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dissolution rates in most fluids indicated that the release of silver ions would cause 

short-term effects. This work has been published in Toxicology Reports and has 

been presented in this thesis as Paper 2.  

Although titanium dioxide nanoparticles are insoluble and undergo negligible 

dissolution, it was of utmost importance to investigate their behaviour in biological 

and environmental surroundings. This is as a result of the incorporation of these 

particles in everyday consumer products, in the nanosized range which raises 

concerns about their safety. Therefore, in Paper 3 presented in this thesis the 

dissolution kinetics of titanium dioxide nanoparticles in simulated body fluids 

representative of the lungs, stomach, blood plasma and media representing the 

aquatic ecosystem were investigated to anticipate how they behave in vivo. This 

work has been published in Toxicology In Vitro and presented in this thesis as 

Paper 3. The results indicated that titanium dioxide nanoparticles were very 

insoluble, and their dissolution was limited in all simulated fluids. Acidic media 

such as the synthetic stomach fluids were most successful in dissolving the 

particles, while alkaline media had lower dissolution. High ionic strength seawater 

also had a higher dissolution rate than freshwater. The dissolution rates of the 

particles were low, and their half-times were long. The results indicated that these 

particles could potentially cause health issues in the long term, as well as remain 

unchanged in the environment. This work has been published in Toxicology In 

Vitro and presented in this thesis as Paper 3.   

The last component of the research compared the dissolution kinetics of gold, silver 

and titanium dioxide nanoparticles through the use of the continuous flow-through 

system. The findings indicated that titanium dioxide nanoparticles were the most 

biodurable and persistent, followed by gold and silver nanoparticles. Therefore, it 

was suggested that product developers should use the OECD's guidelines for testing 

before releasing their product to the market to ensure its safety. This work has been 

published in Nanomaterials MDPI and presented in this thesis as Paper 4. 
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CHAPTER 1 

1 Introduction 

1.1 Background 

Nanotechnology is the engineering and construction of materials with a specific 

structure at the nanoscale, generally smaller than 100 nm (Abbasi et al. 2023; Kerin 

et al.2023). Nanomaterials (NMs) are used to make nanotechnology products. 

These are small materials that can be natural, accidental, or manufactured and 

comprise of particles that can be present as agglomerates or aggregates and have an 

exterior diameter of a hundred nanometers or less (Abbasi et al. 2023; Joseph et al. 

2023; Kerin et al. 2023). The production of NMs involves the manipulation of 

individual atoms or molecules at the nanoscale to create materials containing very 

small structures (Abbasi et al. 2023; Joseph et al. 2023). These have different 

physical and chemical properties as shown in Figure 1.1. Nanoparticles (NPs) on 

the other hand are small particles between the sizes of 1 nm to 100 nm and are used 

as building blocks of NMs (Joseph et al. 2023).  

NPs come in different shapes, sizes, compositions, and functionality depending on 

their intended use in vivo as represented in Figure 1.1 (Abbasi et al. 2023; Joseph 

et al. 2023; Kerin et al. 2023). They are made up of a myriad of substances, 

including metals, metal oxides, semiconductors, polymers and liposomes (Abbasi 

et al. 2023; Joseph et al. 2023; Kerin et al. 2023). These particles can be easily 

modified to create specific surface properties such as charged surfaces, hydrophobic 

or incorporation of targeting agents for specific applications (Abbasi et al. 2023; 

Joseph et al. 2023; Kerin et al. 2023). The ability to customize and alter the design 



2 
 

of NPs makes them highly versatile and capable of performing complex tasks 

within the body.  

 

Figure 1.1: Representation of various physicochemical properties of NPs. Image 

obtained from Zhang, (2015).  

1.2 Broader view of nanoparticles  

NPs possess unique physicochemical properties such as high percentage of atoms 

on their surfaces making them highly reactive due to the large surface-area-to-

volume-ratio, surface biocompatibility which may confer NPs with many desirable 

characteristics including antimicrobial properties (Mathur et al. 2018). As a result, 

there is an exponential growth in the manufacturing, production, and application of 

NPs in a myriad of consumer products. The current study focused on two metallic 

particles, namely gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs), 

and one metallic oxide nanoparticle namely titanium dioxide nanoparticles (TiO2 

NPs). These particles were selected for their inherent properties, widespread 

applications, and incorporation into consumer products (Ganasan et al. 2023).  
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CHAPTER 2 

2 Literature review 

2.1 Application of nanoparticles 

2.1.1 Gold nanoparticles 

Over the last two decades AuNPs have found extensive use in a wide range of fields 

including the biomedical field where they are used to target tumours, photothermal 

therapies and anti-inflammatory treatments as shown in Figure 2.1.1 (Abbasi et al. 

2023; Carabineiro, 2017; Carlander et al. 2019; Fratoddi et al. 2015; Hieu, 2017). 

This is due to the fact that AuNPs have distinct intrinsic properties such as their 

optical, electronic, thermal and mechanical (Bailly et al. 2019; Elahi et al. 2018; 

Sani et al. 2021). Moreover, they are useful for drug delivery, medical imaging, 

diagnosis, chemical and biological sensing, photothermal therapy, and radiation 

therapy (Abbasi et al. 2023; Breitner et al.2015; Carabineiro, 2017; Elahi et al. 

2018; Hieu, 2017; Sani et al. 2021). These inherent properties make them excellent 

biotechnology tools. Furthermore, AuNPs are increasingly being utilized in an 

expansive range of industries, from beverage production to environmental 

remediation (Elahi et al. 2018; Sani et al. 2021). For example, they are used in the 

oxidation of carbon monoxide, to mitigate pollution and in the purification of 

hydrogen and water (Sani et al. 2021).  
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Figure 2.1.1: Applications of gold nanoparticles 

 

2.1.2 Silver nanoparticles 

AgNPs are used in a myriad of applications because of their antimicrobial activity 

as shown in Figure 2.1.2 including fields such as biomedical and environmental 

remediation (Abbasi et al. 2023; Abdelghany et al. 2018; Agrawal et al. 2018; León-

Silva et al. 2016). In the field of catalysis AgNPs are incorporated in automotive 

catalysts, photocatalysts, solar & fuel cells and propellants (Agrawal et al. 2018; 

Joseph et al. 2023). They are used in these fields precisely because of their intrinsic 

properties such as the optical, chemical, electronic and thermal conductivity 

(Abbasi et al. 2023; Agrawal et al. 2018; Foldbjerg et al. 2015; Yaqoob et al. 2020). 

As a result, they are utilized in various industries including photonics, 

microelectronics and catalysis (Deshmukh et al. 2019; León-Silva et al. 2016; 

Yaqoob et al. 2020). Due to these properties, they are also used in the biomedical 

filed for imaging, bio-detection, drug delivery and bio-magnetic separations 

(Agrawal et al. 2018; Sharma et  al. 2014). Due to their antimicrobial properties 

their use extends to various industrial application including water treatment, home 

appliances and decontamination of medical devices (Beer et al. 2012; Pareek et al. 

2018; Zhang et al. 2019). For example, household products such as toys, sunscreen, 
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water purification systems, washing machines and surface coatings all contain 

AgNPs (Joseph et al. 2023). They are also used in the textile industry including a 

wide range of applications, ranging from food packaging materials to odour-

resistant fabrics and cosmetics (Badawy et al. 2010; Behra et al. 2013; Deshmukh 

et al. 2019; Gottardo et al. 2021; Yaqoob et al. 2020). Lastly, medical products that 

contain AgNPs include wound dressing materials, surgical equipment, urinary 

catheters, bone prostheses etc (Hadrup et al. 2018; Mathur et al. 2018; Zhang et al. 

2014).  

 

 

 

 

 

 

 

 

 

Figure 2.1.2: Applications of silver nanoparticles 

 

2.1.3 Titanium dioxide nanoparticles 

The TiO2 NPs possess outstanding characteristics that enable them to be utilized in 

a vast array of industries, as indicated in Figure 2.1.3. They have distinctive thermal, 

electrical, optical and magnetic properties (Arun et al. 2023; Gopinath et al. 2020; 

Haider et al. 2019; Irshad et al. 2021; Waghmode et al. 2019). TiO2 NPs are highly 

stable and insoluble in water under normal conditions, and have a high reflective 

index, allowing them to filter, scatter and absorb ultraviolet light (Taboada-López 
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et al. 2021; Yan et al. 2019). As such, they are used in the food industry as additives 

and nutritional supplements to improve texture, colour, flavour, and nutrient 

availability (Sohal et al. 2018; Waghmode et al. 2019; Wang et al. 2020). A wide 

variety of food products contain such as sweets, salad dressings, cheese products, 

chewing gums, nutritious ices, and non-dairy creamers contain them as well (aru et 

al. 2023; Chen et al. 2020; Taboada-López et al. 2021; Wang et al. 2022). TiO2 NPs 

have been used as a pigment in paints, ink, food colouring agents, toothpaste, 

cosmetics (sunscreen), coatings, plastic, paper, and other products due to their 

ability to be bright, opacifying strength and prevent corrosion (Anupong et al., 

2023; Chen et al. 2020; Irshad et al. 2021; Mercier-Bonin et al. 2018; Musial et al. 

2020; Yan et al. 2019). When dispersed in water and exposed to ultraviolet light, 

TiO2 nanoparticles demonstrate photoactivity leading to the production of reactive 

oxygen species (ROS) that can cause cell death (Kang et al. 2019; Musial et al. 

2020). (Behnam et al. 2018; Ziental et al. 2020). Due to their ability to generate 

ROS, these particles are then used in photodynamic therapy to treat cancer cells 

(Behnam et al. 2018; Haider et al. 2019; Ziental et al. 2020). TiO2 NPs possess 

antimicrobial properties with reports indicating their ability to photodynamically 

kill antibiotic-resistant bacteria (Behnam et al. 2018; Ziental et al. 2020). They are 

also used in the removal of environmental pollutants whereby they get incorporated 

in membranes used for water purification (Kang et al. 2019). 
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A nanoparticle with a higher level of environmental persistency is more likely to 

accumulate in the environment, potentially causing toxicity (Liu & Hurt, 2010).  

There are several factors which influence the environmental persistency of particles 

including the media ionic strength, dissolved organic matter, particle morphology 

and aggregation state, solubility characteristics, particle size and functional group 

(Furtado et al. 2016; Liu & Hurt, 2010). The pH of the surrounding media has also 

been identified as one of the factors that influence dissolution and leaching of 

specific elements (Sauer et al. 2021).  

 

2.3 Biodurability of nanoparticles in biological and environmental media 

2.3.1 Studies in biological media 

2.3.1.1 Gold nanoparticles 

Studies assessing the toxicity of AuNPs have been conducted extensively and have 

been largely dedicated to examining their biodistribution, translocation, and 

accumulation in vivo. Research scientists have sought to decipher the behaviour of 

AuNPs under physiological conditions seeing the rise of their incorporation in 

consumer products.  Carlander et al. (2019) evaluated the influence of particle size 

on dissolution in different models, including cell medium and cell medium with 

macrophages, to determine the fate of these particles in the human body. Small 

particles with a diameter of less than 1 nm were found to dissolve more readily than 

bigger particles with a size of 50 nm (diameter). Another investigation examined 

the biodistribution and pharmacokinetics of AuNPs and discovered that they were 

quickly eliminated from the bloodstream. However, the particles accumulated in 

the liver and spleen, where they were prone to cause long-term health consequences 

(Bailly et al. 2019). Another study investigated the toxicity of AuNPs by uptake 

and toxicity towards leukaemia cell lines (Connor et al. 2005). The rate at which 

particles released Au ions was negligible, and particles did not hinder cellular 

function. Several other models have been used to study the uptake and toxicity of 

AuNPs. For instance, a study conducted by Fede et al. (2015) used a model which 
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incorporated advection and shear stress to mimic continuous flow conditions 

usually found in vivo to determine the uptake and toxicity of AuNPs towards 

endothelial cells. It was observed that the particles deposited onto the cell surface 

formed larger aggregates making it difficult for intracellular uptake, as a result 

AuNPs exhibited lower toxicity (Fede et al. 2015). Another study investigated the 

stability and biodistribution of citrate stabilized and pentapeptide CALNN-coated 

AuNPs in rats to understand the effect of functionalization on particle toxicity 

(Fraga et al. 2014). It was observed that the biodistribution pattern was similar 

regardless of the functional groups with most accumulation found in the liver. The 

red blood cells and haemoglobin levels of rats injected with CALNN-coated AuNPs 

were significantly low, therefore it was concluded that CALNN-coated AuNPs 

were more toxic in rats compared to citrate coated AuNPs (Fraga et al. 2014). The 

effect of functionalization was further explored by England et al. (2015). Their 

study investigated the release kinetics of cisplatin (hydrophilic) and paclitaxel 

(hydrophobic) drugs from hexadecanethiol and phosphotidylcholine functionalized 

AuNPs. The hydrophilic drug released its components at a rapid rate compared to 

the hydrophobic one. Therefore, it was concluded that to achieve optimum drug 

release levels, the NP surface should have a combination of hexadecanethiol and 

phosphotidylcholine functionalization in order to regulate the release of both 

hydrophilic and hydrophobic drug components (England et al. 2015). The factor of 

nanoparticle surface charge was further explored and it was observed that positively 

charged particles were more toxic compared to negatively charged particles 

(Goodman et al. 2004). Similar to surface charge, size is another factor which 

influences particle toxicity. A study by Han et al. (2015) assessed how the variable 

of size (13 nm and 105 nm in diameter) influences the biodistribution of AuNPs in 

Sprague-Dawley rats via inhalation exposure. Both sizes of AuNPs were mainly 

deposited in rat lungs, however, the 13 nm sized particles were significantly 

translocated to secondary organs such as the liver, spleen, blood and brain. The 

larger particles were characterized by longer elimination half-time from the lungs 

unlike smaller particles which had shorter elimination half-time (Han et al. 2015; 

Hirn et al. 2011). Therefore, the effect of size of AuNPs is a critical factor in 

determining their toxicity. It influences how well AuNPs are taken up by cells, 
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where they are located, and where they accumulate when in a living organism. 

