested in function of the mixed layer composition. Different AuNPs 

with varying compositions of the layer were obtained as explained in section 3.3.4. After 

the removal of the excess of ligand, 20 L of AuNPs (2.4 x 1014 NP/mL) were added to 180 

L of 10 % FBS-supplemented DMEM in all cases. The stability was assayed by measuring 

the SPR band by UV-VIS spectroscopy after 30 minutes (figure 3.11 a). As expected, AuNPs 

which have MUA predominance over SH-PEG aggregate in physiologic conditions. On the 

contrary, AuNPs become stable from ratios SH-PEG / MUA higher than 0.7 which coincides 

with the point where the rise in the hydrodynamic diameter, associated to a 

conformational change of the SH-PEG. 

The stability at acidic pH was also tested. MUA-capped AuNPs are elecrostatically 

stabilized due to the negative charge given by the deprotonated carboxylic groups. 

Therefore, MUA-capped AuNPs become unstable once the pH is decreased below its pKa, 

and the carboxylic groups subsequently protonated (indeed, an effective surface charge of 

> |30| mV is needed to keep NPs stable in solution following the DVLO theory40). On the 

other hand, the sterically stabilized NPs should be stable at any pH. To prove the stability 
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of bifunctionalized AuNPs in a wide range of pH, the pH of the AuNPs solution was brought 

to 2.6 by using a Glycine / HCl buffer and the SPR band measured by UV-VIS spectroscopy 

(figure 3.11 b). Similarly as it was observed in the stability at physiologic conditions, the 

aggregation of nanoparticles was evident for ratios of added SH-PEG / MUA lower than 

0.7. Thus, here again the change in the mechanism of stabilization from electrostatic to 

steric coincides with the change in the conformation of SH-PEG. Otherwise the non-

stretched PEG is unable to stabilize sterically the  AuNPs. 

From these experiments the importance of not only the composition of the layer, but on 

the conformation is proved. It seems clear, that the additional stability conferred by SH-

PEG here is due to a change on the stabilization mechanism. MUA stabilizes the AuNPs via 

electrostatic repulsions, however when SH-PEG is stretched an additional steric 

stabilization is gained. From this moment, the steric stabilization is the main mechanism 

against aggregation since they stabilize the NPs under a wider range of conditions 

(including high ionic strength and low pH). Thus, the identification of the point at which 

the conformational change takes place is crucial in terms of stability. Note also that 

functionality given by MUA or any other alkanethiols is maintained since at ratios 0.7, the 

occupation of the surface by SH-PEG is just above the 50 %, leaving plenty of space for 

MUA. In fact, there would be space for ca. 1590 molecules of MUA per NP according to 

calculations based on the theoretical footprint of MUA on Au (0.21 nm2). Therefore, by 

tuning the mixed layer, one can guarantee both functionality given by MUA and stability 

given by SH-PEG. This extra stability is based on a steric hindrance instead of on an 

electrostatic repulsion. Thus, the stability is not affected by the composition of the media 

and/or the concentration of NPs. 
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Figure 3.11. Stability in physiologic and acidic media of concentrated AuNPs. (a) The stability 

of AuNPs functionalized with different SH-PEG / MUA ratios was assayed by adding 10 % of 2.4 x 

1014 NP/mL solution in DMEM supplemented with FBS. Destabilization is traduced to a broadening 

and redshift of the SPR band. At ratios higher than 0.7 the stability is recovered due to the steric 

stabilization given by SH-PEG in the brush conformation (b) To assay the stability in acidic media, 

the pH was decreased to 2.6 using a Gly/HCl buffer. The protonation of the carboxylic groups 

causes the loss of colloidal stability when the stability of the NPs is governed by MUA. On the other 

hand, AuNPs remain stable when they are sterically stabilized (PEG in the brush conformation).  
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3.3.5 Influence of the layer composition and conformation on the protein 

adsorption 

We have discussed the importance of the mixed layer composition in terms of stability. 

However, this is not the only goal pursued when a nanocarrier is pegylated. The role of 

PEG as stealthing agent from the immune system for drug delivery systems has been 

widely exploited. Hence, this methodology has been used to modify objects asliposomes, 

interferon- and viruses for biomedical applications.41, 42  Although, the mechanism of 

stealthing is not totally unveiled, it is accepted that avoiding the adsorption of opsonins 

plays a central role. Opsonins are proteins of the immune system, such as 

immunoglobulins and proteins of the complement, which binds an antigen, ultimately 

triggering an immune response. In addition, the absortion of proteins from the sera has 

been reported to influence the uptake of AuNPs by cells. Therefore, the inhibition of 

protein adsorption needs to be studied when designing the mixed layer since it likely 

affects some biological properties of the carrier. To study the adsorption of proteins onto 

the different conjugates, they were prepared as explained in section 3.3.4.1, purified from 

the excess SH-PEG and MUA and then incubated with 10 M BSA overnight. Albumin was 

chosen as model protein to simplify the system and because it has been identified as the 

main, if not the only, serum protein absorbed to these types of NPs.38 The adsorption of 

protein was then analyzed by DLS, UV-VIS and gel electrophoresis. In figure 3.11, it is 

shown that when MUA was the only component of monolayer, there was an increase in the 

hydrodynamic diameter after adding BSA. The size increase was 8.1 nm and it is explained 

by the adsorption of a monolayer of  BSA on the MUA layer.2 This size increase became 

only 5.2 and 3.7 nm at ratios 0.70 and 0.74 respectively. The lower increase of size is 

attributed to less protein adsorption.20 When the ratios were higher than 0.78 the size 

before and after addition of BSA was the same indicating that under this conditions the 

protein adsorption was completely inhibited as expected. The same tendency was 

observed in the SPR peak analysis (Figure 3.11b). The increase in the peak wavelength is 

attributed to the change in the surrounding dielectric environment of the Au surface due 

to the adsorption of protein.19 This wavelength shift was up to 4.55 nm for MUA-capped 

AuNPs incubated with BSA. The difference became smaller from the ratio 0.70 (3.75 nm) 

here too. This difference decreased to 2.83, 2.17, and 1.34 nm at ratios 0.74, 0.78, and 0.8 

respectively. At higher ratios, the difference was not significant. Thus, the point where PEG 

adopts the stretched conformation is related to a change on the phyisicochemical 

properties of the conjugate once again. In this case, it is clearly seen how the adsorption of 

protein is precisely tunned in function of the composition and conformation of the mixed 

layer.  This indicates that steric hindrance allows a better control of NP-protein 
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interactions than modifications of the surface charge. In fact, differences on total surface 

charge seem to not influence the degree of protein adsorption as the change on 

conformation of SH-PEG does. Obviously, changes from negative to positive values would 

have induced a different behavior.  

 

Figure 3.11. Tunning the protein adsorption. (a) Hydrodinamic Diameter before and after 

incubation with BSA. The formation of a protein corona at lower ratios is clearly related to the 

increase of the hydrodinamic diameter. The increase of size is from ratio 0.70. From ratios 0.78 to 1 

this difference on size is negligible and therefore protein adsorption is totally inhibited. (b) SPR 

peak before and after incubation with albumin. The same behavior was found by analysizing the 

peak of the SPR band. The differences between before and after addition of albumin are reduced 

from ratios 0.7 to 0.8. From 0.84 to 1 the diferences are negligible.  

 

Gel electrophoresis was performed to further confirm the different interaction with 

proteins when changing the composition of the monolayer (figure 3.12). Relevant ratios of 

SH-PEG / MUA –AuNPs previously incubated overnight with albumin and without 

incubation were loaded into the wells of a 1 % agarose gel. The electrophoresis was run 1 

h at 60 V in a 30 mM sodium borate buffer at pH 8.5. At ratios < 0.7, it was observed a 

decrease of the electrophoretic mobility mainly due to an increase of the size after 

albumin adsorption, but also to a decrease of the surface charge.  On the other hand, at 

ratios > 0.8, the mobility was the same after incubation with albumin than without 

previous incubation indicating that no modification of the size and/or surface charge were 

induced by  albumin incubation. At ratio 0.74, an intermediate behavior was observed, 

there was a difference between both conditions, but it was minimal. This latter case can be 

explained because the adsorption of albumin was not fully inhibited, but minimized. It was 

also observed that when adsorption of protein was not diminished, the electrophoretic 

mobility after incubation of BSA was the same, independently of the mixed layer 
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composition. Thus, it is likely that MUA-capped AuNPs and mixed layer-capped AuNPs in 

which the conformational change have not taken place, would show a similar fate on the 

organism since the surface would be equally covered by protein corona.  

As a side result of this experiment, one can notice the different electrophoretic mobility of 

the mixed layer-coated AuNPs before incubating with BSA. From ratios 0 to 0.6, the 

mobility was reduced likely due to a lower negative charge. As expected, the 

electrophoretic mobility was dramatically reduced due to steric hindrance when the PEG 

conformational change of SH-PEG was produced, this happens for ratios > 0.74. However, 

as the proportion of SH-PEG kept increasing, a slight recovery of electrophoretic mobility 

seems to be produced. This effect is beyond the scope of this work, but one hypothetical 

explanation could be given by the higher compaction of the stretched SH-PEG shell when 

the density of this component on the surface is increased. The compaction of the SH-PEG 

chains may result in a more rigid shell, decreasing the mobility of SH-PEG chains, which 

would make the conjugate to interact less with agarose and consequently slightly increase 

its mobility. 

 

 

Figure 3.12. Agarose gel electrophoresis of relevant ratios with (+) and without (-) albumin 

preincubation. The difference between the same AuNPs before and after the addition of albumin 

indicates the formation of a protein corona. This is inhibited at ratios = 0.88, 0.96 and 1. The 

purplish color of the ratio = 0 and 0.3 appeared only after drying the gel.  
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The reduction or total inhibition of protein adsorption has strong consequences in the 

design of NPs for medicine. For example, a different degree and type of complement 

activation, which ultimately depends on the recognition of the conjugates by specific 

proteins, was directly correlated with the conformation of the PEO monolayer on 

polymeric nanoparticles in a recent work.15 Briefly, Hamad et al showed that the 

complement activation was dramatically reduced for the nanospheres which have PEO 

chains in the brush conformation.  The changes in the physicochemical properties of the 

nanoparticles induced by the change of the PEG conformation, especially the different 

protein adsorption, can account for this different immunological behavior.  

From these results, one can distinguish two different regimes: 

 i. At added ratios SH-PEG /MUA from 0 to 0.7, the SH-PEG has a low influence on the 

hydrodynamic diameter, since it is in the mushroom conformation. Here, the 

physicochemical properties are governed by MUA and PEG does not show a major 

influence. Therefore these AuNPs are not stable in physiologic media when working at 

concentrations higher than 5 x 1012 NP/mL, aggregate at acidic pH due to the protonation 

of carboxylic groups of MUA and the inability of PEG to confer steric stabilization in this 

mushroom conformation  

ii. At added ratios from 0.7 to 1, the SH-PEG changes the conformation from mushroom to 

brush and new physicochemical properties were aquired subsequently. These AuNPs are 

stable in physiological media at concentrations as high as 2.4 x 1013 NP/mL CCM. 

Moreover, they are stable at the whole ranges of pH. The protein adsorption is here 

minimized or even fully inhibited.  

 

3.4 Conclusions 

The importance of the surfactant layer for AuNPs that are going to be used as drug 

delivery agents is demonstrated here since it determines not only the chemical 

functionality, but also it plays a key role in the stability at physiological conditions. We 

were interested on two different ligands: MUA to form highly-packed SAM with carboxylic 

acids to further link cisplatin and SH-PEG to confer additional stability to the vehicle. 

MUA showed a high affinity for AuNPs leading to highly compact SAMs onto AuNPs. The 

formation of MUA SAMs was monitored by the analysis of the SPR shift, which is assumed 

to be proportional to the density of molecules on the surface. This process fits quite well 

with the simple Langmuir approach for adsorption onto surfaces, independently of AuNP 

size in the studied ranges. Therefore, thermodynamic parameters such as free energy of 
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adsorption were calculated to be quite similar to other examples found on the literature 

for thiolated molecules.6, 24 Similarly as in the case of MUA, saturation point was 

determined for SH-PEG. Although, the link with Au was also via the thiol group, the 

saturation was reached at 10 times less amount than the amount found for MUA. Thus, the 

monolayer formed by SH-PEG was not as dense as the one formed by MUA. The lack of 

hydrophobic chain and the length of the chain accounts for that low density packing. This 

was corroborated after quantification of SH-PEG on the surface of AuNPs. Footprint of SH-

PEG was calculated to be 2.0 nm2, which is 10-fold higher as the widely reported 0.21 nm2 

for alkanethiols.  