Therefore, when conducting a risk assessment of AuNPs it is critical to consider the 

effect of size on dissolution (De Jong et al. 2008; Jia et al. 2017; Kreyling et al. 

2014).  

Dissolution kinetics in relevant biological systems remains limited for most NPs. 

Of the few studies that have been conducted on the dissolution of AuNPs, Breitner 

et al. (2015) investigated the dissolution of AuNPs in A549 lung epithelial cells 

kept in a reaction vessel with a dynamic flow to mimic a complex physiological 

system. Under these conditions, AuNPs tended to form agglomerates, resulting in 

disruption of the localized surface plasmon resonance characteristics and low 

dissolution. Cherevko et al. (2014) observed that dissolution was heavily dependent 

on solution pH with higher dissolution observed in the alkaline media. These 

observation were made after studying the dissolution of AuNPs in perchloric and 

sulphuric acid solutions representing acidic medium and in sodium hydroxide 

solution representing alkaline media (Cherevko et al. 2014). 

  

2.3.1.2 Silver nanoparticles 

Several research studies have been conducted on the dissolution of silver 

nanoparticles in biological media (Ho et al. 2010; Kittler et al. 2010; Li et al. 2010; 

Loza et al. 2014). Kittler et al. (2010) investigated the dissolution of AgNPs in water 

for 125 days at various temperatures and found that the dissolution occurred 

instantly after exposure to water, even though the AgNPs did not completely 

dissolve. Nanoparticle surface functionalization was observed to greatly impact the 

rate and degree of dissolution of AgNPs (Kittler et al. 2010). For example, a study 

conducted by Martin et al. (2014) found that there was no observable release of 

silver ions when AgNPs surface was coated with bovine serum albumin protein. 

These observations were corroborated by those obtained by Tejamaya et al. (2012). 

The presence of hydrogen peroxide in media is another factor that promotes the 

release of silver ions (Ho et al. 2010; Loza et al. 2014). When organic compounds 

such as glucose interact with AgNPs, complexation between the particles and 
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compounds occurs and that has the potential to promotes dissolution (Loza et al. 

2014). Another study by Yang et al. (2012) investigated factors influencing the 

toxicity of AgNPs and whether toxicity is induced by the particles themselves or 

the released Ag ions in C. elegans. It was discovered that dissolved silver ions were 

more toxic to the growth of C. elegans. 

 

2.3.1.3 Titanium dioxide nanoparticles 

TiO2 NPs are known to be insoluble, thus limiting the research conducted to gain 

insight into their dissolution behaviour in biological and environmental settings 

(Anupong et al. 2023; Musial et al. 2020; Nam et al. 2012; Shinohara et al. 2017). 

In most cases, the toxicity of TiO2 NPs is evaluated by examining their 

biodistribution, accumulation and genotoxicity in in vivo models. Most studies cited 

on this literature review focused on the effects of TiO2 NPs on the respiratory 

system, particularly due to inhalation being the main method of exposure in 

occupational settings. Additionally, studies on translocation in the systemic 

circulation, dietary exposure resulting from food items containing TiO2 NPs and 

studies from inhalation exposure, both in vivo and in vitro have also been included. 

Gastrointestinal tract is likely a major source of uptake for TiO2 NPs, since they can 

be found in drug delivery systems, food, water and other liquids (Shi et al. 2013). 

Bettencourt et al. (2020) assessed the toxicity of TiO2 NPs using the standardized 

static INFOGEST 2.0 in vitro digestion protocol, which combined gastrointestinal 

tract cells (Caco-2 and HT29-MTX-E12) to simulate the human digestive system. 

Upon exposure to HT29-MTX-E12 intestinal cells, it was observed that the digested 

form of anatase was more toxic than the other undigested crystal forms of TiO2 

NPs. Consequently, it was concluded that the inclusion of digestion simulation is 

necessary when assessing the safety of ingested nanoparticles (Bettencourt et al. 

2020). Researchers have hypothesized that the toxicity of TiO2 NPs is influenced 

by the crystal form in which they exist, such as anatase, rutile, and brookite (Musial 

et al. 2020). To assess this, De Matteis et al. (2016) studied the toxicity of anatase 

and rutile nanoparticles in two cell lines at pH values of 4.5 and 5.5, representing 

the lysosomal and physiological skin compartments, respectively. Anatase was 
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2.3.2 Studies in environmental media 

The use of nanoparticles to synthesize membranes for water filtration extend the 

potential for their entry into the environment (Adams et al. 2017). When NPs enter 

the environment, there a is greater possibility that they interact with components of 

environmental surroundings and undergo dynamic transformation processes 

(Abbas et al. 2020; Angel et al. 2013; Kerin et al. 2023). Furthermore, they may 

remain persistent in the environment, accumulate, and reach levels that might be 

harmful to aquatic organisms and consumers (Angel et al. 2013; Kerin et al. 2023). 

Therefore, it is crucial to study the behaviour and fate of NPs in environmental 

compartments. Environmental factors such as aggregation, oxidation, reduction and 

adsorption influence the fate of NPs in the environment (Abbas et al. 2020; Adams 

et al. 2017). These processes are influenced by the acidity/alkalinity of the media, 

chemical composition, organic and inorganic colloids present in the environment 

(Abbas et al. 2020; Kerin et al. 2023).  

 

2.3.2.1 Gold nanoparticles 

A number of studies have been conducted to investigate the fate of AuNPs in 

aquatic environments. Avellan et al. (2018) investigated the effects of 

biogeochemical processes and seasonality in freshwater wetlands on the 

transformation of nanoparticles, concluding that oxidation of Au0 to Au+ or Au3+ 

was thermodynamically unfavourable. Further research has been conducted to 

elucidate transport and fate of AuNPs in aquatic systems (Kerin et al. 2023; Singh 

et al. 2023). Donovan et al. (2016) studied the capacity of six different conventional 

drinking water treatment models for the removal of AuNPs from drinking water and 

observed that the particles were completely removed after the limestone softening 

and addition of activated carbon. The addition of organic matter in simulated 

freshwater and seawater was found to promote coagulation of particles, 

encouraging them to settle in sediments, increasing the risks of ingestion by aquatic 

organisms (Blasco et al. 2015; Bour et al. 2015; Gallego-Urrea et al. 2016).  
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The intake of these particles by aquatic organisms poses a risk to the aquatic food 

chain. In order to assess the toxicity of AuNPs in the environment, a variety of 

methods have been employed. One study used phytoremediation to investigate the 

bioavailability of AuNPs to plants (Judy et al. 2011). Results indicated that smaller-

sized AuNPs were more readily absorbed by tobacco plants, while no uptake of 

AuNPs was observed in wheat. These findings suggest that plants are able to absorb 

nanoparticles of varying sizes and compositions, thereby providing insight into how 

cell wall pores can affect AuNP uptake and how the plant species itself can 

influence nanoparticle accumulation. 

 

2.3.2.2 Silver nanoparticles 

Various models have been utilized to investigate the effects of AgNPs in the 

environment. For example, Fabrega et al. (2009) conducted an experiment in which 

Pseudomonas flourescens was exposed to AgNPs for 24 hours. This study was done 

to determine how pH, organic matter, and concentration affected the bacterial 

growth in the presence of these nanoparticles. Results showed that AgNPs had a 

toxic effect and inhibited bacterial growth, whereas organic matter promoted 

particle disaggregation (González-Pedroza et al. 2023). Meaning natural organic 

matter rich in sulphur and nitrogen content promoted strong interactions with 

AgNPs thereby leading to formation of stable colloids (Gunsolus et al. 2015). These 

results were confirmed by Pokhrel et al. (2014) who studied the effect of natural 

water chemistry on the fate, toxicity and dissolution of AgNPs. These researchers 

confirmed that the dissolved organic carbon tended to bind strongly to AgNPs 

surface forming larger aggregates thereby resulting in low release of Ag ions which 

prevented the toxicity of these particles towards E. coli (Pokhrel et al. 2014). Other 

researchers have used migration test to investigate the release of AgNPs from three 

commercial food containers and found low silver migration values below the 

permissible limits (Echegoyen & Nerín, 2013). Furthermore, AgNPs were 

immobilized on a glass substrate to monitor their dissolution in phosphate buffer 

solution with varying concentration of NaCl to predict their behaviour in natural 

waters (Kent & Vikesland, 2012). The immobilization on a glass substrate was to 
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NaHCO3 and observed that smaller particles were more soluble compared to the 

large ones (Ma et al. 2012). However, the effect of coating agents was negligible 

Another study investigated the ecotoxicity of AgNPs in a wastewater treatment 

plant using wastewater biota Nitrosomonas europaea (Radniecki et al. 2011). It was 

observed that  N. europaea was extremely sensitive to Ag ions with smaller particles 

(20 nm) releasing the highest amount of silver ions in comparison to larger particles 

(80 nm). These observations were attributed to the kinetic size effect whereby 

smaller particles exhibited higher dissolution rates because of a greater surface-

area-to-volume-ratio compared to larger particles (Radniecki et al. 2011). These 

results were in agreement with those observed by Peretyazhko et al. (2014) and 

Silva et al. (2014).  

  

2.3.2.3 Titanium dioxide nanoparticles 

Brunelli et al. (2013) assessed the fate of TiO2 NPs in aquatic environments over a 

period of two days, using synthetic and natural freshwater as well as seawater 

solutions of environmentally relevant concentrations. It was observed that the 

particles formed stable aggregates as soon as they were dispersed in seawater, with 

more pronounced aggregation observed in natural seawater compared to synthetic 

seawater. This suggested that particle aggregation and sedimentation should be 

considered when evaluating the ecotoxicological fate of TiO2 NPs in the 

environment. It is essential to note, however, that there are other variables that can 

determine the impact of nanoparticles in the environment Cupi et al. (2016) 

investigated conditions which would maintain the stability of TiO2 NPs in aquatic 

environments by elucidating the impact of pH, ionic strength, and water hardness 

on the immobilization of Daphnia magna. It was observed that when TiO2 NPs 

were present in a medium with high ionic strength and alkaline pH, the particles 

tended to cluster, forming large aggregates (Cupi et al. 2016; Qi, et al. 2013). 