Multifunctional NPs were obtained by the formation of mixed layers of MUA and SH-PEG. 

This can be achieved by ligand exchange or by co-conjugation of both components, being 

the later, the one that showed a greater reproducibility in our case. The loading of SH-PEG 

onto the AuNPs was proportional to the amount added. However, the analysis of the SPR 

shift and the hydrodynamic diameter revealed a discontinuous behavior. This was 

attributed to conformational changes of SH-PEG: At high densities of SH-PEG (higher than 

45 % of coverage) SH-PEG was stretched adopting the brush configuration. It is very 

important to detect this point since it determines physicochemical changes of the 

conjugates.  

MUA stabilized AuNPs electrostatically; thus MUA-capped (and low SH-PEG density mixed 

layers-capped) AuNPs were not stable under acidic conditions, in which carboxylic acids 

are protonated, and when they were exposed to high ionic strength media due to the 

compression of the Stern layer. On the contrary, SH-PEG in the brush conformation 

stabilized AuNPs via steric hindrance which turned the NPs to be stable even in acidic and 

physiological conditions at high concentration. AuNPs can be also stabilized via the 

formation of a protein corona. At low concentrations, the spontaneously formed corona in 

CCM was enough to stabilize AuNPs. However, at concentrations above 4 x 1012 NP/mL 

protein in CCM was not able to stabilize them and an additional preincubation with BSA 

was required. 

The protein adsorption profiles were also dependent on the mixed layer composition and 

configuration. As seen for the stability, the stretching of SH-PEG resulted in a progressive 

inhibition of protein adsorption. This have implication on the fate of nanocarriers in the 

organism since adsorption of protein has been described to influence the immune 

response and the cell uptake. In fact, it has been recently reported that increasing the 
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density of a SH-PEG monolayer (and thus stretching the SH-PEG) resulted in a different 

degree and type of complement activation.15  
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Chapter 4: 

Functionalization of AuNPs with 

Cisplatin 
 

 

 

4.1 Introduction 

Cisplatin or cis-diamminedichloroplatinum (II), [PtCl2(NH3)2],  was originally synthesized 

in 1845, but not until 1970 was its antitumor activity established.1 FDA approved its use 

for testicular and ovarian cancer in 1978. Just 5 years later, cisplatin was already the 

leading anticancer drug in USA. Today cisplatin is used worldwide to treat various types of 

cancers (i.e., non-small-cell lung cancer, ovarian cancer, germ cell tumors, osteosarcomas, 

etc), with a cure rate as high as 90% in testicular cancer.2 However, its use is limited by 

severe side effects which result in systemic toxicity and poor patient compliance including 

renal toxicity, nausea, gastrointestinal toxicity, periphereal neuropathy, asthenia, and 

ototoxicity.3, 4 This high toxicity profile, specially nephrotoxicity, make it impossible to 

achieve the full benefit of the treatment in a large number of patients.5 In addition, 

acquired resistance and deactivation of the drug by plasma proteins are also limiting 

factors. Although second-generation platinum drugs (oxaliplatin and carboplatin) 

represent an improvement in some cancer treatments, the limitations due to toxicity have 

not been entirely overcome (Figure 4.1).3, 6  

Recent efforts have been focused on targeting the tumor by using drug delivery systems to 

avoid organs where cisplatin is toxic. Nanoparticles are good candidates as carriers of 

cisplatin due to its ability to be accumulated in tumors and to protect cisplatin from 

plasma deactivation. However, the use of NPs to deliver drugs to the target is not without 

problems and some considerations should be taken into account before using NPs for drug 

delivery purposes. Skipping the biological issues, which will be discussed on subsequent 
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chapters, the typical synthesis of NPs give low concentration of NPs which results in low 

doses of drug, which might be insufficient to reach therapeutic effects. The attempt to 

concentrate NPs could lead to a lack of stability if special care is not taken. Not only 

colloidal stability, but stability of the link should also be guaranteed. Otherwise, unspecific 

release of the drug would lead to an impairment of the targeting strategy. In this context, 

responsive links, such as pH- or redox-sensitive links are attracting efforts.7, 8 Moreover, 

this strategy ensures that the drug will be protected against being deactivated by plasma 

proteins which represent as much as the 90 % of the initial dose in classic clinical 

treatments.  

In addition, cisplatin reactivity should be considered to determine a proper 

functionalization strategy. It is known that cisplatin derivatives have to distinct sides 

(Figure 4.1): The active one (e.g. the chlorides in cisplatin or water in aq. cisplatin) and the 

inert one (e.g. the ammonia groups in cisplatin). In the active part, there are the reactive 

groups (the leaving groups), whilst the inert part influence the biodistribution and tunes 

the reactivity of the metal center. At low chloride concentration, cisplatin undergoes 

exchange of chlorides by water ligands (in a process known as aquation). These aqua 

complexes are much more labile than their chloride counterparts. In fact, this substitution 

occurs naturally in cytoplasms, where chloride concentration is much lower than in the 

extracellular environment, and the resulting specie is the active specie that ultimately 

binds DNA.9 Also, it is know that aqua species can undergo hydroxylation at high pH, 

which obviously implies a decrease of reactivity.10   

The methodology to bind a cisplatin derivative via a pH-sensitive bond to MUA-capped 

AuNPs is presented here. The conjugation of cisplatin should be strictly controlled to avoid 

loss of colloidal stability: Concentration of cisplatin, time of reaction and pH influence both 

stability and loading. A fine control of these 3 parameters, allowed the loading of a great 

density of drug onto the surface of highly concentrated AuNPs (≈3 x 1014 NP/mL) which 

make possible to reach therapeutic doses. Stability issues in physiological media are also 

discussed here. Finally this study is extended to other sizes of AuNPs and to mixed layer-

capped AuNPs.  
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Figure 4.1. Different platinum anticancer drugs approved by the FDA. The active part is drawn 

in black, in all the cases is characterized by the presence of good leaving groups that will allow the 

Pt atom to bind the target. On the other side, the amines play a role in the modulation of the activity 

and in the distribution of the drug. In the case of cisplatin, the equilibrium that spontaneously 

occurs inside the cell (where the chloride concentration drops from 100 mM to 4 mM) is also 

shown.    

 

4.2 Experimental 

Aquation of cisplatin. A solution of AgNO3 (169 mg, 1 mmol) in H2O (2.5 ml) was added 

dropwise to a suspension of cisplatin (150 mg, 0.5 mmol) in H2O (2.5 ml). A white solid 

(AgCl) precipitated and the yellow color of the initial mixture vanishes after completing 

the addition. The resulting suspension was heated to 50 ºC for 1 h and AgCl was then 

separated by centrifugation. The supernatant solution was evaporated to dryness and the 

residue recrystallized from an ethanol/water mixture. 

Synthesis of MUA-capped AuNPs. AuNPs (13 nm) were synthesized following a seeding 

growth mechanism based on the standard method of gold salt reduction by citrate11-13. 

Specifically, Au seeds (7.5 nm, 5.5 x 1012 NP ml–1) were synthesized by adding an aqueous 

solution of HAuCl4 (1ml, 25 mM) to a boiling sodium citrate solution (150 ml, 2.2 mM). 

When the reaction was completed, the temperature was decreased to 90 ºC and HAuCl4 

(1ml, 25 mM) was added to the previously synthesized AuNPs. This step is repeated 2 

more times in order to get the final AuNPs (13.3 nm, 5.5 x 1012 NP ml–1). The conjugation 

of MUA was carried out by adding 2.2 ml of a 10 mM MUA basic solution to 50 ml of 13 nm 

AuNPs solution and stirred softly overnight.  

AuNPs of different sizes (from 9 nm to 60 nm) were obtained after a seeding growth 

synthesis as explained in chapter 2. The 4 nm AuNPs were obtained by reduction of gold 

salt by NaBH4. Briefly, a 0.25 mM solution of HAuCl4 was prepared in a 0.25 mM solution 
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of sodium citrate (150 mL). Then, 1.5 mL of an ice cold solution of NaBH4 (0.1 M) was 

rapidly added under vigorous stirring. The solution turned to orange-red immediately.  

Concentration of MUA-capped AuNPs. The conjugates were concentrated up to 2.75 x 

1014 NP ml–1 by a destabilization-resuspension step. 2.5 ml of glycine / HCl buffer (200 

mM, pH=2.6) was added to 50 mL of MUA capped AuNPs to destabilize them due to the 

protonation of MUA SAM. The solution was then centrifuged (2 min, 2500 rcf) and the 

supernatant removed. The pellet was resuspended in 1 ml tricine buffer (50 mM, pH=8). 

The excess of MUA was removed by a dialysis step (x1000, overnight). Surface Plasmon 

Resonance of AuNPs was determined at wavelengths from 300 to 800 nm.  

Conjugation of [Pt (H2O)2(NH3)2]2+ to MUA capped AuNPs. 5 μL of [Pt 

(H2O)2(NH3)2](NO3)2 aqueous solution (16.9 mg ml–1) were added to 1 ml of MUA capped 

AuNPs (13 nm, 2,75 x 1014 NP ml–1) at pH 8.3. The solution was softly mixed during 25 

minutes and the reaction was stopped by removing the excess of cisplatin derivative by 

dialysis (x1000, overnight). Concentrations of aq. cisplatin and reaction times were 

modified in the concentration and time monitoring experiments. Actual conditions are 

indicated in the results section. Also, the concentrations used in the other sized AuNPs are 

indicated in the corresponding table.  

Colloidal stability in blood. 17 µL of AuNP-cisplatin (2.75 x 1014 NP ml –1) were added to 

500 µL of human blood and gently mixed over 24 h. Colloidal stability was assayed by 

using DLS and UV-Vis spectroscopy.  

pH-dependent release. The release of cisplatin in physiological conditions was 

performed in solutions consisting of 50 mM buffer species, 120 mM NaCl, and 20 % Foetal 

Bovine Serum (FBS). Buffer species were HEPES for pH 7.6, MES for pH 6.2 and 4.4, 

Glycine/HCl for pH 4.4 and 3.8 and Acetate for pH 4.4. 100 µL of AuNP-cisplatin were 

added to 900 µL of the corresponding buffered solution and mixed over differing lengths 

of time (2, 8, 24, and 144 hours). AuNPs were removed by means of two centrifugation 

steps (30 minutes, 35000 rcf). The amount of Pt in the supernatant was analyzed by using 

ICP-MS.  

Stability of the link in physiologic conditions. 10 % of AuNPs-cisplatin (aquated and 

non-aquated) were added to cell culture media (DMEM with 4500 mg glucose/L, sodium 

bicarbonate and pyridoxine hydrochloride without L-Glutamine and phenol red) and 

incubated for 50 hours. AuNPs were removed by two centrifugation steps (30 minutes, 

35000 rcf) and the amount of Pt in the subsequent supernatants analyzed by ICP-MS. 
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pH-dependent release in mixed layer-capped AuNPs. 50 L of [Pt(H2O)2(NH3)2](NO3)2  

(0.34 mg/mL) were added to 1 mL of mixed-layer AuNPs. The conjugates were gently 

stirred for 30 minutes and dialyzed overnight against a 1000-fold excess of deionized 

water.The buffers were prepared by adding 30 mM buffering specie ( Hepes for  pH 7.5, 

MES for pH 5.4, Glycine for pH 3.8 ), 120 mM NaCl, and 10 % FBS. 10 % (v/v) cisplatin 

conjugates were incubated with corresponding buffers during 148 hours. Then, AuNPs 

were removed by 2 centrifugation steps (35000 rcf, 30 min) and the amount of Pt in the 

supernatant analyzed by Inductively Plasma Coupled Mass Spectroscopy (ICP-MS). The 

loading of cisplatin on the AuNPs is also determined in every ratio assayed here.  