Interestingly, smaller particles were found to be toxic to D. magna, whereas no 

toxicity was observed in the highly agglomerated particles (Cupi et al. 2016). This 

is because generally, particles smaller in size tend to produce more acute toxicity, 

while larger agglomerates and filter feeders, such as daphnia, may encounter 
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secondary effects that can ultimately lead to mortality. These changes may include 

decreased reproduction, changes in swimming behaviour and feeding, and altered 

energy allocation. Another study investigated the persistence of TiO2 NPs in a 

mesocosm that mimicked a freshwater wetland, and the particles were found to 

remain unchanged in the water column but were taken up by aquatic organisms 

(Espinasse et al. 2018). Factors influencing the toxicity of TiO2 NPs in aquatic 

environments have been identified to include particle size & shape, surface coating 

agent, aggregation state, rate of dissolution and the ionic strength of the media 

(Baranowska-Wójcik et al. 2020; Oskam et al. 2003; Raza et al. 2016; Schmidt & 

Vogelsberger, 2006, 2009). Additional study explored how salinity and dissolved 

organic carbon in seawater influence the stability and clustering of TiO2 NPs (Wang 

et al. 2014). The hydrodynamic diameters and zeta potentials were used to measure 

these effects. When the seawater had a low salinity, the dissolved organic carbon 

stabilized the TiO2 NPs. However, when the salinity became higher, it decreased 

the stabilizing effect. Results demonstrated that salinity was the most influential 

factor on the aggregation of the TiO2 NPs, with dissolved organic carbon coming 

in second. Subsequently, when TiO2 NPs are released in an aquatic environment, 

they will aggregate in the water column, settle, and accumulate in sediments (Wang 

et al. 2014). 

2.4 Factors influencing dissolution 

There are several factors that influence the dissolution of NPs in biological and 

environmental media including the pH & ionic strength of the media,  concentration 

of the species, the kinetic facility of electron transfers, and the redox conditions of 

the media where nanoparticles are found (Avellan et al. 2018; Avramescu et al. 

2017; Bachler et al. 2015; Breitner et al. 2015; Cherevko et al. 2014; Donovan et 

al. 2016). The ionic strength and pH of biological fluids can influence the surface 

chemistry of nanoparticles by effecting their aggregation status (Axson et al. 2015; 

Fernando & Zhou, 2019; Pallavicini et al. 2020; Peretyazhko et al. 2014). 

Nanoparticle dissolution is governed by the solubility of the metal in a particular 

environment and is also influenced by the concentrations gradient existing between 
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the nanoparticle and the bulk fluid (Borm et al. 2006; Innes et al. 2021). The 

influence of the factors on nanoparticle dissolution are further described below.  

.  

2.4.1 Size effect 

It is well known that the size and the surface area of nanoparticles will affect the 

dissolution (Watanabe et al. 2023; Yang et al. 2023; Zhang & Wang, 2023). 

Nanoparticles are more prone to oxidation and dissolution compared to the bulk 

sample, since nanoparticles exhibit a higher surface-to-volume ratio (Abbasi et al. 

2023; Misra et al. 2012; Nia et al. 2015; Pareek et al. 2018). When considering the 

same volume of micro- and nanoparticles, the nanoparticles will exhibit for surface 

which will increase the surface area (Figure 2.4.1). 

 

 

 

Figure 2.4.1: Surface to volume ratio compared between micro- and nanoparticles 

using a volume of 1 cm3. The image was obtained from Atkins & de Paula, (2006). 

Not only will the surface area of nanoparticles be larger, but they also exhibit a 

greater fraction of atoms at the edges and corners compared to larger particles which 

have planar terraces (Abbasi et al. 2023). This makes it easier for ions and small 

cluster to break away from the surface of the nanoparticle (Bian et al. 2011). There 

are numerous models and equations that describe the dissolution rates of 

nanoparticles due to size and surface area since the dissolution will be dependent 
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on different parameters (Keller et al. 2020; Koltermann-Jülly et al. 2018; Utembe 

et al. 2015; Wang et al. 2016).  

2.4.2 Agglomeration and aggregation 

Nanoparticles have the tendency to agglomerate or aggregate when they encounter 

environmental or biological fluid.  Aggregation and/or agglomeration are terms 

used to define secondary particles formed as a result of primary nanoparticle 

adhesion (Abbasi et al. 2023; Borm et al. 2006). This occurs when the ionic strength 

of a solution increase, due to the ions that decreases the electrostatic repulsion that 

exists between particles (Bozich et al. 2014; Li et al. 2013). The aggregation or 

agglomeration state of the nanoparticles will largely influence the dissolution 

kinetics. The dissolution rates of numerous nanoparticles decreases and the 

nanoparticles aggregation in an exposure media (Badawy et al. 2010; Sperling & 

Parak, 2010). This is due to that aggregations will decrease the movement of 

particles in the solution. The dissolution kinetics will be hindered due to reduced 

average equilibrium solubility (Borm et al. 2006). Particle aggregation also reduces 

the sites available which are prone to oxidation and dissolution (Bian et al. 2011; 

De Matteis et al. 2016; Wang et al. 2014; Zhong et al. 2017).  

 

2.4.3 Interfering ions or molecules 

Although ions may cause aggregation and decrease the dissolution rates, some ions 

or molecules (sulphides, cysteine and methionines) (Behra et al. 2013) may increase 

the dissolution rates by the formation of more soluble species (Borm et al. 2006). 

A study found that the dissolution rate increased with an increasing chloride 

concentration since more soluble silver complexes were formed. These soluble 

complexes included AgCl2
- and AgCl3

2- (He et al. 2013). However, contradictory 

results have also been found by other researchers where it was found that chloride 

has a potential to significantly decreased the dissolution rates of AgNPs (Guerrini 

et al. 2018; Levard et al. 2013).  
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2.4.4 Surface modification: Ligands 

Nanoparticle functionalization is done to enhance biocompatibility, increase 

binding interactions between the nanoparticles and target biomolecules and also to 

increase aqueous solubility (Gunsolu et al. 2015). Various functional groups can be 

used in the surface modification of NPs and some of these control properties such 

as NP stability (Gunsolus et al., 2015; Pokhrel et al. 2014). Surface ligands also 

determine how NPs interact with biological and environmental fluids. Ligands can 

influence dissolution processes in two ways; they can either assume a protective 

role thus reducing dissolution of nanomaterials or enhance dissolution through a 

ligand promoted process (Chambers et al. 2014; Peretyazhko et al. 2014; Rak et al. 

2014; Taurozzi et al. 2013; Zhong et al. 2017). The extent of dissolution will depend 

on the strength of ligand binding, composition, density and on their biodurability in 

environmental and biological surroundings (Jia et al. 2017; Joo & Zhao, 2017; 

Pareek et al. 2018; Turan et al. 2019). Gunsolus et al. (2015) stated that in some 

instances the attachment of some surface ligands enhances the biocompatibility and 

hydrophilicity of some NPs.  In this study, different ligands were used to modify 

NP surface chemistry to probe the interactions of NPs with biological and 

environmental fluids. In the present research study, a range of different ligands were 

utilized to modify the NP surface composition to investigate their interactions with 

physiological fluids and environmental media. The purpose of doing this was to 

synthesize NPs with precise bulk and surface chemistries in order to evaluate how 

the chemical structure and surface functional groups may affect their biodurability, 

dissolution rate and ultimately their toxicity. These factors have been summarized 

in Figure 2.4.4 below.  
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Figure 2.4.4: A graphical summary of factors influencing dissolution. This image 

was obtained from (Misra et al. 2012).  

 

2.5 Parameters required for risk assessment 

The determination of dissolution rates, biodurability and persistence will give an 

indication on how nanoparticles may interact with biological and environmental 

surroundings (Innes et al. 2021). The faster the rate at which molecules and/or ions 

are released from nanoparticle surface, the more identical their behaviour will be to 

the dissolved ions (Utembe et al. 2015). Contrary, those nanoparticles that release 

ions at a slow rate are associated with greater toxicity and observed long-term 

adverse effects (Avramescu et al. 2017; Utembe et al. 2015). The aforementioned 

parameters are of great importance when it comes to the risk assessment of the 

behaviour of engineered nanoparticles in biological and environmental media.    
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Additionally, when AgNPs entered the body through inhalation, ingestion, or 

dermal exposure, they spread throughout the body, accumulated in organs and 

tissues, and even showed up in the blood (Prasath & Palaniappan, 2019). Braydich-

Stolle et al. (2014) investigated the in vitro toxicity of AgNP on a mouse 

spermatogonial stem cell line and found that with an increase in the concentration 

of AgNP, there was an associated rise in cytotoxicity of the mitochondrial function 

and membrane leakage. It was also observed that AgNPs reduced ATP content in 

the cells (Fabian et al. 2008). An analysis of the silver levels in the organs of rats 

exposed to silver nanoparticles revealed a strong correlation between the 

concentration of Ag ions in the suspension and the silver levels. This suggests that 

the majority of Ag ions, with only a minor amount of silver nanoparticles, were 

transported to the intestines (Fabian et al. 2008; Sahu et al. 2012). Beer et al. (2012) 

conducted a study to elucidate the degree to which Ag ions from AgNPs might be 

toxic towards A549 lung epithelial cells. It was determined that when the amount 

of Ag ions was higher it solely contributed to the toxicity of A549 lung cells. 

However, this contribution to toxicity was negligible when the concentration of Ag 

ions was low. Therefore, it was concluded that silver ions present in AgNP 

preparations had a significant impact on the toxicity of AgNP suspensions (Beer et 

al. 2012). 

In the environment, water is the fastest way of dispersing contamination over a wide 

area. When AgNPs are released into the environment they can accumulate in 

reservoirs, there is the potential for them to spread to a wide area, creating a hazard 

for not just aquatic life, but also for the creatures that live near the shore (Pulit-

Prociak & Banach, 2016). Pulit-Prociak & Banach, (2016) stated that mud and 

sewage may bind AgNPs, which could potentially spread to agricultural fields in 

the future and result in bioaccumulation and toxicological danger. Researchers have 

observed that exposure to AgNPs for some aquatic organisms lead to oxygen 

deprivation or decreased resistance to hypoxia (Pulit-Prociak & Banach, 2016). 
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2.6.2 Particles with low dissolution 

Despite numerous research studies conducted in vivo, there is a scarcity of research 

conducted in vitro to elucidate the implications of the dissolution of AuNPs. 

However, in vivo models offer more information and are preferred for toxicologic 

evaluation of nanoparticles, they are beneficial in providing clarity regarding the 

toxicity of AuNPs (Jia et al. 2017; Sani et al. 2021). Researchers showed that if 

AuNPs were not excreted from organisms they would accumulate in the liver and 

spleen and eventually lead to apoptosis and inflammation of tissues 

(Balasubramanian et al. 2010; De Jong et al. 2008; Hirn et al. 2011; Sani et al. 2021; 

Simpson et al. 2013). Since particle size played a major role in determining the 

toxicity of AuNPs, other research showed that smaller particles were able to cross 

the blood brain barrier leading to damage of the central nervous system (Gnach et 

al. 2015; Han et al. 2015; Lasagna-Reeves et al. 2010). Moreover, smaller-sized 

AuNPs had the capability to produce reactive oxygen species thereby inducing 

cytotoxicity and cell damage (Shukla et al. 2005). A study conducted by Pompa et 

al. (2011) found that when Drosophila melanogaster was exposed to 15 nm citrate 

stabilized AuNPs, it caused a decline in fertility and life span as well as over- 

expression of stress protein. The in vitro studies conducted on cell lines treated with 

AuNPs had shown that these particles had the propensity to cause long term toxic 

effects on cells, DNA damage and genotoxicity (Fraga et al. 2014; Rosi et al. 2006; 

Schaeublin et al. 2011).  

TiO2 NPs are also an example of nano sized particles that are biodurable and have 

low dissolution rates in biological and environmental media (Avramescu et al. 

2017; Bove et al. 2017; Brunelli et al. 2013). Despite the lack of solid evidence of 

their potential systemic toxicity, it is recommended that their effects after 

prolonged-exposure assessment be investigated further in light of the possibility of 

them accumulating in systemic organs (da Silva et al. 2020; Gualtieri et al. 2018; 

Larue et al. 2011; Murugadoss et al. 2020). If nanoparticles can accumulate in the 

body without being excreted that might induce undesirable genetic alteration in 

living organisms (Albrecht et al. 2006). Fabian et al. (2008) intravenously 

administered TiO2 NPs in rats to study their tissue distribution and observed that 



31 
 

most accumulation was found in the liver after a 28-day period.  Researchers have 

observed that when insoluble particles such as TiO2 NPs were inhaled by rats, they 

were also likely to cause inflammation in the lungs as the time of exposure was 

prolonged (Albrecht et al. 2006; Pujalté et al. 2017). Of the many factors which 

influence the toxicity of particles, it has been determined that the toxicity of TiO2 

NPs also depended on the crystallographic form. For example, it had been stated 

that TiO2 NPs in anatase form measuring 10 nm and 20 nm in diameter could cause 

oxidative stress in human bronchial epithelial cells (Albrecht et al. 2006; Czajka et 

al. 2015; De Matteis et al. 2016). Oxidative stress was thought to play a role in 

aging, atherosclerosis, carcinogenesis and inflammatory conditions (Albrecht et al. 

2006; Czajka et al. 2015; De Matteis et al. 2016). Another researcher has shown 

that when TiO2 NPs entered the human body via inhalation, they had the potential 

to accumulate in the brain and cross the blood brain barrier (Czajka et al. 2015). 

Marques et al. (2011) studied the toxicity of TiO2 NPs in human cells u373 and rat 

C6 glial cells and found that the particles induced alterations in cell morphology 

which then triggered apoptosis. Additionally, these particles were also able to enter 

the human body through ingestion of products identified to have a high titanium 

content, such as sweets, chewing gums, powdered sugar toppings, and white icing 

(Musial et al. 2020). However, in some cases there has been contradictory evidence 

presented which indicated that most of the titanium content that entered the human 

body through ingestion becomes excreted in faeces, and therefore was unlikely to 

cause cytotoxicity in vivo (Musial et al. 2020). 

According to research, as the use of nanoparticles expands in terms of quantity and 

product range, it will lead to a wider variety of pollutants being released into the 

environment (Bundschuh et al. 2018). TiO2 NPs, for example, accumulate in 

sewage sludge during wastewater treatment and may thus be introduced into aquatic 

and terrestrial environments (Bundschuh et al. 2018). TiO2 NPs may undergo 

various transformation processes in the environment, including dissolution, 

disaggregation, aggregation, sedimentation, and chemical transformation 

(Bundschuh et al. 2018). In aquatic environments, AuNPs will most likely 

aggregate and form stable complexes with natural organic matter, increasing their 

stability (Stankus et al. 2011). Aggregates are less mobile than individual particles, 
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these complexes will react with their surroundings and form toxic complexes in the 

long run (Walters et al. 2013). Furthermore, they may be consumed by aquatic 

organisms, enter the food chain, and be transferred to higher order consumers 

(Unrine et al. 2012). Although aggregated particles are less prone to dissolution, 

filter feeders and creatures living at the bottom of the aquatic environment can still 

absorb them, potentially leading to biomagnification in the food chain (Walters et 

al. 2013).  
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CHAPTER 4 

4 Publications and manuscript 

This section contains all the published research articles and a submitted manuscript 

that should be considered when evaluating this thesis. All the articles and 

manuscript have their own referencing style that was formatted according to the 

requirements of the various journals where the articles were submitted and 

published. The figures and tables have been placed in the text in appropriate potions 

near each citation with a caption. 
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Abstract Dissolution is an important property utilized
to elucidate both short- and long-term effects of nanopar-
ticles for their potential to cause harm to humans and the
environment. Nanoparticles may therefore be classified
based on their (bio)durability between those that are ame-
nable and those that are resistant to dissolution, biodegra-
dation and/or disintegration. The dissolution kinetics of
uncoated citrate-stabilized, polyethylene glycol–coated
(PEGylated) gold nanoparticles functionalized with car-
boxyl and amine functional groups in simulated biological
and environmental fluids at physiological and room tem-
perature, respectively, were studied using the static dialysis
protocol to predict their (bio)durability. Citrate-stabilized
gold nanoparticles showed high degrees of resistance to

dissolution in the simulated media unlike those which were
coated with polyethylene glycol and functionalized with
carboxyl and amine functional groups. Generally, the ex-
tent of AuNP dissolution in acidic media (phagolysosomal
fluid and gastric fluid) was greater than that in neutral or
alkaline media such as Gamble’s fluid, blood plasma and
intestinal fluids, freshwater and seawater. However, in all
these experimental conditions, the particles did not
completely dissolve. In the case of amine-functionalized
AuNPs, the nanoparticles released a maximum of only
15% of their original concentration whereas carboxyl-
functionalized and citrate-stabilized gold nanoparticles re-
leased 9% and 8.5% of gold ions, respectively. The rate
and degree of dissolution depended on the surface
functionalization, pH, ionic strength of the simulated fluid
and particle aggregation. Therefore, the results indicate that
gold nanoparticles with low dissolution rates are expected
to be (bio)durable in biological and environmental sur-
roundings; thus, they might impose long-term effects on
humans and the environment. In contrast, those with high
dissolution rate are not (bio)durable and hence may cause
short-term effects.

Keywords Dissolution . (bio)durability . Gold
nanoparticles . In vitro acellular . Dissolution kinetics .

Health and environmental effects

Introduction

There has been a growing interest in gold nanoparticle
(AuNPs) due to their unique physicochemical properties
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(Arnida et al. 2011; Auffan et al. 2009). Their high
biocompatibility and ease of manipulation in the size
and shape have seen them being utilized in the field of
biotechnology and biomedicine including catalysis, bio-
sensors and nanophotonics (Tiwari et al. 2011; Zeng
et al. 2011). Furthermore, the application of AuNPs also
extends to their use as drug delivery agents and in
diagnostic and photothermal therapeutic applications
(Bachler et al. 2015; Baker et al. 2014; Kreyling et al.
2014).

Despite the promise of AuNPs and other nanoparti-
cles (NPs), there are occupational, consumer and envi-
ronmental safety concerns raised regarding their effects
on human health and the environment (Fratoddi et al.
2015; Lin et al. 2016; Oh and Park 2014). One param-
eter that can be used to determine the effects of NPs is
dissolution, which affects their (bio)durability and
biopersistence. Dissolution can be defined as the move-
ment of species from the NP surface into the bulk fluid
forming a homogenous mixture (Laux et al. 2017;
Utembe et al. 2015). (Bio)durability is the ability to
resist chemical/biochemical alteration (Laux et al.
2017; Utembe et al. 2015), whilst biopersistence is the
propensity to which NPs can resist chemical clearance
in the body through dissolution, enzymatic degradation
and other physiological clearance mechanisms (Oyabu
et al. 2017). Investigating the dissolution behaviour of
NPs helps to provide insight into how they may interact
with their biological and environmental surroundings
(Utembe et al. 2015). Furthermore, it allows for their
classification between those that are amenable and those
that are resistant to dissolution. For example, if the rate
at which NPs release species is fast, their short-term
effects will be similar to those of the dissolved ions.
Conversely, if the release occurs at a slow rate, chances
are that those particles are (bio)durable and may cause
long-term effects in humans (Utembe et al. 2015). For
these reasons, the dissolution rate is an important prop-
erty for the assessment of the effects of NPs. Research
studies have been conducted that focused on the in vitro
and in vivo toxicity and biodistribution of AuNPs
(Arnida et al. 2011; Balasubramanian et al. 2010;
Alkilany and Murphy 2010; Vetten et al. 2013;
Simpson et al. 2013). Moreover, there are several stud-
ies that have investigated the fate of AuNPs in aquatic
environments. Hull et al. (Hull et al. 2011) assessed the
capacity of Corbicula fluminea to uptake AuNPs and
found that this aquatic organism retained the smaller
sized particles within the digestive tract and excreted

the larger particle sizes in faeces. Aiken et al. (Aiken
et al. 2011) investigated the impact of amine-
functionalized gold nanoparticles on freshwater organ-
isms, namely Scenedesmus subspicatus (algae) and Cor-
bicula fluminea (benthic bivalve), and observed the
bioaccumulation of AuNPs on the walls of algae whilst
the benthic bivalve showed the particles to be
bioaccumulated and penetrate the gills and digestive
epithelium.

Most research studies conducted so far focused on
the biodistribution and accumulation of AuNPs in sev-
eral cell lines and murine models and the factors identi-
fied to influence their toxicity have been correlated to
surface charge and functionalization, size and shape of
AuNPs (Arnida et al. 2011; Bachler et al. 2015;
Balasubramanian et al. 2010; Simpson et al. 2013;
Bozich et al. 2014; Cohen et al. 2014; Hornos
Carneiro and Barbosa Jr 2016; Libralato et al. 2017).
Dissolution of AuNPs has to a certain degree been tested
in several model solutions such as artificial alveolar
fluid, weak hydrochloric acid (HCl) to simulate gastric
conditions, ammonium acetate solution to simulate the
neutral lung fluids, freshwater wetland mesocosms, es-
tuarine mesocosms, pure water and Suwannee River
fulvic acid (Ferry et al. 2009; Breitner et al. 2015;
Avramescu et al. 2017; Avellan et al. 2018; Hitchman
et al. 2013). In simulated systems, the dissolution be-
haviour of AuNPs has been shown to depend on char-
acteristics of the simulated model including its pH and
ionic strength as well as the chemical and physical
properties of the particles (Bachler et al. 2015; Breitner
et al. 2015; Avramescu et al. 2017; Avellan et al. 2018;
Cherevko et al. 2014; Donovan et al. 2016). These
studies however did not investigate the effects of ligands
or their functional groups affecting dissolution. Hence,
the contribution of the present work which we think will
advance the field and have implications in a number of
applications including nanomedicine.

It is therefore of great relevance to study the dissolu-
tion behaviour of AuNPs in simulated biological and
environmental fluids with a wide variety of pH values
and chemical compositions to mimic their behaviour in
real-life situations. It is also important to investigate the
effect of different surface ligands on the dissolution of
AuNPs in these simulated biological and environmental
media. Contrary to most research conducted so far, the
present study also elucidates the dissolution kinetics;
namely, the dissolution rates, rate constants, order of
reaction and half-times of uncoated citrate-stabilized
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AuNPs (cit-AuNPs), polyethylene glycol (PEG)–coated
AuNPs functionalized with carboxylic acid (COOH-
AuNPs) and amine (NH2-AuNPs) functional groups
were therefore investigated in biological and environ-
mental simulated fluids. The former simulated fluids
have included the Gamble’s fluid (GF) and
phagolysosomal fluid (PSF) representative of fluids
found deep within the lungs and in lysosomes, gastro-
intestinal fluids represented by gastric fluid (GIF) and
intestinal fluid (IF) and lastly blood plasma (BP). Final-
ly, simulated environmental fluids include freshwater
(FW) and seawater (SW).

Materials and methods

Synthesis and characterization of gold nanoparticles

The 14-nm-diameter AuNPs in a 1% citrate solution,
PEGylated COOH and NH2 stock solutions were pro-
vided by MINTEK (Randburg, South Africa). All the
nanoparticle suspensions were prepared from the stock
solutions under sterile conditions with the concentration
varying from 3.8, 4.0 and 3.0 nM for citrate-stabilized
AuNPs, PEGylated COOH and NH2 stock solutions,
respectively. A transmission electron microscope
(TEM) ( JEOL Ltd . , JEM-2100) (L i r eweg ,
The Netherlands) was used to characterize and monitor
the morphology and agglomeration state of nanoparti-
cles before and after exposure to different simulated
biological and environmental fluids. Nanoparticle sus-
pensions were deposited onto TEM grid (200 mesh size
Cu grid) coated with a lacey carbon film. The images of
the nanoparticles were verified using a digital charge-
coupled device (CCD) camera connected to the TEM. A
Bruker Tensor 27 Fourier transform infrared (FTIR)
spectroscopy (Billerica, MA, USA) was used to inves-
tigate changes in the functional groups on the surface of
nanoparticles. The Varian Ultraviolet-Visible (UV-Vis)
50 Conc. spectrophotometer was utilized to monitor
changes at the surface of AuNPs by observing alter-
ations in the intensity of the surface plasmon resonance
absorbance peak at 520 nm before and after dissolution
in biological fluids. The concentration of dissolved gold
ions in simulated fluids was determined using an induc-
tively coupled plasma mass spectrometer (ICP-MS)
(Agilent Technologies, 7700 series ICP-MS, Santa
Clara, CA, USA).

Experimental procedure

Preparation of biological fluids and environmental
media

In vitro acellular tests were used to assess the
dissolution of AuNPs in simulated biological fluids
and environmental media. The dissolution experi-
ments were determined using the static dialysis
membrane protocol in the presence of the simulat-
ed biological fluids and environmental media
(Avramescu et al. 2017; Chen and Jafvert 2018;
Kittler et al. 2010; Probst et al. 2017). This meth-
odology uses the principle of diffusion and the
implication is that the rate at which released ions
diffuse from the dialysis membrane occurs faster
than the release of ions from the nanoparticle
surface (Kittler et al. 2010). Therefore, it can be
assumed that through measuring the concentration
of released ions that passed the dialysis membrane
in the bulk fluid by ICP-MS, dissolution kinetics
of AuNPs could be predicted.