 

4.3 Results and discussion 

4.3.1 Modification (aquation) of cisplatin to promote coordination bond. 

Cisplatin undergoes the substitution of Cl by H2O in media which have low concentration 

of Cl- (Figure 4.1). This occurs naturally inside the cell where the concentration of Cl- drops 

from ≈100 mM to ≈4 mM. The aqua ligands in the resulting [PtCl(H2O)(NH3)2]+ and 

[Pt(H2O)2(NH3)2]2+ are more labile than Cl-, activating the drug and allowing the platinum 

atom to bind to bases on DNA.14 We were interested in this specie instead of commercial 

cisplatin since H2O is a better leaving group than Cl-, allowing the formation of 

coordination bonds between the Pt molecule and the deprotonated MUA carboxylic 

groups on the NP. Otherwise, the commercial cisplatin molecule would be electrostatically 

attached to MUA.15 The [Pt(H2O)2(NH3)2]2+ solution was obtained by adding a solution of 

AgNO3 to commercial cisplatin [Pt(Cl)2(NH3)2] to promote the exchange of Cl- by H2O 

ligands. After purification by recrystallization-washing steps, the solid [Pt(H2O)2(NH3)2] 

(NO3)2 was obtained and dissolved in water before use. Final yield was 89 %. The 

substitution of ligands was proved by mass spectroscopy (ES-MS) with the appearance of 

aquated cisplatin (aq. cisplatin) peaks at m/z = 263, 264, 265 and 267 corresponding to 

the 4 Pt isotopes (194Pt, 195Pt, 196Pt and 198Pt) (Figure 4.2). No peaks at m/z=300 were 

observed, proving that no commercial cisplatin was present. 



Chapter 4 

62 

 

 

Figure 4.2 ES-MS spectrum of aquated cisplatin. Peaks corresponding to [Pt(H2O)2(NH3)2 –H+]+ 

were observed. The region m/z=100 to 500 was analyzed and no peaks at 300 were observed (not 

shown). 

 

4.3.2 Conjugation of aquated cisplatin to MUA-capped AuNPs 

We propose to attach aq. cisplatin via a coordination bond between carboxylic acids of 

MUA-capped AuNPs (13.3 nm, 2.8 x 1014 NP/mL) and the Pt atom of aq. cisplatin.  This 

bond is known to be pH-sensitive and it is broken at acidic pH.16 Thus, the stability of the 

link will be ensured during the circulation of the vehicle through the organism and the 

release will be only promoted after cell internalization via endocytic pathway, where the 

pH drops to acidic values.17 Note that the mild acidic tumor environment is not enough to 

break the bond.  

Several considerations regarding the reactivity of aq. cisplatin might be taken into account 

before conjugation to AuNPs: At high pH, aqua ligands can undergo deprotonation to give 

hydroxo complexes (pKa1 ≈ 5.5, pKa2 ≈ 7.3).10 This reaction should be avoided since 

hydroxo-species are less reactive and thus coordination bond would not be formed. 

Unfortunately, we cannot work at low pH since AuNPs are electrostatically stabilized by 

MUA, which should be deprotonated to maintain the negative charge. The pKa value of 

carboxylic acids in a MUA SAM is reported to be between 6–8,18 therefore the working pH 

must be above this value to ensure colloidal stability. It is also known that hydroxylation is 

very slow at pH < 9.10 Therefore, working at pH 8.3 ensures both colloidal stability and 

formation of the conjugate via a coordination bond.  

Additionally, the negative charge given by MUA can be also quenched by the loading of aq. 

cisplatin. Thus, it is important to avoid an excessive quenching of charges to ensure 

colloidal stability. To choose appropriate conditions for the conjugation of aq. cisplatin, 

different amounts of aq. cisplatin were assayed and also the time evolution of the reaction 

was monitored. It is observed in figure 4.3a that low concentrations of aq. cisplatin did not 

induce the aggregation of AuNPs after 20 minutes. On the contrary, AuNPs became 
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unstable for concentrations of aq. cisplatin ≥ 0.386 mM. Regarding the time evolution, it is 

shown in figure 4.3b the spectra of AuNPs took before and every 5 minutes after addition 

of aq. cisplatin (0.480 mM). AuNPs were progressively losing their stability, as it is 

observed by the broadening of the peak; finally leading to aggregation and precipitation, 

as observed by the decrease in the absorbance. 

  

 

Figure 4.3 Stability of conjugates depending on concentration of aq cisplatin and time of reaction. (a) 

The SPR band was just slightly shifted for [aq. cisPt] < 0.386 which indicate the stability of these AuNPs. 

On the other side, concentrations higher than 0.386 mM led to aggregation of AuNPs. (b) The time 

evolution spectra showed a progressive aggregation of AuNPs at higher concentrations.  

 

To achieve the maximum loading of aq. cisplatin without compromising colloidal stability, 

aq. cisplatin was added in a slight excess (0.165 mM) to highly concentrated AuNPs after 

adjusting the pH at 8.3. The reaction was monitored by zeta potential to avoid an excessive 

quenching of charge (Figure 4.4). The reaction was stopped by removing the excess of aq. 

cisplatin after 25 minutes by dialysis, when surface charge was -30.8 mV. It is commonly 

accepted that values above +/- 30 are needed to achieve colloidal stability.19 This fact is in 

agreement with our observations that ζ-potential values that are less negative than -25 mV 

led to destabilization of the AuNPs and precipitation due to excessive quenching of the 

negatively charged carboxylic acid groups by aq. cisplatin.  
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Figure 4.4 Time evolution of zeta-potential after addition of [Pt (H2O)2(NH3)2]2+ . It is shown 

the quenching of negative charge on the MUA due to the formation of a coordination bond between 

the carboxylic acid group and aq. cisplatin. Conjugates remained stable at ζ-potential values more 

negative than –25 mV. 

At the end of the process, the loading of aq. cisplatin on the NP as measured by inductively 

coupled plasma mass spectrometry (ICP-MS) was 42.3 ± 0.8 mg Pt L–1, which represents 

an approximate loading of 470 cisplatin molecules per NP. Taking into account the 

footprint of MUA on Au, which has been reported to be 0.21 nm2, the number of MUA 

molecules per AuNP is calculated to be 2646. Assuming that every cisplatin binds to two 

carboxylic groups of MUA, 940 ligands out of 2646 will be occupied. Thus, only 35 % of 

MUA is quenched by cisplatin according to these theoretical calculations, leaving the other 

65 % free to confer electrostatic stability to the NP. This correlates quite well with the loss 

of charge from -48.5 mV to -30.8 mV (36.5 % of charge is lost). Despite this need of leaving 

unoccupied MUA groups, the loading density of cisplatin per surface unit is the highest 

reported ever as far as our knowledge is concerned.  

It is important to remark here that high concentration of AuNPs is required to reach 

significant doses of cisplatin even with this high loading density. The most used syntheses 

of AuNPs in aquose media give concentrations on the order of 1012 NP/mL,11, 12, 20 which, 

considering the grafting density of aq. cisplatin, would yield concentration below 1 mg Pt 

L–1. This extremely low concentration would make very difficult to reach therapeutic 

benefits since there is a limitation of volume that can be added to animals. For example, 

not more than 10 mL/kg should be injected to mice in a single bolus injection (i.e. 200 L 

for 20 g mouse).21 In order to overcome the dose limitation, we concentrated our AuNPs 
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50 times respect to the as synthesized samples. Firstly, we functionalized the AuNPs with 

MUA as explained in chapter 3. Then, we destabilized the MUA-capped AuNPs by addition 

of 2.5 ml of glycine / HCl buffer (200 mM, pH=2.6) to 50 mL of NPs. This caused the 

protonation of carboxylic groups from MUA and consequently the destabilization of the 

AuNPs. These AuNPs were easily concentrated by centrifugation (2 min, 2500 rcf) and 

removal of the supernatant. Finally, the pellet was resuspended in 1 mL tricine buffer (50 

mM, pH 8.3) in which MUA is deprotonated again. Obviously, the excess of MUA as well as 

the buffer are removed by dialysis. For a typical in vivo experiment, AuNPs coming from 

several syntheses are required. Thus, not only narrow size distribution is required but also 

batch to batch reproducibility.  

 

 

Figure 4.5. Synthesis and concentration of MUA-capped AuNPs. Representative TEM images of 

MUA-capped AuNPs from 3 different syntheses. Size distribution is 13.3 ± 1.9 nm as calculated 

measuring the size of > 2000 NPs by ImageJ software. In the inset, it is observed the appearance of 

AuNPs before and after concentration.  Scale bars are 1 m (a) and 200 nm (b). 

 

4.3.3 Stability in physiological conditions 

4.3.3.1 Colloidal Stability 

Aggregation of AuNPs would modify the special properties achieved at the nanoscale and 

would result in a rapid clearance of the carriers by the immune system.22 In addition, it 

could lead to misinterpret the in vitro results due to a non-homogenous distribution of 

NPs on the cell culture.23 Thus, colloidal stability should be ensured not only during the 

synthesis step but also in working conditions for success of the in vivo targeting.24 Since 

physiologic fluids have high ionic strength, aggregation of AuNPs could occur due to 
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compression of the Stern layer. Our system was stabilized by the formation of a protein 

corona by incubation with BSA as described in chapter 3. Briefly, 60 L of 1.3 mM BSA 

solution was added to 1 mL of concentrated AuNPs-cisplatin and incubated for 30 minutes. 

The stability in human blood was then assayed by DLS and UV-VIS spectroscopy (figure 

4.6). In DLS measurements, no peaks indicating the presence of aggregates in blood were 

observed (the 12-nm shift of the AuNPs-cisplatin peak is due to the formation of a 

transient soft protein corona).25 Moreover, the aggregation of AuNPs is known to induce a 

broadening and shift of the SPR band. 26, 27 The spectrum of the AuNPs-cisplatin in blood is 

the same than the sum of blood and AuNPs-cisplatin spectra. Hence, no modification of the 

SPR was induced by blood. Therefore it is concluded that there were no aggregation of 

AuNPs in blood. Similar results were obtained when assayed in cell culture media (90 % 

DMEM w/o phenol red + 10 % FBS). 

 

 

Figure 4.6 AuNPs-cisplatin stability in blood after 24 hours. (a) DLS measure of AuNPs-cisplatin. The 12 

nm increase of the hydrodynamic diameter is due to the formation of a protein corona with serum 

proteins. (b) UV-VIS spectra of AuNPs-cisplatin, blood, and the mixture of both. The superposition of the 

spectrum obtained empirically and the one that resulted from summing the individual spectra indicates 

that AuNPs did not change their SPR band.  

 

4.3.3.2 Stability of the link. The importance of coordination bond   

The different reactivity of aq. cisplatin and cisplatin (see section 4.3.1) is translated to a 

different type of link. Briefly, while coordination bond with MUA is formed in the aqueous 

case, cisplatin is unable to form the coordination bond and it is therefore absorbed more 

weakly onto the MUA layer. This has implications in the stability of the link between the 

drug and the NPs. Thus, we tested the release profile of both conjugates in physiological 
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conditions. 10 % v/v of conjugate were added to cell culture media (DMEM + 10 % FBS) 

and the amount of Pt after removing AuNPs by centrifugation analyzed by ICP-MS. Both 

conjugates were stable in the conjugation vial (they are suspended in water). However, 

when assayed in cell culture media, the release after 55 hours was only 15 % in the 

coordination bond case whilst it was up to 60 %, with a burst release higher than 40 %, for 

cisplatin electrostatically linked (Figure 4.7). Cell culture media (as well as body fluids) 

has high ionic strength and consequently weak absorption is not efficient there. This 

experiment shows the importance of assaying the stability in working conditions since 

physiological media are complex media with a mixture of proteins and specially ions that 

can affect the properties of the conjugates.  
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Figure 4.7. Release of cisplatin in cell culture media. Analysis of the amount of Pt in the 

supernatant after removal of AuNPs was performed by ICP-MS. Cisplatin weakly adsorbed was 

released in a higher degree than the linked via a coordination bond.  

 

4.3.4 pH dependent release of cisplatin 

The strength of the coordination bond has been proved above. Therefore, the release of 

cisplatin should be triggered in the site of action to have biological effect since cisplatin 

attached to the AuNP is not active. It is known that NPs are internalized by the endocytic 

pathway, in which the pH is progressively decreased. Fortunately, the coordination bond 

between Pt and carboxylic acid is broken under acidic conditions releasing the drug in its 

active form.16 To prove the pH sensitivity of our link, AuNPs-cisplatin were incubated at 

different pH in physiologic conditions (50 mM buffer specie, 120 mM NaCl, 20% FBS) 

during different times. The amount of Pt was measured by ICP-MS after removing AuNPs 
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by 2 centrifugation steps. Note that the high affinity of cisplatin for proteins make 

impossible to assess the pH dependent release by performing a simple dialysis 

experiment. Only 5 % of the Pt was released from the AuNPs at pH 7.6 after 144 h, while 

values as high as 40 % of the Pt were reached at pH 4.4, and 67 % at pH 3.8 (Figure 4.8). 

One could expect that the presence of different nucleophilic species, as the presence of 

proteins, would alter the AuNP-MUA-CisPt ↔ AuNP-MUA + CisPt equilibrium. However, 

release seems to be independent of the buffering species, as demonstrated by observation 

of similar behaviors in three different pH 4.4 buffers. Note that the release at neutral pH 

here is lower than the release produced in CCM (figure 4.8). This might be attributed to a 

more complex composition of DMEM compared to the buffering species or to a higher 

unspecific release for the AuNPs-cisplatin used for the link stability experiment since the 

release at 1 h is as high as 7 %.   

It is shown here that AuNPs-cisplatin linked via a coordination bond will likely travel 

through the body with no significant release of drug. On the contrary, once the pH is 

decreased in the endosomes, cisplatin will be released from the NPs. Then, it can exit the 

endosome by diffusion and enter the nucleus where it finally binds the DNA.  

 

Figure 4.8 Cisplatin release vs. pH in physiological conditions (high-ionic-strength media 

with 20% BSA). At neutral pH the release was almost negligible but it increased at acidic pH 

values. The different buffering species used are indicated in the legend. 

 

4.3.6 Conjugation of aq. cisplatin to different sizes of AuNPs 

The chemistry and the stability issues discussed in the previous sections are very robust 

and they can be applied to different sizes of AuNPs. The only consideration that needs to 

be taken into account is the different surface area and consequently the different 
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availability of carboxylic groups. Thus the amounts of aq. cisplatin added should be 

adjusted for every size to avoid an excessive quenching of charge that would lead to 

aggregation of AuNPs. 

MUA and subsequently aq. cisplatin were conjugated to different sizes of AuNPs ranging 

from 4 nm to 59 nm as explained above for 13 nm AuNPs (table 4.1). The amounts of MUA 

and obviously aq. cisplatin were proportional to the calculated surface area for every size. 

For example, surface area is 5.6 x1016 nm2/mL for 9.1 nm AuNPs and it is 3.8 x 1016 

nm2/mL for 16.8 nm AuNPs. Therefore the amounts of MUA and cisplatin added were 1.5 

times greater in the case of 9.1 nm AuNPs than for 16.8 nm. The same protocol was 

applied for the other sizes.  

The SPR of the different species and the loading of cisplatin were analyzed for every size. 

The analysis of the SPR revealed that no aggregation was produced in any case (Table 1). 

The expected red-shift after MUA conjugation was produced and it was followed by a 

slight red-shift due to cisplatin loading. Note also that these shifts are somehow size 

dependent since greater shifts were observed for smaller sizes. More important, peak 

analysis revealed that colloidal stability was maintained for every size and therefore that 

the amounts of aq. cisplatin added were never above the limit of tolerable charge 

quenching.  

 

Size (nm) Conc. 
(NP/mL) 

SPR peak 
AuNPs (nm) 

SPR peak  
AuNPs-MUA 

(nm) 

SPR peak 
 AuNPs-cisPt (nm) 

3.8 ± 0.7 4.09E+15 505.88 519.25 522.50 
9.1 ± 1.4 2.13E+14 514.68 521.69 525.85 
16.8 ± 1.9 4.25E+13 518.79 522.6 524.84 
26.5 ± 3.8 8.50E+12 521.75 524.07 525.04 
39.6 ± 4.2 2.85E+12 526.73 528.58 528.68 
58.6 ± 7.2 9.45E+11 534.91 536.64 536.49 

 

Table 4.1. Analysis of the SPR shift after MUA and aq. cisplatin conjugation in different sizes of 

AuNPs. No broadening and large shift was observed. Therefore no aggregation occurred in any case. 

 

The loading of cisplatin was quantified by ICP-MS. Results are summarized in table 4.2. As 

expected, the total loading (mg/L) is dependent on the total available surface. However, 

the footprint of cisplatin on the different sizes is quite similar (except for the 39.6 nm 
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AuNPs). Note that optimization of the loading of cisplatin onto 13 nm AuNPs had led to a 

density of cisplatin ca. 0.8 molecules/nm2  which is the highest loading density achieved in 

similar NPs as far as we know. A simple translation of the protocol for different sizes and 

concentrations without any optimization led to comparable densities for most of the sizes 

assayed here. Thus, the strategy optimized for 13 nm AuNPs is straightforwardly 

translated to other sizes just by taking into account the total surface area of the AuNPs of 

interest. It is worth to mention, however, that different sizes have different fates inside the 

body. 

Size 
 (nm) 

Conc. 
 (NP/mL) 

Total 
Surface  

Ratio 

cisPt added 

(L)  (conc, 
mg/mL) 

 cisPt 
loading  

(mg Pt/L) 

nº cisPt  
per NP 

density 
(molec/nm2) 

3.8 ± 0.7 4.09E+15 1 7.5 (16.9)   46 34.8    0.76 
 

9.1 ± 1.4 2.13E+14 0.30 22.6 (1.69)  10.9 158.3 0.60 
16.8 ± 1.9 4.25E+13 0.20 15.2 (1.69)  6.3 457.5 0.52 
26.5 ± 3.8 8.50E+12 0.10 7.5 (1.69)  3.9 1416.2 0.64 
39.6 ± 4.2 2.85E+12 0.07 5.6 (1.69)  1.7 1841.1 0.37 
58.6 ± 7.2 9.45E+11 0.05 4.1 (1.69)  2.1 6859.2 0.64 

 

Table 4.2. Loadings of cisplatin to different sizes of AuNPs. The amounts of cisplatin added are 

proportional to the total surface (i.e. the surface of a NP multiplied by the number of NPs). The ratio 

of the total surface divided by the surface of the 3.8 nm case is provided for comparison. Total 

loadings were measured by ICP-MS and from this data were obtained the loading per NP and the 

footprint of cisplatin.  

 

4.3.7 Conjugation of aq.cisplatin to mixed layer (MUA + SH-PEG) AuNPs 

Mixed layers allow tuning the properties conferred by monolayers to the AuNPs. In the 

case of monolayers composed of MUA and SH-PEG, functionality and stability are tuned. 

The highly packed MUA layer provides plenty of carboxylic acids to further attach 

cisplatin, whilst SH-PEG is known to confer steric stabilization to the system. Details on 

the characterization and behavior of these conjugates can be found in section 3.3.3 of the 

present work. Here the functionalization of these conjugates with cisplatin and their 

different behaviors are discussed. 

The strategy followed to conjugate cisplatin to mixed layer AuNPs was similar to the 

functionalization of MUA-capped AuNPs. 50 L of aq. cisplatin (0.34 mg/mL) was added to 

1 mL of mixed layer-capped AuNPs. Excess of aq. cisplatin was removed by dyalisis. The 
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loading of cisplatin in the different conjugates was analyzed by ICP-MS. In these 

conditions, Pt atom forms a coordination bond with carboxylic acid whilst its affinity with 

ether groups from SH-PEG is lower.10 Consequently, a different drug release behavior is 

expected depending on the composition of the layer. The release at different pHs at 

physiological conditions (10 % FBS+ buffer + 120 mM NaCl) after 148 hours is assayed 

here (Figure 4.9). Note that concentrations of cisplatin were always low to avoid total 

quenching of carboxylic groups from MUA; this would have led to a loss of colloidal 

stability. Thus, it is not surprising that at lower ratios, in which there is much more MUA 

loaded than SH-PEG, the behavior of the conjugates was quite similar since all cisplatin 

was expected to be linked to MUA. It is shown how cisplatin was only released 

significantly at acidic pH for ratios < 0.6. On the other hand, at higher ratios, in which the 

amount of SH-PEG loaded onto the NPs was greater, the unspecific release increased even 

at neutral pH. Thus, part of the specificity of the link for MUA is lost here. This is explained 

by the fact that MUA was not in such a great excess and some cisplatin was linked to SH-

PEG. Cisplatin bond with SH-PEG is not a coordination, pH-sensitive, bond and therefore 

the release profile is different. Surprisingly, there is a decrease of the release when SH-PEG 

is the predominant component of the system (ratios > 0.88). This behavior is repeated in 

all the conditions and reproduced in different experiments. One possible explanation 

would be that a highly compact SH-PEG layer could bind cisplatin stronger, due to the 

crosslinking of a Pt atom by two stretched PEG chains. This strongly bond cisplatin was 

not significantly released even at low pH. Whichever the reason, it is clear that the pH-

sensitivity, which controls the endosomal release of cisplatin in cell but not in blood, is lost 

in the SH-PEG layer, showing the importance of having mixed layers to tune the responses, 

in this case, stability (PEG) and functionality (MUA).  
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Ratio  

SH-PEG/ 

MUA 

cisPt loading 

(mg Pt/L) 

0 1.013 

0.3 1.186 

0.6 1.053 

0.74 0.971 

0.8 0.832 

0.84 0.921 

0.88 0.680 

0.96 0.802 

1 1.058  

 

Figure 4.9 Cisplatin loading and pH-dependent release of cisplatin at different ratios of SH-

PEG/MUA. The loading of cisplatin depending on the ratio SH-PEG / MUA is shown in the table. The 

release profile of cisplatin at 3 different pHs was analyzed for the different conjugates. Unspecific 

release increased as the amount of SH-PEG increased in the mixed layer.  

 

4.3.7 Conjugation of other Pt derivative based on oxaliplatin 

The strength of the coordination bond makes the link between AuNPs and aq.cisplatin 

very stable which is desired to avoid unspecific release of AuNPs. Aq. cisplatin is released 

at acidic pH. However, this release is slow with consequent low release at short times. 

Thus, one could think in increasing the efficiency of the triggering by making the link 

between Pt and AuNP more liable. To make the coordination bond between Pt and 

carboxylic acids weaker, we tested an aquated derivative of oxaliplatin (figure 4.10) in 

which the oxalate group was exchanged to water groups to facilitate the formation of the 

coordination bond. Interestingly, the ammines in the remaining ciclohexane-1,2-diamine 

group are greater electron donors than ammonia and therefore satisfy better the need of 

electroneutrality at the metal, polarizing the metal centre. The trans Pt-NHx and Pt-COOR 

bond of cisplatin share a metal orbital, consequently the polarization induced by the 

ammine, which is greater than the one induced by ammonia, makes the bond Pt-COOR 

more labile.  This phenomenon is known as the trans effect and it is widely exploited in 

coordination chemistry, for example to control the specificity in the substitution of ligands. 
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Figure 4.10. Chemical structure of cisplatin, oxaliplatin and their corresponding aquated 

derivatives. 

We tested the conjugation of [Pt(cyclohexane-1,2-diamine)(H2O)2] (from now on referred 

as aq. oxaliplatin despite oxalate group is not present) onto 13 nm MUA-capped AuNPs. 

The conjugation was performed in a similar way that the one optimized for aq. cisplatin. 

Briefly, 20 L of aq. oxaliplatin (4.22 mg/mL) was added to 1 mL of AuNPs (2.8 x1014 

NP/mL). After 25 minutes, the reaction was stopped by removing the excess of aq. 

oxaliplatin by dialysis against water. The loading of Pt onto the NPs was 39.2 mg/L as 

assayed by ICP-MS. This corresponds to a loading of 432 molecules/NP, very similar to the 

loading of aq. cisplatin (470 molec./NP). UV-VIS spectra showed a red-shift after 

conjugation of MUA and aq. oxaliplatin, but no broadening of the band (Figure 4.10). Thus, 

no aggregation was produced in this functionalization as well.  