Dissolution studies were conducted in different sim-
ulated biological fluids and synthetic environmental
media with different pH and chemical compositions
(Table 1). The biological fluids were Gamble’s fluid
(GF) found deep within the lungs and phagolysosomal
fluid (PSF) in cellular lysosomes at pH 7.4 and pH 4.5,
respectively. The other fluids were GIF at pH 2.0 and IF
at pH 7.5 representing the stomach and intestinal fluids,
respectively, and lastly, blood plasma (BP) at pH 7.2
which is a fluid that carries blood components
throughout the body. These simulated body fluids
were prepared according to the procedures described
in literature (Marques et al. 2011) using the reagents
listed in Table 1. In the case of environmental media
for FW and SW, the composition followed was as
recommended by the United States (U.S.) Environ-
mental Protection Agency (EPA) (Weber 2002).
These reagents were added to 700 mL of d-H2O in
the order given in Table 1, and after the addition of
each reagent, the pH was adjusted with either 1 M
hydrochloric acid to make solutions acidic or 1 M
sodium hydroxide to increase the pH values. The
final volume was then adjusted to 1 L with d-H2O.
A 1 3 . 7 - m M c o n c e n t r a t i o n o f
alkylbenzyldimethylammonium chloride (ABDC)
(51 μL), an anti-fungal agent, was added to each
beaker to preserve the simulated fluids.
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Dissolution tests

A 5 mL of 3.8 nM citrate-stabilized AuNPs, 4.0 nM
COOH-AuNPs and 3.0 nM NH2-AuNPs stock solutions
were transferred to centrifuge tubes and were centri-
fuged at 13,000×g for 30 min. The supernatant was
discarded, and the pellet was re-suspended into centri-
fuge tubes containing 5 mL of simulated biological and
environmental fluids. This was sonicated for 15 min to
redisperse the particles. The NP suspension was trans-
ferred into dialysis bags (SnakeSkin Dialysis tubing,
3.5 K MWCO, 22 mm-dry diameter). A dialysis mem-
brane with a significantly smaller pore size was chosen
such that gold in the particle form typically will be fully
retained in the sample, and species such as charged ions
from the nanoparticle surface and salts smaller in size
will dialyze out of the tubing. The dialysis bags were
rinsed with de-ionized water to eliminate any possible
contaminants. Meanwhile, the water bath was main-
tained at 37 °C to mimic physiological temperature
whilst synthetic environmental media were kept at
25 °C.

The NP suspensions were transferred into a dialysis
membrane then immersed in 500 mL of each simulated
biological or environmental fluids in a beaker placed in
a water bath. Experiments were conducted in the dark.
Samples from the simulated fluids outside the dialysis
membrane were collected every 30 min for the first day
for 4 h and twice a day for the subsequent 10 days. The
pH levels of the simulated biological fluid were moni-
tored before, during and after each experiment using a
Jenway 3510 pH meter. Samples were digested with
microwave-assisted extraction for 1 h with 65% HNO3

to ensure that the particles are converted to ionic phase
then diluted with 20 μg L−1 rhenium and indium stan-
dards and analysed on an ICP-MS. The purpose of using
rhenium and indium as internal standards was to im-
prove and ensure accuracy and precision of the results
where volume errors are difficult to predict and control.
In addition, it was also to correct for the loss of the
analyte during sample preparation and sample inlet.

Kinetic model for dissolution process

The current research study employed the use of a static
dissolution method which involves the exposure of
known concentrations of AuNPs inside a dialysis mem-
brane to a fixed volume of simulated fluids. Over time, a
concentration gradient develops between the

nanoparticle suspension fluid inside the dialysis mem-
brane and the particle free bulk fluid in the beaker.
Therefore, the Noyes-Whitney equation provides prac-
tical information relevant to the dissolution process.
And it states that the rate of change in concentration of
dissolved material with time is directly proportional to
the concentration difference between the ionic concen-
tration of particles on the NP surface and the concentra-
tion of ions in the bulk fluid.

Therefore, a kinetic model in the form of the Noyes-
Whitney Eq. (1) was modified and used to calculate the
dissolution rate and half-time of AuNPs to elucidate
their dissolution behaviour in various simulated fluids
(Kittler et al. 2010; Wang et al. 2016).

d AuNPs½ �
dt

¼ −D
A
d

Au½ �T − Au½ �dis

� � ð1Þ

where [AuNPs], [Au]T and [Au]dis represent the concen-
tration of AuNPs in the stock solution, the concentration
of gold ions on the nanoparticle surface during the
dissolution process and ultimately the dissolved concen-
tration of gold ions, respectively. A is the surface area of
AuNPs, D is the diffusion coefficient of gold ions and d
is the diffusion layer thickness.

The mass balance for Au in the system is presented
by Eq. 2.

Au½ �T ¼ AuNPs½ � þ Au½ �dis ð2Þ

where [Au]T is the total amount of gold nanoparticles
added before dissolution process. The [AuNPs] is then
substituted by Eq. 3 in the formula:

AuNPs½ � ¼ Au½ �T − Au½ �dis ð3Þ

However, [Au]T − [Au]dis can also be written in the
following form presented by Eq. 4:

Au½ �T − Au½ �dis ¼ Au½ �T 1−
Au½ �dis

Au½ �T

� �
ð4Þ

such that

AuNPs½ � ¼ Au½ �T 1−
Au½ �dis

Au½ �T

� �
ð5Þ

Equation 5 is then substituted into Eq. 1 to obtain the
following Eq. (6):
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Au½ �T
d 1−

Au½ �dis

Au½ �T

� �

dt

¼ −D
A
d

Au½ �T 1−
Au½ �dis

Au½ �T

� �
ð6Þ

Upon dividing by [Au]T on both sides of the equa-
tion, Eq. 6 is transformed into Eq. 7:

d 1−
Au½ �dis

Au½ �T

� �

dt
¼ −D

A
d

1−
Au½ �dis

Au½ �T

� �
ð7Þ

If we let 1− Au½ �dis

�
Au½ �T Þ ¼ x

Equation 7 can be presented as:

dx
dt

¼ −D
A
d

x ð8Þ

In order to bring x to the left-hand side of the equation
and dt to the right-hand side of the equation, the above
equation is divided by x and multiplied by dt on both
sides of the equation:

dx
x

¼ −D
A
d

dt ð9Þ

Upon integration, the above equation becomes:

lnx ¼ c−D
A
d

t ð10Þ

where k = −D A
d and c is a constant, and therefore k is the

slope representative of the dissolution rate constant.
Ultimately, the integration of Eq. 7 yields Eq. 11

ln 1−
Au½ �dis

Au½ �T

� �
¼ c−kt ð11Þ

The plot of ln 1− Au½ �dis

�
Au½ �T Þ versus time during the

dissolution process allows for the prediction of
dissolution kinetics. This is a straight-line graph
with slope k, which represents the dissolution rate
of AuNPs subjected to simulated biological fluids
and environmental media. Furthermore, dissolution
predicted by this kinetic model follows the first-
order reaction kinetics and half-time of a first-

Table 1 Chemical composition and pH of simulated biological fluids and synthetic environmental media (Marques et al. 2011)

Simulated
fluid

Ionic strength
(mol L−1)

pH Chemical composition (g L−1)

BPa 0.15 7.2 Sodium chloride (NaCl) (8.035), sodium hydrogen carbonate (NaHCO3) (0.355), potassium chloride
(KCl) (0.225), potassium phosphate dibasic trihydrate (K2HPO4·3H2O) (0.231), magnesium
chloride hexahydrate (MgCl2·6H2O) (0.331), 1 M HCl (39 mL), calcium chloride (CaCl2) (0.292),
sodium sulphate (Na2SO4) (0.072), Tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3) (6.118)

GFb 0.17 7.4 Magnesium chloride (MgCl2) (0.203), sodium chloride (NaCl) (6.019), potassium chloride (KCl)
(0.298), sodium hydrogen phosphate (Na2HPO4) (0.142), sodium sulphate anhydrous (Na2SO4)
(0.017), calcium chloride dihydrate (CaCl2·2H2O) (0.368), sodium acetate (CH3COONa) (0.953),
sodium hydrogen carbonate (NaHCO3) (2.604), trisodium citrate dihydrate (C6H9Na3O9) (0.097)

GIFc 0.16 2.0 Sodium chloride (NaCl) (2.922), potassium chloride (KCl) (7.007), potassium hydrogen phthalate
(C8H5O4K) (0.243), pepsin (1 mL mL−1), mucin (3 mg mL−1)

IFd 0.16 6.8 Potassium chloride (KCl) (0.298), calcium chloride (CaCl2) (0.499), magnesium chloride (MgCl2)
(0.190), urea (0.300), bile salts (9 mL mL−1), pancreatin (9 mg mL−1)

PSFe 0.34 4.5 Sodium hydrogen phosphate (Na2HPO4) (0.142), sodium chloride (NaCl) (6.650), sodium sulphate
(Na2SO4) (0.072), calcium chloride dihydrate (CaCl2·2H2O) (0.029), glycine (0.450), potassium
hydrogen phthalate (C8H5O4K) (4.086)

FWf 0.05 6.8 Sodium hydrogen carbonate (NaHCO3) (0.012), calcium sulphate anhydrous (CaSO4) (0.075),
magnesium sulphate anhydrous (MgSO4) (0.0075), potassium chloride (KCl) (0.0005)

SWg 3.5 8.0 Sodium chloride (NaCl) (21.03), sodium sulphate (Na2SO4) (3.52), potassium chloride (KCl) (0.61),
potassium bromide (KBr) (0.088), borax (0.034), magnesium chloride (MgCl2) (9.50), calcium
chloride anhydrous (CaCl2) (1.320), strontium chloride (SrCl2) (0.02), sodium hydrogen carbonate
(NaHCO3) (0.17)

a BF simulated biological fluid for blood plasma, b GF simulated biological fluid for Gamble’s fluid, c GIF simulated biological fluid for
gastric fluid, d IF simulated biological fluid for intestinal fluid, e PSF simulated biological fluid for phagolysosomal fluid, f FW synthetic
environmental media for freshwater, g SW synthetic environmental media for seawater
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order reaction can be obtained by the following
Eqs. 12.

t1=2
¼ ln2

k
ð12Þ

Results

Characterization

TEM

The AuNPs were characterized before and after 10 days
of exposure to biological fluids and environmental me-
dia. TEM, UV-Vis and FTIR were used to characterize,
identify and monitor changes of AuNPs during these
experiments in order to link these changes in their
physicochemical properties to their dissolution behav-
iour. TEM images of cit-AuNPs, PEGylated COOH-
AuNPs and NH2-AuNPs in simulated biological fluids
and environmental media before and after dissolution
are presented in Fig. 1a, b and c, respectively. The
average diameters for cit-stabilized AuNPs, COOH-
AuNPs and NH2-AuNPs before dissolution experiments
in simulated biological and environmental fluids were
14 ± 3 nm, 14 ± 0.5 nm and 14 ± 0.4 nm, respectively,
and had no statistically significant difference p < 0.05.
All the functionalized and non-functionalized nanopar-
ticles were spherical in morphology as seen in the TEM
images (Fig. 1a–c). However, the citrate-stabilized
nanoparticles were highly agglomerated before and after
dissolution (Fig. 1a).

UV-Vis

AuNPs were further characterized with UV-Vis to mon-
itor the aggregation state by observing changes in the
intensity of the localized surface plasmon resonance
(LSPR) absorbance peak. UV-Vis spectra of cit-AuNPs,
PEGylated COOH-AuNPs and NH2-AuNPs in simulat-
ed biological fluids before and after dissolution are
presented in Fig. 2a, b and c, respectively. A well-
defined localized surface plasmon resonance peak
centred at 520 nm was observed for cit-AuNPs,
COOH-AuNPs and NH2-AuNPs in all the biological
fluids and environmental media before the dissolution
tests. As the period of exposure to simulated media
increased, there was an observable decrease in peak

intensity after the dissolution experiments accompanied
by a slight shift in peak position to longer wavelengths.
However, this shift was particle specific but more pro-
nounced for particles exposed to acidic media after
dissolution experiments. The cit-AuNPs shifted from
520 to 549 nm, whereas COOH-AuNPs and NH2-
AuNPs both shifted to 547 nm and 540 nm, respective-
ly. In the case of particles exposed to simulated
phagolysosomal fluid, the wavelength shift was in the
order of 549 > 547 > 540 nm for cit-AuNPs, COOH-
AuNPs and NH2-AuNPs, respectively.

Also, worth noting is the drastic decrease in the
stability of all the particles after dissolution in simulated
seawater. For example, Rouhana et al. (Rouhana et al.
2007) studied how the effect of increasing the ionic
strength of electrolytes impacts the stability of gold
nanoparticles and found that solutions of higher ionic
strength encourage formation of nanoparticle
aggregates.

Generally, peak shift in wavelength to longer wave-
length was observed in the UV-Vis spectra. Surprising-
ly, the shift in wavelength was almost the same for all
the particles but was dependent on the particle used
where the shift was more pronounced for cit-AuNPs
and therefore supports the argument that these particles
had the highest aggregation followed by COOH-AuNPs
and lastly by NH2-AuNPs. This correlated with the
TEM images presented in Fig. 1. Citrate-stabilized gold
nanoparticles in this current research study had exhibit-
ed the least form of stability. Similar observations have
been made by Sun et al. (Sun et al. 2005) who studied
the stability of gold nanoparticles in various buffer
solutions where the stability of citrate-stabilized gold
nanoparticles was influenced by various pH values from
acidic to neutral. These results were also corroborated
by other investigators (Wang et al. 2014; Chen et al.
2006; Islam et al. 2019).

FTIR

FTIR spectra recorded between 500 and 4000 cm−1

were used to monitor the behaviour of functional groups
during the in vitro acellular tests. The citrate-stabilized
(a), PEGylated carboxyl (b) and amine-functionalized
(c) gold nanoparticle FTIR spectra are shown in Fig. 3.
This shows the FTIR spectra of gold nanoparticle sus-
pension inside the dialysis bag (labelled “before” and
“after”) and bulk fluid outside the dialysis membrane.
The general observation was that functional groups used
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for the surface modification of the AuNPs were detected
by FTIR in the nanoparticle suspension before dissolu-
tion. There were no noticeable differences between the
FTIR spectra of gold nanoparticles inside the dialysis
membrane after dissolution experiments. The asymmet-
ric stretching and symmetric stretching of the

components of citrate stabilizing agents are observed
in Fig. 3a. The various bands at 1432 cm−1,
1619 cm−1, 1716 cm−1 and 3451 cm−1 correspond to
C–O stretch, O–H stretch, C=O stretch and O–H stretch,
respectively. Figure 3b shows the FTIR spectra of the
carboxylic acid functional group. The absorption bands

Fig. 1 TEM images of cit-stabilized AuNPs (a); COOH-AuNPs
(b); and NH2-AuNPs (c) in simulated biological and environmen-
tal fluids before and after dissolution tests. BP, GF, GIF, IF and
PSF are simulated biological fluids for blood plasma, Gamble’s

fluid, gastric fluid, intestinal fluid and phagolysosomal fluid, re-
spectively. FW and SW are synthetic environmental fluids for
freshwater and seawater, respectively
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observed at 1296 cm−1, 1511 cm−1 and 1712 cm−1 and
the broad band at 3000 cm−1 correspond to C–O stretch,
O–H stretch, C=O stretch and O–H stretch, respectively.
The FTIR spectra of the amine functional group are
presented in Fig. 3c. The bands around the region of
1000 cm−1 correspond to the interactions of the N–H
bonds. The very broad band of NH2

+ stretch was ob-
served in the 3000–3500 cm−1 range.

However, there were noticeable changes in the FTIR
spectra of all the simulated fluids outside the dialysis
membrane. At the end of the dissolution experiment, no
functional groups could be found in the bulk fluid,
meaning they remain inside the dialysis membrane,
and only the water molecules used in the synthesis of
biological fluids and environmental media were detect-
ed by the FTIR. As a result, the absorbance maximum of
the O–H stretch was observed at band 3450 cm−1,
followed by water bending band between the 1600 and
2000 cm−1 region. The absence of the absorption bands

in the FTIR spectra of all the biological and environ-
mental fluids indicates the possibility that the functional
groups remained on the nanoparticle surface inside the
dialysis membrane. These results were corroborated in
(Aryal et al. 2006; Marchewka and Pietraszko 2003).

Dissolution behaviour in biological fluids
and environmental media

The dissolution of AuNPs was expressed in terms of
concentration (μg L−1) versus time (h) as in the presen-
tation adopted from literature (Chen and Jafvert 2018;
Kittler et al. 2010; Probst et al. 2017; Arts et al. 2015).
Figure 4 a, b and c show dissolution curves of gold
nanoparticles in simulated biological and environmental
fluids over a period of 10 days for cit-AuNPs, COOH-
AuNPs and NH2-AuNPs, respectively. In all cases, no
complete dissolution of gold nanoparticles was ob-
served. This was confirmed by the analyses of the NP
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Fig. 2 UV-Vis absorption
spectra of cit-stabilized AuNPs
(a); COOH-AuNPs (b); and NH2-
AuNPs (c) in simulated biological
fluids and environmental media
before and after dissolution tests.
BP, GF, GIF, IF and PSF are
simulated biological fluids for
blood plasma, Gamble’s fluid,
gastric fluid, intestinal fluid and
phagolysosomal fluid, respective-
ly. FW and SW are synthetic en-
vironmental media for FW and
SW, respectively

29    Page 8 of 16 J Nanopart Res (2021) 23: 29



suspension inside the dialysis membrane after comple-
tion of the dissolution experiments, where AuNPs were
observed under a TEM (Fig. 1). The concentration of
dissolved gold was generally low and significantly dif-
ferent (p < 0.05) between the three types of nanoparti-
cles. The corresponding percentage of maximum dis-
solved gold ions from the total amount of gold nanopar-
ticles added was 8.52, 9.15 and 14.03% for cit-AuNPs,
COOH-AuNPs and NH2-AuNPs, respectively (Fig. 4).
Accordingly, maximum dissolved gold ions of up to
0.063 ± 0.256 μg L−1 in gastric fluid were observed
for cit-AuNPs, followed by COOH-AuNPs (0.72 ±
0.73 μg L−1) in phagolysosomal fluid, whilst NH2-
AuNPs had the highest concentration of dissolved gold
ions at 8.30 ± 0.22 μg L−1 in gastric fluid. For all the
three types of AuNPs, dissolution started from 24 h,
gradually increased then reached a plateau from
72 h towards 216 h. Generally, higher dissolution
of AuNPs was observed in acidic simulated stom-
ach and phagolysosomal fluids, namely gastric flu-
id at pH 2.0 for cit-AuNPs and NH2-AuNPs,
whereas for COOH-AuNPs, this occurred in
phagolysosomal fluid at pH 4.5. Conversely, alka-
line simulated fluids such as Gamble’s fluid, intes-
tinal fluid, blood plasma, freshwater and seawater
showed low dissolution of gold nanoparticles.
However, blood plasma showed higher dissolution
for amine-functionalized gold nanoparticles.

Results presented in Fig. 4, the dissolution of the
three AuNPs, can be seen to be as follows: For cit-
AuNPs, the order was GIF > PSF > IF = GF > BP >
FW = SW; for COOH-AuNPs, the order was PSF > GIF
> GF > BP > SW = IF > FW; and for NH2-AuNPs, the
order was GIF > BP > GF > PSF > IF > FW > SW.

The high ionic strength of phagolysosomal fluid and
seawater encouraged NP aggregation which was more
pronounced for COOH-AuNPs as was observed from
the UV-Vis results, leading to the reduction of the
nanoparticle surface area, thus reducing chances of dis-
solution. However, it seems that in addition to the de-
gree of aggregation, the higher dissolution of PEGylated
COOH-AuNPs and NH2-AuNPs compared to cit-
AuNPs could be due to some ligand-promoted process-
es. Minimal dissolution of cit-AuNPs could be due to
the high stability of these particles.

A statistical analysis tool was used to determine
whether the dissolution of citrate-stabilized and
PEGylated AuNPs was significantly different. The
p values are presented in Table 2.

Before & After

Before & After

BP

Before &After

a

b

c

Fig. 3 FTIR spectra of the citrate-stabilized (a), PEGylated car-
boxyl (b) and amine-functionalized (c) gold nanoparticle in the
dialysis membrane before and after dissolution and in the bulk
fluid after the dissolution process. BP, GF, GIF, IF and PSF are
simulated biological fluids for blood plasma, Gamble’s fluid,
gastric fluid, intestinal fluid and phagolysosomal fluid, respective-
ly. FW and SW are synthetic environmental media for freshwater
and seawater, respectively

Page 9 of 16     29J Nanopart Res (2021) 23: 29



According to the multiple variable ANOVA statisti-
cal analysis performed in RStudio version 1.2 software
where p < 0.05, there was a statistically significant
difference in the dissolution of citrate-stabilized,

PEGylated COOH-AuNPs and NH2-AuNPs. However,
even though the dissolution of NH2-AuNPs in simulated
gastric fluid was greater in magnitude compared to that
of NH2-AuNPs in intestinal fluid and cit-AuNPs ex-
posed to freshwater, the dissolution of AuNPs in these
fluids was not statistically significant.

Dissolution kinetics

The dissolution kinetics of AuNPs in this study were
explained by the first-order reaction kinetics model.
This model was used to predict the dissolution rate and
half-time of AuNPs. The dissolution kinetics were cal-
culated according to the parameters described in litera-
ture (Kittler et al. 2010; Wang et al. 2016; Atkins and de
Paula 2006). Therefore, Fig. 5a, b and c show the
dissolution rates of citrate-stabilized AuNPs, PEGylated
COOH-AuNPs and NH2-AuNPs, respectively. The re-
sults of dissolution rates k (h−1) and the calculated
corresponding half-times t1/2 (days) are presented in
Table 3.

The dissolution rates of NH2-AuNPs were faster
followed by COOH-AuNPs then citrate-stabilized gold
nanoparticles. This was more pronounced in acidic me-
dia such as the simulated gastric fluid whereby the half-
times of NH2-AuNPs and COOH-AuNPs were signifi-
cantly (p < 0.05) shorter than that of cit-AuNPs at 11,
128 and 259 days, respectively. In phagolysosomal
fluid, the half-times were 53, 63 and 307 days long for
NH2-AuNPs, COOH-AuNPs and sit-AuNPs, respec-
tively (Table 3). The half-times of AuNPs in alkaline
media such as Gamble’s fluid, blood plasma and intes-
tinal fluid were generally longer, ranging between 400,
409 and 400 days respectively for cit-AuNPs; 172, 280
and 563 days, respectively, for COOH-AuNPs; and in
the case of NH2-AuNPs, those particles suspended in
simulated alkaline intestinal fluid had the highest half-
time of 137 days. This observation was also made for
cit-AuNPs, COOH-AuNPs and NH2-AuNPs suspended
in synthetic environmental fluids which were generally
characterized by longer half-times. Dissolution rates and
half-time results calculated from the kinetic model show
the same trend (Fig. 5). Generally, the slope of the
linearized model was significantly steeper for NH2-
AuNPs followed by COOH-AuNPs in simulated media
compared to cit-AuNPs. Furthermore, the slopes of
citrate-stabilized and amine-functionalized gold nano-
particles in gastric fluid were much steeper and in the
case of carboxyl-functionalized nanoparticles, this was
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Fig. 4 Dissolution curves of gold ions released in simulated
biological fluids over a period of 10 days for cit-AuNPs (a),
COOH-AuNPs (b) and NH2-AuNPs (c). BP, GF, GIF, IF and
PSF are simulated biological fluids for blood plasma, Gamble’s
fluid, gastric fluid, intestinal fluid and phagolysosomal fluid, re-
spectively. FW and SW are synthetic environmental media for
freshwater and seawater. Dissolved Au ions in % was calculated as
[Au(I)]t/[AuNPs]T × 100%
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observed for those particles exposed to phagolysosomal
fluid. This is indicative of a faster dissolution of AuNPs
in these fluids. However, for the neutral simulated fluids
such as intestinal fluids, blood plasma, freshwater and
seawater, the slope was shallow indicating a slower
dissolution process.