 

Figure 4.10 UV-VIS spectra of AuNPs after MUA and aq. oxaliplatin conjugation. The slight 

shifts of the SPR are consequent with conjugation and absence of aggregation. 
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The release of drug was studied also at pH 7.7 and 5.5 after 144 hours. Interestingly, the 

release at acidic pH was higher than the one previously observed for aq. cisplatin. Hence, 

the release of aq. oxaliplatin after 144 hours at pH 5.5 was as high as 72 %, far beyond 

from the 37 % found in the case of aq. cisplatin at even more acidic pH (4.4). 

Unfortunately, the unspecific release also increased: 29 % of aq. oxaliplatin at pH 7.7 was 

released after 144 h, whilst only 5 % was released in the case of aq. cisplatin.  

Thus, it is clear that the link between Pt and MUA from AuNPs is more labile in the case of 

aq. oxaliplatin. However, this causes a drop in the strength of the link and consequently 

unspecific release at neutral pH is increased. 

 

4.4 Conclusions 

Here it has been presented the use of AuNPs as drug delivery scaffolds for cisplatin from 

the chemical point of view but bearing in mind the biological application. Thus, special 

attention was paid in some points which cannot be underestimated, namely the 

concentration of NPs to reach therapeutic doses, the maintenance of both colloidal and 

link stability in physiological conditions and the triggering of the release by a pH drop.  

To achieve a strong bond, aquated cisplatin ([Pt(H2O)2(NH3)2]2+) was used instead of 

cisplatin ([Pt(Cl)2(NH3)2]). The aqua complexes are much more reactive than cisplatin and 

therefore the formation of a coordination bond with MUA was ensured. This confers high 

stability to the link in physiological conditions, which guaranteed the avoidance of 

unspecific release of drug. In addition, this link is pH-sensitive and therefore a pH-drop, 

typically produced in the endosomes after AuNPs internalization,17 triggers the controlled 

release of cisplatin.  

Also colloidal stability was assessed during the conjugation and in physiological 

environments. This is not trivial since the formation of the coordination bond quenches 

the negative charge given by carboxylic groups which is responsible of maintaining 

colloidal stability. Thus, concentration of aq. cisplatin and time of reaction should be 

strictly controlled during the functionalization to avoid excessive quenching. Also the pH 

working window is narrow and needs to be controlled since cisplatin would be 

hydroxylated at basic pH, whilst MUA would be protonated leading to a loss of colloidal 

stability at acidic pH.  In biological fluids, in which the ionic strength is high, the stability is 

also compromised. However, AuNPs-cisplatin can be stabilized by the formation of a 

protective protein corona.  
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The loading density of cisplatin onto AuNPs is 1.2 nm2/molecule, which is the highest 

reported for similar NPs as far as we know. Despite this high loading density, 

concentration of AuNPs up to 3 x1014 NP/mL are required to achieve therapeutic doses 

(e.g. 2 mg cisplatin/Kg mouse) due to the limitation of the injectable volume to animals 

(i.e. 10 mL/Kg). This is approximately 50 times the concentration achieved in classical 

syntheses in aquose media.  

This functionalization methodology was also assessed in other systems. AuNPs of different 

sizes from 4 to 60 nm were functionalized with aq. cisplatin leading to similar loading 

densities just by a straightforward adjustment of some parameters. Also mixed layer 

(MUA/SH-PEG) -capped AuNPs were successfully functionalized. In these AuNPs the 

importance of controlling the composition of the mixed layer was emphasized since a 

certain amount of SH-PEG is required to achieve the special properties given by this ligand 

(i.e. steric stabilization and protein adsorption inhibition), but excessive loading of SH-PEG 

led to an unspecific release of cisplatin.  

Finally, the functionalization with another platinum derivative ([Pt(cyclohexane-1,2-

diamine)(H2O)2]) was carried out. By using this compound, the link between AuNPs and 

the drug is more labile due to the higher trans effect of ammines compared to ammonia. 

This resulted in a higher release of drug at acidic pH, but at the expense of increasing the 

unspecific release.  
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Chapter 5: 

AuNPs-Cisplatin as Drug Delivery 

Systems: In Vitro and In Vivo 

Experiments 
 

 

5.1 Introduction  

Cisplatin –as other molecular drugs- is small enough to travel along with ions and small 

nutrients through the body due to the selective permeability of continuous capillaries for 

ions and small molecules.1, 2 This results in high index of permeability and distribution 

through the whole body what is intended to allow the active principle to reach its target.3, 4 

Unfortunately, this widespread distribution of the drug is at the origin of unwanted side 

effects, causing low drug selectivity and efficiency.5 In fact, the severe nephrotoxicity 

induced by cisplatin is a dose limiting factor and in many cases, the treatment must be 

stopped before therapeutic benefits are reached. In addition, this is a reason to prevent its 

use in patients with renal insufficiency.  

On the contrary, nanoscale objects travel following particular paths through the body.2, 6 

This results in the passive accumulation of nanocarriers in: 

 i. Organs of the mononuclear phagocyte system7 (liver, spleen and bone marrow), where 

blood vessels are fenestrated with gaps ranging between 100 and 1000 nm. 

ii. Inflamed tissue, where an increased permeability is achieved through temporal induced 

gaps to recruit immune cells1. 

iii. Solid tumors,8 in which its rapid growth results in leaky vessels. These fenestrated 

vessels allow macromolecules and NPs to permeate through the tumor. In addition, the 

nanoparticles are retained due to the lack of a functional lymphatic system. This effect 
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(Enhanced Permeability and Retention effect, EPR) is widely reported in the literature6, 9 

and has been exploited to passively accumulate nanocarriers in tumors.10 

 

It is important to choose appropriate NPs since the pharmacokinetics and biodistribution 

of the conjugates will be governed by the physicochemical properties of the carrier rather 

than by the ones of the drug.11 In addition, EPR effect is known to be size dependent. For 

example, it has been reported that 20 nm PEG-coated AuNPs showed the best behaviour 

for tumor treatment since they present a high accumulation rate because of their long half-

life in blood and an acceptable penetration in the tumor. On the other hand, larger NPs 

(>40 nm) failed to penetrate deep into the tumour and they were only accumulated at the 

vicinity of the vessels.12 Smaller NPs, which would have penetrated deeply, do not have the 

opportunity to be significantly accumulated in the tumor due to renal clearance. 

Obviously, these properties would have been modified if colloidal stability had been 

compromised, showing again the importance of maintaining NPs stable along the process.  

Once in its site of action, cisplatin enters the cells mainly by passive diffusion through the 

membrane, but also it is actively transported by metal transporters.13 In the cytoplasm, 

where chloride concentration drops from 100 mM to 4 mM, cisplatin undergoes exchange 

of chlorides for water ligands. This aquated derivative is much more reactive than the 

chlorinated one; and it is the active specie. DNA is its primary target: Different types of 

adducts between the Pt atom and DNA strands are formed, being intrastrand cross-links 

the most numerous.14 These adducts interfere with proteins involved in the mechanisms 

of replication and repairing of DNA, which ultimately lead to apoptosis.15 This mechanism 

of cell death is very effective. Thus, there is no need to improve the efficacy of the drug, but 

to improve its efficiency, mainly by reducing the side effects of cisplatin by means of a 

better delivery and avoiding organs where cisplatin is known to be highly toxic. 

Although a better targeting will likely imply an improvement in the therapy, the potential 

risks of using nanocarriers should be deeply analyzed. NPs are known to be accumulated 

not only in the tumor, but also in organs of the mononuclear phagocyte system since the 

vessels in those organs present also fenestrations. Thus, evaluation of possible adverse 

effects needs to be considered. Moreover, a usual mistake is to consider NPs as inert 

systems that do not evolve with time. However, they aggregate if special care is not taken, 

or release ions under certain conditions. Both processes could lead to adverse effects 

and/or to a misinterpretation of biological results. For example, aggregation might induce 

cell death in in vitro experiments16 or to a rapid clearance in in vivo assays,17 which might 
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lead to an overestimation and underestimation respectively of the capability of the system 

to cause therapeutic benefit.  

In this chapter, AuNPs-cisplatin were tested in in vitro assays to evaluate the cell and DNA 

accumulation as well as cell viability. More importantly, in vivo assays using tumor-bearing 

mice were also performed. This includes evaluation of the therapeutic efficacy and 

evaluation of the toxicity induced by cisplatin and by AuNPs-cisplatin. Interestingly, 

nephrotoxicity, which is dose limiting in the clinics, was avoided only in the case of 

animals treated with AuNPs-cisplatin. In addition, systemic toxicity, as evaluated by body 

weight loss and analyzing relevant biomarkers, was also improved. Organs in which NPs 

are known to be accumulated (liver and spleen) were carefully examined showing no 

adverse long-time effects. Thus, the toxicological profile of cisplatin is clearly reduced 

without affecting its antitumor activity. The lack of toxicity is correlated to the 

modification of the pharmacokinetic properties and biodistribution of the drug by 

conjugation to AuNPs.   

 

5.2 Experimental 

Cell culture. The human lung carcinoma derived cell line A549 was obtained from 

American Tissue Culture Collection (ATCC) and cultured in a 1:1 mixture of Dulbecco´s 

Modified Eagle´s Medium (DMEM, Sigma-Aldrich) and Ham´s F-12 Medium (Sigma-

Aldrich), supplemented of 10 % (v/v) foetal bovine serum (FBS, GIBCO-Invitrogen) and 1 

% (v/v) of L-glutamine, penicillin and streptomycin solution (GPS, Sigma-Aldrich). 

Cell internalization and DNA accumulation. To quantify Pt and Au cell internalization, 5 

x 105 cells were plated in 60 mm diameter plates (Falcon) and 24 hour later, medium  was 

changed for treatments diluted in culture medium: free cisplatin or cisplatin conjugated to 

AuNPs (2 g cisplatin/ml in both cases). After 0.5, 1, 3, 6, or 24 hours with the treatment, 

cells were trypsinized  and centrifuged, supernatant was removed and cells were 

resuspended in 0.5 ml 65% HNO3 (Merck). The amount of Pt and Au was determined by 

ICP-MS (Bruker 820-MS). To quantify cisplatin bound to DNA, 106 cells were treated as 

above and DNA extraction was performed by phenol/chloroform/isoamylalcohol 

(50:49:1) extraction.18 DNA was finally resuspended in 200 l. This solution was used to 

determine both the amount of DNA, and Pt and Au by UV-Vis spectroscopy and ICP-MS 

respectively. 
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TEM cells imaging. A549 cells were centrifuged for 15 min at 3000 rpm, fixed by 

immersion for 45 min in 2.5% glutaraldehyde in sodium cacodylate buffer (0.15 M, pH = 

7.3), postfixed with 2% osmium tetroxide in the same buffer, dehydrated, embedded in 

LRWhite resin, Medium Grade, and sectioned. Sections were stained with uranyl acetate 

and lead citrate and examined in a Zeiss 902  electron microscope (Carl Zeiss, F.R.G.) at 80 

kV accelerating voltage. 

Cell viability assay. 1000 cells/well were seeded in a 96-well plate and incubated at 37 ⁰C 

with 100 µL of DMEM. After 24 hours, the different treatments resuspended in 100 L of 

fresh DMEM were added to the corresponding wells. Cells were treated for 48 hours. 

Finally, cells were washed with 200 L of PBS, and then 180 L of fresh media was added. 

Finally, 20 L of tetrazolium were added to every well and cells were incubated 1.5 hours. 

The absorbance was measured at 450 and 620 nm. The amount of formazan is 

proportional to A620- A540 and 100 % of cell viability is assigned to cells that received no 

treatment.  

Therapeutic efficiency of AuNPs-cisplatin in in vivo models. Mice with severe 

combined immunodeficiency (SCID) between 8 and 14-weeks-old were used to grow 

xenotransplant flank tumors, one by mouse, by subcutaneous injection of 20 x 106 A549 

tumor cells. For monitoring, tumors were measured three times weekly and the tumor 

volume was determined by the formula V = (A x B2) / 2, where A is the largest diameter 

and B is the shortest diameter measured by caliper. After 4-5 weeks, once the tumor 

volumes were ≥ 100 mm3 and mean tumor size had reached 300 mm3, mice were divided 

into four groups of eight mice for treatments, minimizing weight and tumor size 

differences. Tumor-bearing mice were treated by injection of 3 mg free cisplatin Kg–1, 1.25 

mg conjugated cisplatin Kg–1, and controls were maintained without treatment. 

Treatments were administered in mice anesthetized by ip injection of 2,2,2-

tribromoethanol-2-methyl-2-butanol (Avertine®, Sigma Aldrich) two times (day 0 and 3). 

Mice were monitored for a maximum of 10 days after first dose to avoid excessive tumor 

load, and mice weight and body weight loss were also monitored according with good 

laboratory practices to check excessive toxicity of treatments. Complete tumors of all 

animals were extracted and weighted at endpoint of efficacy studies. 

Another round of mice was studied for a longer treatment period. Mice were injected 

subcutaneously with A549-luc-C8 cells (Caliper) (0,5 x 106 cells). Tumours were grown 

during 9 days before starting the treatment. Tumor growth was monitored every 3 days 

by in vivo imaging system (IVIS® Spectrum, Caliper), 150 mg D-Luciferine / kg mice was 
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applied ip 5 minutes before scanning. Mice were placed under the CCD camera and kept 

under isoflurane anaesthesia (1.5 – 2 % ) during the measures. 5 mice received 3 ip 

injections of 1.5 mg cisplatin Kg–1, 5 mice received the same amount of cisplatin 

conjugated to AuNPs and 5 mice, controls, were maintained without treatment.  

Biodistribution in mice. In vivo biodistribution was performed by treating 2 groups of 12 

female tumor-bearing SCID mice (3 mice per point). All mice received a single 

intraperitoneal (ip) dose of 4 mg cisplatin Kg–1 mice. At 0.5, 3, 6 and 24 h after the 

treatment, blood, heart, lungs, kidney, brain, liver, spleen, ovaries and tumor were 

collected and weighted.  To each organ, previously weighed, were added 3 mL of 65% 

HNO3 and kept 3 h at room temperature in closed tubes and then 24 h at 60 º C. 

Afterwards 2 ml H2O2 were added to the sample and heated to 60 ºC. Finally H2O was 

added up to a final volume of 10 ml and filtered with 0.22 m filters. Blood serum was 

diluted 1:20 and measured by ICP-MS. Blood cells were resuspended in 6 ml of 65% HNO3 

and 2 ml of H2O2 and heated in a microwave oven (Milestone Ethos 1) as follows: 2 

minutes at 85 ºC, 3.5 minutes at 135 ºC, and 15 minutes at 230 ºC. After cooling down, H2O 

was added up to 10 ml final volume. The resulting solutions of the above procedures were 

directly measured in ICP-MS for the determination of Pt and Au. 

Kidney and spleen histology. Proximal tubular degeneration was induced in mice by 3 

consecutive ip injections (days 0, 3, 6) of 5 mg cisplatin Kg–1 mice. The same dosage was 

applied in the case of AuNP-cisplatin while control mice received no treatment. Animals 

were sacrificed 3 days after the last injection.  Mouse kidneys and spleen were immersion-

fixed in 10% neutral buffered formalin for 24 h and embedded in paraffin routinely. 

Sections (4 m thick) were mounted on microslides and stained with hematoxylin-eosin. 

The specimens were examined and photographed using an Olympus PROVIS AX70 

microscope (Olympus, Tokyo, Japan) equipped with an Olympus DP70 camera without 

prior knowledge of the applied experimental protocol. 

 

5.3 Results and discussion 

5.3.1 Cell internalization & DNA accumulation 

Low cellular uptake of the drug may limit the efficacy of a chemotherapeutic treatment,19 

therefore cisplatin cellular uptake as DNA binding are employed as sign of therapeutic 

activity. Adenocarcinomic human alveolar basal epithelial cells (A549) were treated with 
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both free cisplatin and cisplatin conjugated to AuNPs (AuNP–cisplatin) at the same Pt 

concentration (6.7 M, equivalent to 2 g cisplatin / mL). As can be observed in 

transmission electron microscopy (TEM) images (Figure 5.1), AuNPs mainly reside inside 

vesicles that evolve to form late endosomes and endolysosomes (vesicle size and number 

of particles per vesicle increase with time). These vesicles provide an acidic environment 

that promotes the release of cisplatin from the AuNPs, and its further escape from the 

endosomes to continue its journey towards the DNA. Interestingly, the mechanism of drug 

entry into the cell is modified by the conjugation: free cisplatin enters mainly via passive 

diffusion through the membrane and by some transporter-mediated routes (e.g., copper 

transporters)14, whereas cisplatin attached to AuNPs entered via an endocytic pathway. 

Figure 5.1 Cell internalization. Representative TEM images showing the internalization of 

particles at 1, 3, and 24 h. It is clearly shown that AuNPs were entrapped in vesicles that 

progressively fuse. The cell nucleus remained free of AuNPs. Scale bars, 4 m. 

 

The accumulation of cisplatin in cells was also quantified for both treatments (Figure 5.2). 

It was observed that cell accumulation of platinum was increased in cells treated with 

AuNPs-cisplatin compared to cells treated with the same amount of free cisplatin (6.7 M). 

Pt levels were slightly increased at short times, whilst a 4-fold increase was observed after 

24 hours. As expected, the accumulation kinetics of Au and Pt were linked in the treatment 

with AuNPs-cisplatin. This greater accumulation in cells was not translated to so great 

accumulation on the DNA (Figure 5.2b). This is not surprising since only cisplatin that is 

released from AuNPs, and escapes from the endosomes has the chance to find its target. A 

decrease of Pt levels in DNA over time was observed in both cases and it can be explained 

by two mechanisms: The death of cells that had high levels of cisplatin on the DNA and 

repairing of DNA in which cisplatin has been linked mainly via the nucleotide excision 

repair (NER) mechanism.14 It is worth mentioning here that no significant amount of Au 

was found in the nucleus at any time and therefore the observed Pt came from Pt that had 

been released from the NPs. 
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Figure 5.2 Cell and DNA accumulation of cisplatin over time. (a) Amounts of Pt in cell for both 

treatments and amount of Au for AuNPs-cisplatin treatment. (b) Amount of Pt found in the DNA. No 

significant amount of Au was found in the DNA. 

 

5.3.2 Cell viability  

Cell viability was assessed by EZ4U cell proliferation assay. This assay is based on the 

reduction of a water-solube tetrazolium salt by the mitochondria of living cells yielding 

formazan, which has a strong absorption at 450 nm. The absorption is proportional to the 

amount of tetrazolium reduced. Therefore mitochondrial activity is correlated with cell 

viability in this assay.  

Adenocarcinoma human epithelial cells (A549) were chosen as a model cell for the in vitro 

tests. Here, 2000 A549 cells/well were seeded in a 96 well plate. 24 hours later cells were 

treated with concentrations up to 3 x 1013 AuNP-cisplatin/mL (32.5 M of cisplatin) and 

incubated 48 hours before performing the assay. Then EZ4U assay was performed as 

indicated by the manufacturer, but adding a previous washing step with PBS to remove 

the AuNPs in the media to avoid optical interferences with the absorption of formazan. 

Briefly, cells were washed with 200 L of PBS, and then 180 L of fresh media was added. 

Finally, 20 L of tetrazolium were added to every well and cells were incubated 1.5 hours.  

In this EZ4U 24h assay, no significant decrease of cell viability in A549 cells treated with 

AuNPs-cisplatin for any of the assayed concentrations was observed. This has not to be 

necessarily a problem since our system has been designed to show the benefits in in vivo 

experiments. Note that in the organism, free cisplatin is rapidly cleared by the kidneys 

having a blood half-life of less than 30 minutes and most of the remaining drug is 

deactivated by plasma proteins before reaching the target.20 These losses, which have 

been calculated to be as high as 98 % of the dose used in clinics, do not happen in closed 
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systems such as cell cultures, where the efficacy of free cisplatin is extremely high. 

Additionally, in the case of AuNPs-cisplatin, the vehicle protects the drug both from renal 

clearance and plasma deactivation because the strength of the link avoids unspecific 

release of cisplatin. However, the release of cisplatin from the NPs is sustained over time 

after the triggering. For example, the release at pH 4.4 was 10 % after 24 hours (as 

showed in chapter 4, figure 4.8). Thus, when same doses of free cisplatin and AuNPs-

cisplatin are used in in vitro experiments, in which there are no loses of drug in any case, it 

is likely that in the AuNPs-cisplatin treatment,  the low release of cisplatin from the AuNPs 

make the effective dose much lower than when treated with free drug. This is 

corroborated by the lower accumulation on the DNA after 24 hours. Fortunately, this is 

largely compensated in in vivo experiments, in which 98% of free cisplatin is rapidly lost 

either by renal clearance or by albumin deactivation, whilst the clearance of AuNPs-

cisplatin is much more slow. Note also, that higher doses of AuNPs-cisplatin could not be 

used due to the impossibility to concentrate more the NPs and the restriction of the 

volume of treatment that can be added to cells, which is never higher than 10 % of total 

volume. This lack of efficacy in in vitro assays has been reported in other cases which 

showed later efficacy in in vivo experiments.  

To prove that the carriers are not toxic by themselves and to show the potential efficacy of 

our DDS, AuNPs and AuNPs conjugated to aq. oxaliplatin (see section 4.3.7) were also 

tested. This link is more labile thanks to the ciclohexane-1,2-diamine group and therefore 

the release of drug is maximized here to show effects even in in vitro assays. EZ4U assay 

was performed as indicated above. It is shown in figure 5.3 that AuNPs conjugated to 

oxaliplatin retained part of the toxicity observed for free oxaliplatin whilst AuNPs by 

themselves showed no toxic effect. The same comments than the ones made previously for 

cisplatin account for the greater efficacy of the free drug here. An additional experiment to 

discard a large contribution of the oxaliplatin that could have been unspecifically released 

was also performed. AuNPs-oxaliplatin were incubated in cell culture media for 96 hours 

and then AuNPs were removed by centrifugation and cells treated with the resultant 

supernatant. At the highest concentration of AuNPs-oxaliplatin tested here cell viability 

was 44.7 %, whilst it was 82.2 % with the corresponding supernatant. Even though 

unspecific release of oxaliplatin seems to contribute to the observed decrease in cell 

viability of AuNPs-oxaliplatin, its effect is not dramatic.    
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Figure 5.3 Cell viability of A549 cells after treaments with free oxaliplatin and AuNPs-

oxaliplatin. In this case oxaliplatin conjugated to AuNPs retains part of its toxic activity in vitro due 

to the weaker link with the NPs than in the case of cisplatin. The contribution of unspecific release 

is not dramatic as assessed by analyzing the viability of the supernatant coming from AuNPs-

oxaliplatin incubated in cell culture media.   

 

5.3.3 Therapeutic Efficiency of AuNPs-cisplatin in in vivo models. 

In this section the reduction of the tumor will be analyzed using the same animal model 

but two different approaches that differ on the treatment length, the methodology to 

measure tumor volume and the initial size of the tumor. These approaches will be 

discussed in detail in the following subsections. Animal model used for both treatments 

were Severely Compromised ImmunoDeficient (SCID) mice bearing A549 xenografted 

tumors implanted subcutaneously. 

If tumor progression has to be measured by size (e.g. using a caliper), initial tumors must 

be large enough to be measurable, in which case they are normally poorly irrigated and 

even may contain necrotic areas (section 5.3.3.1). Newer bioluminescent techniques (e.g. 

IVIS ®), which depend on enzymatic activity, are a good alternative to caliper 

measurements because they are more sensitive and therefore work properly with smaller 

tumors. This technique has been used to follow tumorigenesis and response of tumors to 

treatment in animal models, since the expression of a bioluminescent marker specific of 

the implanted tumor cells is supposed to be proportional to the number of living cells21 

(section 5.3.3.2). However, environmental factors and therapeutic interferences may cause 
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some discrepancies between tumor burden and bioluminescence intensity in relation to 

changes in proliferative activity; this must be taken into account along with the differing 

individual response to the tumor and the treatments. 