Discussion

Considering that the simulated biological fluids and
environmental media were maintained at various pH
and ionic strength, the difference in dissolution rates of
citrate-stabilized gold nanoparticles, PEGylated COOH-
AuNPs and NH2-AuNPs within a particular dissolution
medium was attributed to differences in surface
functionalization of the nanoparticle and aggregation
state, ionic strength and pH of the exposure media.
The notable decrease in absorbance and peak broaden-
ing observed in the UV-Vis results might be indicative

of particle aggregation over time. The reduction in ab-
sorption intensity was also observed by others (Aryal
et al. 2006; Stebounova et al. 2011). Badawy et al.
(Badawy et al. 2010) and Sperling et al. (Sperling and
Parak 2010) have demonstrated that NPs exposed to
biological fluids and environmental media are prone to
aggregation because they are sensitive to changes in
ionic strength and pH of the exposure media. Fluids of
biological systems usually have high ionic strength and
it encourages nanoparticle aggregation (Guerrini et al.
2018). The presence of biological salts can induce par-
ticle aggregation, and this can lead to altering the signal
intensity of the LSPR peak. The results of this study
were in support of those obtained by these and other
investigators (Rouhana et al. 2007).

The biological salts and high ionic strength of
phagolysosomal fluid and seawater can lead to the for-
mation of nanoparticle aggregates via electrostatic inter-
actions, thereby reducing the surface area of nanoparti-
cles thus reducing chances of dissolution (Alkilany and

Table 2 Multiple variable ANOVA of the dissolution of citrate-stabilized and PEGylated gold nanoparticles in simulated biological fluids
and synthetic environmental media

Functional group Biological fluid DF SS F-value p value
14

Citrate-AuNPs BP 1 45,581 91,162.447 0.0021

Citrate-AuNPs GF 1 45,581 26.5984 0.0008

Citrate-AuNPs GIF 1 967 1933.366 0.0144

Citrate-AuNPs IF 1 75 149.119 0.0420

Citrate-AuNPs PSF 1 378 755.048 0.0231

Citrate-AuNPs FW 1 88 149.119 0.0520

Citrate-AuNPs SW 1 78 755.048 0.0231

COOH-AuNPs BP 1 6439 12,877.596 0.0056

COOH-AuNPs GF 1 13,017 25.9699 0.0009

COOH-AuNPs GIF 1 17,811 35,622.940 0.0033

COOH-AuNPs IF 1 11 21.753 0.0344

COOH-AuNPs PSF 1 177 354.738 0.0337

COOH-AuNPs FW 1 20 21.753 0.0344

COOH-AuNPs SW 1 120 354.738 0.0237

NH2-AuNPs BP 1 7777 15,554.431 0.0051

NH2-AuNPs GF 1 5817 23.3089 0.0013

NH2-AuNPs GIF 1 47 93.716 0.0655

NH2-AuNPs IF 1 57 114.001 0.0594

NH2-AuNPs PSF 1 6 11.273 0.0142

NH2-AuNPs FW 1 44 114.001 0.0394

NH2-AuNPs SW 1 60 11.273 0.0042

DF degree of freedom, SS sum of squares
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Murphy 2010). Particle aggregation reduces the surface
area-to-volume ratio thus resulting in lower NP

reactivity and NP dissolution (Bozich et al. 2014;
Tejamaya et al. 2012; Li et al. 2013). In addition, it
may reduce the surface area of the particles by minimiz-
ing their interaction with the biological ions in the
surrounding media, therefore inhibiting nanoparticle
dissolution. These factors explain low dissolution of
citrate-stabilized gold nanoparticles.

Furthermore, low dissolution of citrate-stabilized
gold nanoparticles was probably because citrate as a
stabilizing agent weakly bound to the NPs can be easily
displaced from the NP surface and this facilitates parti-
cle aggregation (Bozich et al. 2014; Tejamaya et al.
2012; Li et al. 2013). In addition, electrostatic interac-
tions between citrate-stabilized AuNPs and counterions
in the biological media neutralize the NP surface charge,
thereby rendering the surface of the NP prone to aggre-
gation. Therefore, these nanoparticles lose stability
through the reduction of electrostatic repulsive forces
between the nanoparticles causing them to form aggre-
gates; thus, dissolution occurs to a very small extent. In
literature, higher dissolution rates are correlated to
smaller NP sizes. For example, Kittler et al. (Kittler
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Fig. 5 Plot of ln(1-[Au(I)]t/[AuNPs]0) with the dissolution time in
simulated biological and environmental fluids showing the disso-
lution rates of citrate-stabilized AuNPs (a), PEGylated COOH-
AuNPs (b) and NH2-AuNPs (c). BP, GF, GIF, IF and PSF are
simulated biological fluids for blood plasma, Gamble’s fluid,
gastric fluid, intestinal fluid and phagolysosomal fluid, respective-
ly. FW and SW are synthetic environmental media for freshwater
and seawater

Table 3 Dissolution rates and half-time of AuNPs in simulated
biological and environmental fluids

Functional group Sample k (h−1) t1/2 (days)

Citrate-AuNPs BP 1.69E−03 409

Citrate-AuNPs GF 1.73E−03 400

Citrate-AuNPs GIF 2.67E−03 259

Citrate-AuNPs IF 1.73E−03 400

Citrate-AuNPs PSF 2.25E−03 307

Citrate-AuNPs FW 8.12E−04 853

Citrate-AuNPs SW 7.86E−04 881

COOH-AuNPs BP 2.47E−03 280

COOH-AuNPs GF 4.01E−03 172

COOH-AuNPs GIF 5.40E−03 128

COOH-AuNPs IF 1.23E−03 563

COOH-AuNPs PSF 1.08E−02 63

COOH-AuNPs FW 1.20E−03 577

COOH-AuNPs SW 1.23E−03 562

NH2-AuNPs BP 3.66E−02 18

NH2-AuNPs GF 1.32E−02 52

NH2-AuNPs GIF 5.80E−02 11

NH2-AuNPs IF 5.05E−03 137

NH2-AuNPs PSF 1.29E−02 53

NH2-AuNPs FW 5.01E−03 138

NH2-AuNPs SW 1.90E−03 364
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et al. 2010) observed that the dissolution rate of citrate-
stabilized silver nanoparticles was lower than that of
polyvinylpyrrolidone-stabilized particles due to particle
agglomeration. Therefore, these authors concluded that
the rate of dissolution depends on the type of functional
group attached to the nanoparticle surface. Botha et al.
(Botha et al. 2015) studied the dissolution effects of
AuNPs in vivo and obtained similar results where no
dissolution of AuNPs was observed for larger particle
aggregates.

Amine- and carboxyl-functionalized gold nanoparti-
cles displayed minimal inter-particle binding in simulat-
ed biological fluids and synthetic environmental media
due to steric effect from PEG coating and repulsive
forces that arise from the functional groups on the
nanoparticle surface (Breitner et al. 2015; Hong et al.
2011). This action maintains the monodispersity of par-
ticles and PEG coating attenuates formation of aggre-
gates. Smaller sized NPs have a greater surface area for
the interactions with the surrounding media; therefore,
this might explain the higher dissolution of COOH-
AuNPs and NH2-AuNPs compared to cit-AuNPs.

Furthermore, amine- and carboxyl-functionalized
gold nanoparticles suspended in acidic media such as
gastric fluid and phagolysosomal fluid respectively
showed significantly higher dissolution compared to
those in alkaline media including intestinal fluid, Gam-
ble’s fluid, blood plasma, freshwater and seawater. This
is because acidic conditions demonstrated by low pH
values that characterize gastric and phagolysosomal
fluids are an enabling factor for the oxidation of gold
nanoparticles into gold ions thereby increasing their
solubility and hence greater chance of dissolution
(Chambers et al. 2014). Thus gold NPs exposed to
acidic media would be less stable and dissolve to a
greater extent than in alkaline media (Bian et al. 2011).
This could explain the faster dissolution rate of NH2-
AuNPs submerged in the very acidic simulated gastric
fluid.

The calculated rate constants of COOH-AuNPs and
NH2-AuNPs were similar in that they were faster, but
significantly different meaning that these ligands behave
differently when exposed to biological fluids and envi-
ronmental media. The differences observed between
these functional groups on AuNP dissolution can be
elucidated by some ligand-promoted process facilitated
by protons in the simulated fluids. The carboxyl group is
an acid; therefore, in solution, it is likely to donate a
proton thereby becoming negatively charged species

and interacts with positively charged ions in the fluid
(Bozich et al. 2014). In addition, carboxylic acids act as
both hydrogen bond acceptors, due to the carbonyl
group, and hydrogen bond donors, due to the hydroxyl
group (Lemmerer et al. 2015; Hosseini-Monfared et al.
2015). As a result, they often participate in hydrogen
bonding. This tendency to hydrogen bond gives them
increased solubility in aqueous solutions; hence,
COOH-AuNPs have faster dissolution rates compared
to citrate-stabilized particles.

Conversely, the amine group under acidic conditions
is likely to get protonated and form a positively charged
PEG ammonium compound. This proton transfer to the
functional group on the ligand can hinder full attach-
ment of the ligand to the nanoparticle surface thereby
exposing it to dissolution (Rak et al. 2014). Secondly,
this occurrence may weaken the nanoparticle-ligand
bond at the surface, making the particles more suscep-
tible to proton-promoted dissolution (Ludwig et al.
1996). Finally, amine is smaller in size compared to
the carboxyl group; therefore, its proton transfer process
is faster, and this might have a bigger effect on
dissolution.

These results were similar to those obtained by
(Arnida et al. 2011; Sakka et al. 2016). In general, the
dissolution rate of AuNPs was faster in simulated fresh-
water than seawater for all the nanoparticles (Adeleye
et al. 2014). The dissolution rate constants in Table 3
show that the dissolution rates of AuNPs increase in the
order of NH2 > COOH > citrate. The results showed a
slow dissolution behaviour of citrate-stabilized AuNPs.
Considering their low dissolution rates and propensity
to form agglomerates, these gold nanoparticles would be
(bio)durable and biopersistent in biological and aquatic
environments and are expected to illicit long-term ef-
fects (Bardaxoglou et al. 2017). Conversely, functional
groups encourage nanoparticle solubility; therefore,
their effects would manifest in the short term. These
observations are presently further confirmed in our lab-
oratory by implementing a flow-through dissolution
system recently described by other investigators
(Oberdörster and Kuhlbusch 2018).

Conclusion

Dissolution of gold nanoparticles in simulated biologi-
cal fluids and synthetic environmental media occurs to a
small extent. Their dissolution rates are highly
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dependent on the agglomeration/aggregation state and
surface functionalization of the nanoparticles. Gold
nanoparticles are prone to aggregation when stabilized
by citrate and thus have a propensity to form aggregates
under biological and environmental conditions. This
effect reduces their surface area to volume ratio thus
leading to low dissolution. PEGylated gold nanoparti-
cles are less prone to aggregation; their higher dissolu-
tion compared to cit-AuNPs is due to some ligand-
promoted processes. Therefore, citrate-stabilized parti-
cles may cause long-term health effects because they are
more (bio)durable and show high biopersistence, mean-
ing these nanoparticles might resist chemical or bio-
chemical alteration in biological systems. Surface mod-
ification can considerably influence the dissolution of
gold nanoparticles. The results demonstrate that disso-
lution of gold nanoparticles is a complex process and is
influenced by various intrinsic and extrinsic factors.
Therefore, by evaluating these factors, comprehensive
research needs to be done to investigate the dissolution
of several other NPs to understand their behaviour in
different simulated biological fluids and environmental
media in order to understand their effects on humans
and the environment.
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A B S T R A C T   

Silver nanoparticles offer a wide range of benefits including their application in several fields such as medical, 
food, health care, consumer, and industrial purposes. However, unlocking this potential requires a responsible 
and co-ordinated approach to ensure that potential challenges emanating from the use of silver nanoparticles are 
being addressed. In this study body fluids and environmental media were used to investigate the effects of citrate 
coated silver nanoparticles (cit-coated AgNPs) to mimic their behaviour in real life situations. Understanding the 
dissolution kinetics and behaviour of cit-coated AgNPs in simulated biological fluids and synthetic environmental 
media helps us predict their fate and effects on human health and the environment. The cit-coated AgNPs 
behaviour significantly varied in acidic and alkaline simulated fluids. Low pH and high ionic strength accelerated 
the rate and degree of dissolution of AgNPs in simulated fluids. Following exposure to simulated fluids cit-coated 
AgNPs demonstrated significant changes in agglomeration state and particle reactivity however, the morphology 
remained unaltered. The slow dissolution rates observed for highly agglomerated cit-coated AgNPs in simulated 
blood plasma, Gamble’s and intestinal fluids, and freshwater indicate that there is a greater likelihood that the 
particles will be the cause of the observed adverse effects. In contrast, the fast dissolution rates observed for cit- 
coated AgNPs in simulated gastric and phagolysosomal fluid and synthetic seawater, the release of the silver ions 
at a fast rate, will be the cause of their short-term effects.   