 

5.3.3.1 Short treatment and tumor volume measured by caliper 

Tumor-bearing mice were treated by 2 consecutive intraperitoneal injections (day 0 and 

day 3) of 3 mg free cisplatin/Kg vs 1.25 mg conjugated cisplatin/Kg, and controls were 

maintained without treatment (5 mice per group) (Figure 5.4). It is observed that the 

antitumor effect of cisplatin was maintained for the cisplatin conjugated to AuNPs, even 

though doses of cisplatin conjugated to AuNPs were lower than free cisplatin. This was 

because greater doses were not achieved due to the limitation of volume that can be 

injected to mice. Interestingly, even using lower concentration the anticancer effect of 

cisplatin was not impaired whilst the toxicity induced by cisplatin was clearly reduced as 

indicated by the absence of body weight loss only in mice treated with AuNPs-cisplatin 

and by the death of 3 mice in the case of free cisplatin treatment. The toxicity aspects of 

both treatments will be largely discussed in section 5.3.5. 

The recovery of the tumor volume once the treatment was stopped, commonly known as 

catch up effect, is not strange in the clinics and it was also observed here. It seems clear 

that to observe greater effects several cycles of treatment should have been performed. 

However, the mean tumor volume at the beginning of the experiment (300 mm3) does not 

allow a long treatment since treatment should be stopped before tumor volume reaches 

1600 mm3.  
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Figure 5.4 Therapeutic efficiency of cisplatin. a, Differences in tumour volumes measured by 

calliper after two consecutive injections (day 0 and 3)  of 3 and 1.5 mg cisplatin (Kg mouse)–1 each 

of free cisplatin and AuNP–cisplatin, respectively. Arrows indicate injection days. Errors are 

standard error of the mean (n=5, except in the case of free cisplatin where n=5, 4, 3, 2, 2 due to mice 

death). 

 

5.3.3.2 Long treatment and tumor volume measured by bioluminiscence 

To overcome the limitations observed in the previous section, another round of 

experiments was carried out using smaller tumors. In this case, tumors were grown for 

only 9 days instead of 3-4 weeks. This small volume makes impossible the measure by 

caliper and therefore biochemical techniques were used here. In Vivo Imaging System 

(IVIS®) is based on the detection of bioluminescence produced by cells. Roughly, cells that 

are implanted to create the tumor are genetically modified to express luciferase. This 

make tumor cells the only cells of the organism that are able to metabolize luciferin (which 

is injected 5 minutes before measuring). Metabolization of luciferin results in 

bioluminescence that is detected by a CCD camera. The intensity of the light is therefore 

proportional to the volume of the tumor.  

In this experiment, 5 mice received 3 ip injections of 1.5 mg cisplatin Kg–1, 5 mice received 

the same amount of cisplatin conjugated to AuNPs and 5 mice, controls, were maintained 

without treatment. Here again, the anticancer effect of cisplatin is maintained (Figure 5.5). 

It is important to remember that our goal was not improving the efficacy of the drug, but 

its efficiency by reducing side effects, which is the main limitation of cisplatin in the clinics.  
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Figure 5.5 Therapeutic efficiency of cisplatin. Increase in bioluminescence measured by IVIS 

which is proportional to the number of living cells in the tumour. 1.5 mg cisplatin (kg mouse)–1 

injections were used in both treatments (day 0, 19, and 34). Arrows indicate injection days. Errors 

are standard error of the mean (n=5). 

5.3.4 Biodistribution in mice 

It is important to bear in mind that the majority of drugs are normally transported 

through the small pores (6 – 8 nm) found in the continuous capillaries which are the most 

widely distributed throughout the organism2, which causes a widespread distribution of 

the drug and in many cases unwanted side effects. For effective therapy, it is necessary to 

deliver therapeutic agents selectively to their target sites, avoiding non-target organs. 

Such selectivity is key for antitumoral drugs because of their extreme cytotoxicity. By 

vehiculating the drug using a nanocarrier, the distribution of the drug is controlled by the 

physicochemical properties of the nanoparticle10, 22, 23 rather than those of the drug. 

Therefore biodistribution analysis is one of the most useful tools to anticipate the 

behavior of the DDS (and similar candidates). 

In our experiments, groups of 15 SCID human-tumor-bearing mice were used to assay the 

biodistribution of both the vehicle and the drug. The same dose of free or AuNP-bound 

cisplatin was administrated to the mice (4 mg Pt (kg mice)–1) via ip injection. This route 

facilitates the traffic of particles from the peritoneal cavity to the lymphatic system before 

the particles  enter systemic circulation24, from where they are distributed to the different 

organs. The amounts of both Pt and Au were measured by ICP-MS at 30 min, and 3, 6, and 

24 hours after the injection (Figure 5.6). It is worth noting that from the crude readings it 

is impossible to determine if the observed Pt is still active, inactive bound to proteins, or 
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attached to the NPs waiting to be activated. Free cisplatin is known to be removed from 

the circulation in two steps: an initial rapid renal clearance (less than 1 h) followed by a 

slow loss from the circulation of the cisplatin bound to plasma proteins (hours to days)20, 

with less than about 2 % of total cisplatin reaching the tumor cells. Since the long-

circulating cisplatin is mainly bound to protein (90 to 97%) and consequently 

deactivated20, neither significant toxicity nor therapeutic benefits are expected from it.25 

This rapid clearance of free cisplatin, which is also observed from all organs in our work, 

differs considerably from what is observed in the case of the cisplatin bound to AuNPs. 

First observation is that the amount of Pt in blood sera released from the AuNP-cisplatin 

conjugates (AuNPs were removed by centrifugation before measuring) was initially 

negligible (52.12 ± 1.9 µg L–1). However, once the conjugates were processed, mainly by 

phagocytic organs (vide infra), there was a progressive delayed release of Pt to blood that 

reached 932.25 ± 343.4 µg L–1 at 24 h. In the rest of the organs it is common to see an 

initial decrease in Pt concentration, from 30 min to 3 hours and then an increase at 6 h and 

24 h, likely of the non-conjugated form as the changes of the Au/Pt ratios in organs with 

time seem to indicate (Figure 5.7); this shows how the Au and cisplatin split and follow 

different pathways after being processed by cells. The higher the ratio, the less free 

cisplatin is present. Although the signal from conjugated and non-conjugated cisplatin is 

difficult to deconvolute, two different behaviors are clearly observed: organs where the 

ratio progressively decreases (those indicated by dashed lines) and organs where the ratio 

increases (those indicated by continuous lines). Note that the organs where this ratio 

increased are phagocytic organs where NPs accumulate. From these results we believe 

that some information regarding how nanocarriers are processed can be extracted: The 

stability of the link in blood is proved since the amount of free drug is initially negligible 

(in agreement with previous stability tests showed in chapter 4). Then AuNPs-cisplatin 

start to accumulate preferentially in the phagocytic organs and are processed. From there 

the drug is released again to the systemic circulation in a process that we call secondary 

release, as the primary release is the release of cisplatin in the tumor cells. However, there 

is a lack of cisplatin-induced toxicity due to this secondary release, which can be explained 

because cisplatin levels in blood are much lower than the achieved after free drug 

administration. Moreover the active form of cisplatin released from the NPs is rapidly 

deactivated by plasma proteins, even faster than conventional cisplatin, since it is more 

reactive. Consequently the drug coming from the secondary release is not expected to 

have significant therapeutic or toxic effects in our case, but this process should be taken 

into account when dealing with nanocarriers for drug delivery.  
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Figure 5.6. Biodistribution of Au and Pt arising from the treatment with free cisplatin 

(quantification of Pt, black) and AuNP–cisplatin (quantification of Pt and gold, black and 

blue respectively). The amounts of Pt and Au were analyzed in relevant organs at 0.5, 3, 6, and 24 

h after injection by ICP-MS. Errors are standard error of the mean (n=3). See text for extended 

analysis of this data. 
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Figure 5.7. Time evolution of the ratio Au/Pt in different organs. Two different behaviors were 

observed: the one indicated by continuous lines (organs in which tissue macrophages are present) 

shows an increase of this ratio at the first times which indicates  a depletion of Pt, likely due to the 

secondary release explained in the main text. Consequently, the other organs which are irrigated by 

continuous capillaries can take this Pt up and therefore the ratio decreases. 

 

A detailed analysis of the biodistribution of the conjugates showed no evidence of 

accumulation of Au or Pt in the brain, heart, or lung other than that coming from the blood 

present in these tissues (Figure 5.6 c-e). Of course, 13 nm AuNPs are not expected to cross 

the blood–brain barrier,26 hence it is not surprising that the lowest Au content of all the 

analyzed organs was found in the brain. In all of these organs the amounts of Pt are 5-10-

fold lower in the treatment with AuNPs-cisplatin than when treated with free cisplatin. A 

markedly different behavior was observed in liver and spleen (Figure 5.6 f, g) which are 

responsible for clearance of nanocarriers12, 26-29. In fact, these —together with the ovary 

(Figure 5.6h) — are the only organs in which the Pt contents were higher in the case of 

AuNP–cisplatin treatments than for free cisplatin. These organs are highly phagocytic and 

will take up the AuNP–cisplatin conjugates and process them. Macrophages are found in 

the organs of the mononuclear phagocytic system (liver and spleen) as well as in the 

peritoneum (close to the ovary) and in the periphery of the kidneys. Accumulation of 

AuNP–CisPt conjugates in the ovaries, whose tumor is treated with cisplatin15, is probably 

a consequence of the intraperitoneal administration. In fact, this route has been proposed 

for treatment of ovarian cancer with nanoparticles since they show a slower absorption 

profile into the lymphatic system than that of the free drug by this administration route30. 

In the general picture, it is also expected that in 24 h a significant amount of the conjugates 
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is still in the peritoneum or lymph nodes, at the beginning of the journey that they perform 

during the treatments.  

 

5.3.5 Avoiding cisplatin-induced toxicity 

The main limitation of therapies involving the use of cisplatin and other platinum drugs is 

the high toxicity profile. They are specially toxic for kidneys. Indeed, kidneys are the major 

route of clearance of cisplatin, thus receiving a high exposure of cisplatin. Renal toxicity 

induced by cisplatin is primarily tubular dysfunction, which progresses to acute renal 

failure.31 To ameliorate patient safety, a number of strategies such as administer the drug 

together with diuretic agents have been implemented. Second generation drugs based on 

Pt such as oxaliplatin or carboplatin have been designed to reduce cisplatin-induced 

toxicity.32, 33 However, nephrotoxicity is still the cause of stopping treatment before the full 

benefits of the drug are reached in too many cases. Thus, it is clear that the kidney 

deserves special consideration if a reduction of cisplatin-induced toxicity is wanted.  

Pt levels were reduced considerably in the kidney when AuNP–cisplatin was administered, 

compared to free cisplatin (Figure 5.6 b), at all times. Moreover, the AuNPs that reached 

the kidneys were trapped by peripheral macrophages, which thus diminished the 

potential damage induced by cisplatin as histopathology studies showed (Figure 5.8). 

Histological analysis of the kidneys after treatment with free cisplatin and AuNP–cisplatin 

(21 days, 3 doses of 5 mg cisplatin/kg mice in both cases) revealed a lack of damage in the 

latter case, while in the case of free cisplatin, the kidneys were severely damaged. The 

morphological changes were consistent with cisplatin-induced acute nephrosis.31 

 



In Vitro and In Vivo Experiments 

 
95 

 

 

Figure 5.8. Nephrotoxicity induced by cisplatin. The appearance of histopathological changes in 

the proximal tubuli is evidence of nephrotoxicity. (a) Normal appearance of kidney section of 

control animals and (b) mice treated with AuNP-cisplatin. (c) Proximal tubular degeneration of 

animals taking high-dose free cisplatin. (d) AuNPs that reached the kidneys were trapped by 

peripheral macrophages. 

 

When comparing the weight of the kidney in the different treatments (Figure 5.9), a clear 

reduction was observed in the case of mice treated with free cisplatin; this is consistent 

with the observed nephrosis. A significant increase of weight of the spleen treated with 

NPs was also observed. To exclude any spleen toxicity induced by the nanoparticles, 

histological analysis of the spleen were also performed. Representative microscopy 

images of spleen slices of the control, the sample treated with free cisplatin, and a sample 

from the AuNP-cisplatin treatment do not show any adverse effect of the treatments in this 

organ; no damage or inflammation  is observed(Figure 5.10). No significant differences in 

morphology between control, free cisplatin, and AuNP-cisplatin treated samples were 

either observed. In the case of AuNPs-cisplatin, one could observe the NPs accumulated in 

macrophages in the periphery of the spleen, as was previously observed in the kidneys. 

When using the conjugates, no morphological changes were observed, but a diffuse 

hyperplasia was observed, which manifested in the weight increase; the most significant 

alteration was the increased number of megacariocytes (platelet precursors), which can 

be also related to the increase in circulating platelets. The diffuse hyperplasia of the red 

pulp was attributed to extramedullary haematopoiesis, likely after anemia due to the 
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cisplatin treatment. Both anemia and hyperplasia are temporary and sequential and are 

expected to remedy themselves as cisplatin is being processed. What we observed was a 

modest lower leukocytes count in both treatments, slightly enhanced when the cisplatin 

was conjugated.  

 

 

Figure 5.9. Kidney and spleen weights and hematology. (a) Weight of kidneys decreased only in 

the case of free cisplatin treatment, which agrees the previously observed cisplatin-induced 

toxicity. On the other hand, spleen weight increased in the case of AuNPs-cisplatin treatment, likely 

due to a temporal hyperplasia of the red pulp. (b) Leukocytes, platelets, and erythrocytes were also 

quantified and the organ showed no signs of anemia, but an increased number of platelets in the 

AuNPs-cisplatin, which is likely related to the hyperplasia of the spleen. * P < 0.05, ** P<0.001. 

 

Figure 5.10 Spleen toxicity. Histological slides of spleen showed no signs of pathology in (a) 

control, (b) AuNPs-cisplatin, and (c) free cisplatin treatment 
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In addition to the observed absence of histological damage in the mice treated with AuNP-

cisplatin, biochemical analysis did not show renal (blood urea nitrogen and creatinine) or 

liver (transaminases) damage (Table 1). Aspartate transaminase (AST) and Alanine 

transaminase (ALT) levels indicate that there is no evidence of liver disfunction. Total 

protein and albumin are also indicators of hepatic function and do not show any 

alteration. Besides, the renal function is usually determined by the levels of Blood Urea 

Nitrogen (BUN) and creatinine. Although BUN seems to be higher than levels reported in 

other works,34 it should be noted that there is no difference between control and 

treatment with AuNPs-cisplatin.  

 

  Control AuNPs-cisplatin 

  Mean sd Mean sd 
AST (UI/L) 15.88 4.79 15.46 6.73 
ALT (UI/L) 13.64 2.99 13.71 0.41 
ALP (UI/L) 109.87 64.68 189.5 99.7 
BUN (mg/dl) 55.93 8.3 63.26 11.78 
Creatinine (mg/dl) <0.5  <0.5  
Total protein 
(g/dl) 

13.8 4.28 11.81 3.95 

Albumin (g/dl) 7.85 3.64 9.47 3.98 

 

Table 1. Analysis of relevant biochemical markers of renal and hepatic funtion.  

 

Evaluation of systemic toxicity is commonly performed by measuring the body weight 

loss.  We divided 15 mice in three groups of mice that received no treatment (control), free 

cisplatin, or AuNP–cisplatin (three injections of 5 mg cisplatin /Kg mouse in both cases; in 

a 13 day experiment) (Figure 5.11). After the initial loss of weight in both treatments, 

weight recovery was most evident in mice treated with AuNP-cisplatin. More significantly, 

after the second dose, mice treated with free cisplatin decreased in weight more 

dramatically and showed no signs of recovery, which can be attributed to the cumulative 

toxic effects of cisplatin,35 whilst the mice treated with AuNP-cisplatin experienced a 

smaller weight decrease, again and a rapid recovery, and no evidence of   memory effects.  
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Figure 5.11. Body weight loss after different treatments. Body weight change of control mice 

and mice that received the same amount of free cisplatin or conjugated to AuNPs (4 mg Kg–1, days 0 

and 8). The arrows indicate the day of injection. Loss of weight and further recovery capacity is a 

clinical test to assay systemic toxicity. 

From these results it can be concluded that nephrotoxicity is clearly reduced, if not totally 

avoided, by using cisplatin conjugated to AuNPs. Interestingly, the organs where AuNPs 

were more accumulated did not show any evidence of toxicity except for a temporal 

hyperplasia of the spleen. In addition, body weight dropped and animals showed no signs 

of recovery after the second cycle of free cisplatin treatment. This expected behavior of 

free cisplatin treatments is indicative of systemic cumulative toxicity. This was not 

observed in the case of conjugated cisplatin. This absence of toxicity might be beneficial 

not only in terms of patient safety, but also in efficiency since it is known that 

nephrotoxicity is dose limiting and moreover the treatment is often stopped before 

reaching the full benefits of the drug due to toxicity issues.  

 

5.4 Conclusions 

Cisplatin is widely used to treat a great variety of tumors. However, its use is seriously 

limited by the induction of nephrotoxicity and other side effects. Thus, efforts are focused 

to improve the delivery of the drug to the tumor avoiding organs in which cisplatin is 

known to produce adverse effects.  
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We showed that our vehicle, which is stable at physiological conditions, enters the cell via 

an endocytic pathway. The pH in the endosomes drops, allowing the release of drug which 

then can continue its journey to the DNA. Although the accumulation in the DNA, and 

therefore the cytotoxicity, is lower than for free cisplatin in in vitro assays, this is largely 

compensated in in vivo assays due to the different pharmacokinetics: Rapid renal 

clearance and deactivation by plasma proteins are avoided for cisplatin conjugated to 

AuNPs. Thus, experiments using tumor-bearing mice demonstrated that the anticancer 

effect of cisplatin was maintained in mice treated with AuNPs-cisplatin.  

We showed that the cisplatin-induced toxicity was clearly reduced using AuNPs-cisplatin. 

It is known that pharmacokinetic properties depend on physicochemical properties of the 

carrier rather than on the ones of the drug. Thus, instead of the widespread distribution 

observed for free cisplatin, AuNPs-cisplatin showed the typical accumulation in the organs 

of the mononuclear phagocytic system (i.e. liver and spleen) largely reported in the 

literature. Interestingly conjugated cisplatin was diverted from the kidneys, which 

contributed to the absence of histopathological damage, namely absence of proximal 

tubular degeneration and nephrosis, as observed in treatment with free cisplatin. 

Moreover, toxicity in the spleen and liver was also discarded by histology analysis as well 

as by normal levels of several biomarkers. Also body weight, which is indicative of 

systemic toxicity, was maintained in normal values along the treatment, except for a 

temporal decrease after injection. All the data indicates that cumulative toxic effect of 

cisplatin is avoided, which would allow to continue the treatment for longer times or to 

change the strategy of administration. Thus, we demonstrated a reduction of toxicity of a 

very effective drug that is still limited by its side effects without affecting its efficacy. This 

would help to improve the efficiency of the treatment with cisplatin since classic 

treatment has to be often stopped before the full benefits of the treatment are reached due 

to toxicity issues. 

Although these encouraging results contributed to move one step forward the drug 

delivery field, there are still some points that can be improved in future work. For 

example, the release of drug after pH drop is low due to the high strength of the 

coordination bond between Pt and MUA-SAM. This ensures that unspecific release is not 

produced, but  on the other side, only a small percentage of the cisplatin that is attached to 

the AuNPs is released and has the chance to reach the cell nucleus. Thus, improving the 

triggering of the release would result in a greater efficacy and it would make possible to 

reduce the dose needed to achieve therapeutic benefits. Thus it would minimize the 

potential risks of using high concentration of NPs. Another issue that every nanocarrier 
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has to deal with is the penetration into tumors. It is known that macromolecular carriers 

(and nanoparticles) fails to penetrate deep into the tumors and are generally accumulated 

just some micrometers away from the vessels.8, 36-38 However, the greater accumulation of 

active drug when attached to AuNPs (the drug is protected against deactivation by plasma 

proteins) and the possibility of successive treatments (if cisplatin toxicity is clearly 

reduced) may overcome the lower penetrability of the vehicles,36 allowing the progressive 

erosion of the tumor. 

Another issue which should be studied is the expulsion of NP from the organism since it 

might influence long time toxicity. In general terms, it seems clear that small NPs (<6 nm) 

are rapidly excreted by kidney filtration. For example, more than 80 % of 4 nm quantum 

dots were found in the urine 4 hours after injection.39 Glomerular filtration in kidneys is 

ineffective for larger NPs. Then, the preferred route of excretion is through the fecal 

matter, via the hepatobiliary clearance route.40 This route of excretion is slower. Thus, NPs 

which are larger than 6 nm not only increase their blood-half-life avoiding renal clearance, 

but also showed a greater accumulation in organs of the RES increasing the likelihood of 

toxicity in this organs. Therefore, the absence of toxicity at long times in liver and spleen 

should be ensured for NPs that are not cleared by kidneys.     
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Chapter 6 

The use of Functionalized Gold 

Nanoparticles as Radiosensitizers  
 

 

6.1 Introduction 

Radiotherapy is a major modality to treat cancer. Its aim is to deliver a therapeutic 

radiation dose to the tumor whilst sparing the damage to the surrounding tissue.1 

However, radiotherapy is still limited by tumor cells that are radioresistant, 

underirradiated or outside the target region.2 Moreover, tumor and surrounding tissue 

normally present similar X-ray absorption characteristics. To overcome these limitations, 

beam delivery methods are in constant improvement. The use of heavy elements that can 

be accumulated on the tumors has been also proposed due to their higher mass energy 

absorption coefficients.3 Among these elements, gold nanoparticles (AuNPs) are of special 

interest due to their strong photoelectric absorption coefficient. Additionally, AuNPs can 

be synthesized with control of the size and very narrow size distribution compared to 

other nanosystems4, their surface can be easily functionalized5, and they are 

biocompatible.6 It is also well known that nanoparticles (NPs) are passively accumulated 

into the tumors due to the enhanced permeation and retention effect (EPR).7 Briefly, the 

leaky vessels of the tumor allow the NPs to permeate into the tumor tissue where they are 

accumulated due to the absence of a functional lymphatic system. Therefore, the contrast 

between tumors and normal tissue would be improved if AuNPs accumulated into the 

tumor.  
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The results derived from this chapter will be submitted for intellectual property protection and 

therefore are not showed in this version of the thesis dissertation.  
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A549: Adenocarcinomic Human Alveolar 

Basal Epithelial Cells 

ALT: Alanine Transaminase 

AST: Aspartate Transaminase 

AuNPs: Gold Nanoparticles 

BSA: Bovine Serum Albumin 

BUN: Blood Urea Nitrogen 

CCM: Cell Culture Media 

DDS: Drug Delivery System 

DLS: Dynamic Light Scattering 

DMEM: Dulbecco's Modified Eagle 

Medium 

DSB: Double Strand Break 

EGF: Epidermal Growth Factor 

EPR: Enhanced Permeation and 

Retention (effect) 

ES-MS: Electrospray Mass Spectroscopy 

FBS: Fetal Bovine Serum 

FITC: Fluorescein Isothiocyanate  

ICP-MS: Inductively Coupled Plasma 

Mass Spectroscopy 

Ip: intraperitoneal (injection) 

Iv: intravenous (injection) 

IVIS: In Vivo Imaging System 

LET: Linear Energy Transfer 

MDA-MB-231: Adenocarcinomic Breast 

Epithelial Cells 

MUA: 11-Mercaptoundecanoic acid 

NER: Nucleotide Excision Repair 

(mechanism) 

NIR: Near Infra-red 

NPs: Nanoparticles 

PEG: Polyethylene Glycol  

PI: Propidium Iodide 

RES: Reticuloendothelial System 

ROS: Reactive Oxygen Specie 

SAM: Self-Assembled Monolayer 

SCID: Severe Combined 

Immunodeficiency  

SPR: Surface Plasmon Ressonance 

SSB: Single Strand Break 

TEM: Transmission Electronic 

Microscopy 

TNF: Tumor Necrosis Factor 

Z-potential: Zeta Potential (-Potential) 
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