1. Introduction 

Silver nanoparticles (AgNPs) are extensively used in the nanotech
nology industry due to their effective antibacterial activity, high elec
trical conductivity, and optical properties. They are incorporated in 
numerous consumer products such as dietary supplements, materials for 
food packaging, coatings on medical devices, water disinfectants, air 
filters, electronic appliances, odour-resistant textile fabrics and cosmetic 
products such as deodorants [3–5]. Application of AgNPs also includes 
areas such as biosensing, electronics and surface enhanced Raman 
spectroscopy [4]. 

There should be a responsible and co-ordinated approach to ensure 
that the potential occupational, consumer and environmental safety is
sues regarding the use of AgNPs are being addressed at the same time as 
the technology is developing. It is these concerns that have led to a need 
to elucidate the potential harmful effects of AgNPs to human health and 

the environment. The assessment of the effects of nanoparticles can be 
investigated through various properties but in this research study 
dissolution was employed to determine the effects of nanoparticles on 
human health and the environment. Dissolution can be explained as the 
release of species from the nanoparticle surface which leads to the 
subsequent distribution of those released species throughout the bulk 
fluid surrounding the nanoparticles. Dissolution heavily influences the 
biodurability and biopersistence of nanoparticles [9,41]. The tendency 
of a given nanoparticle to cause negative effects on human health and 
the environment is strongly related to the duration of residence time in 
these environments. Biodurability and persistence are parameters that 
influence the behaviour of nanoparticles in the body and environment 
and are used to predict the particles’ duration of residence time under 
physiological and environmental conditions. For this reason, the disso
lution rate is an important property for the assessment of the effects of 
NPs [8]. Biopersistent nanoparticles are defined as those with the ability 
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to persist in the body due to their biodurability and despite physiological 
clearance mechanisms [23,41]. Resistance to physical clearance may 
result through their resistance to chemical dissolution. In human parti
cle toxicology, the propensity of a nanoparticle to resist alterations 
through dissolution or enzymatic degradation in biological media is 
defined as biodurability and could consequently lead to bio
accumulation of nanoparticles in the body following their translocation 
and distribution [23,41]. Dissolution also influences the persistence of 
NPs in the environment. Persistence is defined as the potential of 
nanoparticles to degrade in the environment. These properties allow for 
the categorization of nanoparticles between those that are amenable and 
those resistant to dissolution. For example, particles with slow dissolu
tion rates are expected to elicit long-term effects in human health and 
the environment. [34,41]. 

Numerous dissolution studies of AgNPs reported in the literature 
have investigated the factors affecting the release of ionic silver under 
biological and environmental conditions [6,20,21,29,33,37,39]. For 
example, factors such as pH, ionic strength and surface functionalization 
have been observed to influence the dissolution of AgNPs where a pos
itive correlation could be observed between low pH conditions and 
higher dissolution [3,13,35,36]. A positive correlation could also be 
observed between the salinity of the natural estuarine systems and the 
higher dissolution of AgNPs [25]. There are other studies which high
light the crucial factor that size and shape have on dissolution of 
nanoparticles [32]. Despite these numerous studies, there is still a need 
to investigate the dissolution behaviour of AgNPs in a wide range of 
simulated biological fluids and environmental media. In addition, many 
researchers have used a time point greater than 10 min to examine the 
dissolution behaviour of AgNPs thereby missing crucial information 
within a key window period during which rapid and major modifica
tions occur to the particles. Furthermore, major focus has been on the 
highly acidic conditions [36] rather than a wide range of pH conditions 
to elucidate the dissolution behaviour of AgNPs. Different nanomaterials 
are reported to be biodurable and persistent as they resist dissolution 
which in turn can lead to bioaccumulation. It is therefore of crucial 
importance to investigate the dissolution kinetics of AgNPs in a wide 
range of simulated biological fluids and environmental media in order to 
predict their behaviour in real life situations. 

Therefore, the present study has investigated the dissolution 
behaviour and dissolution kinetics (dissolution rates, rate constants and 
half-times) of citrate coated silver nanoparticles (cit-coated AgNPs) in 
simulated biological fluids and synthetic environmental media with 
different chemical composition under a wide variety of pH conditions. 
Body fluids are very rich in essential elements and may play a very 
significant role in the intake of NPs and interactions with cellular ac
tivities while some are destructive. The body fluids included the Gam
ble’s fluid (GF) & phagolysosomal fluid (PSF) representing the lung 
exposure pathway, oral exposure pathway represented by gastric fluid 
(GIF) and intestinal fluid (IF) and lastly blood plasma (BP). The synthetic 
environmental media of interest have included Freshwater (FW) and 
Seawater (SW). 

2. Materials and methods 

2.1. Synthesis and characterization of silver nanoparticles 

The silver nanoparticles used in this study were purchased from 
(Sigma Aldrich Johannesburg, South Africa) in the size of 10 nm in 
diameter suspended in a 1% sodium citrate solution as a stabilizer. 
Citrate stabilized AgNPs were chosen because citrate is used as a capping 
agent to maintain the size, monodispersity and stability without irre
versible aggregation or decomposition of the silver nanoparticles. 
Furthermore, citrate stabilized AgNPs are known to be sensitive to 
changes in pH and the ionic strength of the medium. Therefore, studying 
their behaviour in vitro would provide an indication of how they would 
behave in real-life situations. The nanoparticle suspensions were 

prepared from the stock solution (0.02 mg mL� 1) under sterile condi
tions. Transmission Electron microscope (TEM) (JOEL Ltd. JEM-2100) 
(Lireweg, The Netherlands) was used to obtain information on the 
structure, size, agglomeration, and level of dispersion of the AgNPs 
before and after exposure to different simulated biological and envi
ronmental fluids. A Bruker Tensor 27 Fourier transform infrared spec
troscopy (FTIR) (Billerica, Massachusetts, USA) was used to identify 
functional groups on molecules attached to NPs and to monitor if they 
migrated from the nanoparticle surface to the bulk media during the 
duration of the experiments. The Varian Ultraviolet-Visible 50 Conc. 
spectrophotometer (UV-is) was used to determine the agglomeration 
state of AgNPs in simulated media at 400 nm before and after dissolution 
experiments. The concentration of dissolved silver ions in simulated 
fluids was determined using inductively coupled mass spectrometer 
(ICP-MS) (Agilent Technologies, 7700 series ICP-MS, Santa Clara, Cali
fornia, United States). 

2.2 Procedure 

2.2.1 Preparation of fluids 
The dissolution experiments were assessed through the use of the 

static dissolution system whereby the nanoparticle suspension is placed 
inside a dialysis membrane of a smaller pore size [2,11,20,21,31,38]. 
The sample holder is then submerged in a beaker containing simulated 
fluids. This methodology employs the fundamental principles of diffu
sion whereby silver ions will diffuse from a region of high concentration 
(nanoparticle surface) to that of low concentration (bulk simulated 
fluid). The rate at which ions are released from the nanoparticle surface 
is slower than the released ions diffusing out of the dialysis membrane 
into the bulk media [20,21]. Therefore, it can be assumed that through 
measuring the concentration of released ions that passed the dialysis 
membrane in the bulk fluid by ICP-MS, dissolution kinetics of AgNPs 
could be predicted. 

Table 1 
Composition of simulated fluids [30].  

Synthetic 
fluid 

Ionic 
strength 
(mol L� 1) 

pH Components (g L� 1) 

BPa 0.15 7.2 NaCl (8.035), NaHCO3 (0.355), KCl (0.225), 
K2HPO4⋅3H2O (0.231), MgCl2· 6H2O (0.331), 1 
M HCl (39 mL), CaCl2 (0.292), Na2SO4 (0.072), 
NH2C(CH2OH)3 (6.118) 

GFb 0.17 7.4 MgCl2 (0.203), NaCl (6.019), KCl (0.298), 
Na2HPO4 (0.142), Na2SO4 (0.017), CaCl2⋅2H2O 
(0.368), CH3COONa (0.953), NaHCO3 (2.604), 
C6H9Na3O9 (0.097) 

GIFc 0.16 2.0 NaCl (2.922), KCl (7.007), C8H5O4K) (0.243), 
Pepsin (1 mL mL� 1), Mucin (3 mg mL� 1) 

IFd 0.16 6.8 KCl (0.298), CaCl2 (0.499), MgCl2 (0.190), 
Urea (0.300), Bile salts (9 mL mL� 1), 
Pancreatin (9 mg mL� 1) 

PSFe 0.34 4.5 Na2HPO4 (0.142), NaCl (6.650), Na2SO4 

(0.072), CaCl2⋅2H2O (0.029), Glycine (0.450), 
C8H5O4K (4.086) 

FWf 0.05 6.8 NaHCO3 (0.012), CaSO4 (0.075), MgSO4 

(0.0075), KCl (0.0005) 
SWg 3.5 8.0 NaCl (21.03), Na2SO4 (3.52), KCl (0.61), KBr 

(0.088), Borax (0.034), MgCl2 (9.50), CaCl2 

(1.320), SrCl2 (0.02), NaHCO3 (0.17) 

Simulated biological fluids and synthetic environmental media are coded as 
follows: 

a BF - Blood plasma, 
b GF - Gamble’s fluid, 
c GIF - Gastric fluid, 
d IF - Intestinal fluid, 
e PSF -Phagolysosomal fluid, 
f FW - freshwater, 
g SW - seawater 
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Simulated biological fluids were synthesized following the procedure 
obtained from [30] using the anaytical grade reagents described in  
Table 1. Whereas synthetic environmental media were prepared through 
the guidelines recommended by the United States (U.S) Environmental 
Protection Agency (EPA) The focus was on simulated biological fluids 
intended to mimic the lung, stomach, and intravenous exposure path
ways. For the lung, the two main compartments considered were 
Gamble’s fluid (GF) representing the extracellular airway lining fluid 
and phagolysosomal fluid (PSF) of macrophage cells at pH 7.4 & pH 4.5, 
respectively. For the oral route, particles will encounter gastric fluid 
(GIF)and intestinal fluids (IF) in the stomach at pH 2.0 & pH 7.5 
respectively. Lastly, Blood plasma (BP) at pH 7.2 which is a fluid that 
carries blood components throughout the body. The analytical grade 
reagents were dissolved in 700 mL of distilled water with a conductivity 
of 18.2 MΩcm in the order given in Table 1. After addition of all the 
components the final volume was then adjusted to 1 L. Then the pH was 
adjusted accordingly using 1 M hydrochloric acid or Sodium hydroxide. 
For the preservation of simulated fluids the anti-fungal agent alkyl
benzyldimethylammonium chloride (ABDC) was added to the fluids at 
13.7 mM concentration of (51 µL). 

2.3 Dialysis experiments 

Briefly, 5 mL of the cit-coated silver nanoparticle stock suspension 
(0.02 mg mL� 1) was pipetted into centrifuge tubes. The particles were 
collected by ultracentrifugation at 13,000 xg for 30 min. They were then 
re-dispersed in 5 mL simulated fluids then transferred into dialysis 
membranes (SnakeSkin Dialysis tubing, 3.5 K MWCO, 22 mm-dry 
diameter) which were rinsed with d-H2O to eliminate any possible 
contaminants. A smaller pore size membrane was carefully selected to 
ensure that only released silver ions can migrate from the nanoparticle 
surface and dialyze out of the tubing. The dialysis experiments were 
carried out in water baths maintained at 37 ◦C and 25 ◦C under slow 
stirring to mimic physiological conditions and environmental tempera
ture respectively. Furthermore, the experiments were kept under a 
closed system in an airtight vessel to eliminate background interrefer
ences and from oxidizing species such as oxygen. Therefore, the impact 
of concentration of dissolved oxygen in the suspensions has not been 
considered. 

The dialysis membranes contained the NP suspensions were sub
merged in 500 mL beakers containing simulated fluids then placed in a 
water bath. The dissolution experiments were conducted over a period 
of 10 days. On the first day samples were collected from the bulk fluid 
surrounding the dialysis tubing in 30 min intervals for the first four 
hours, then twice a day for the next 10 days. The pH of the simulated 
fluids was constantly checked before, during and after each experiment 
using a Jenway 3510 pH meter. Samples were collected in triplicates and 
analysed on ICP-MS with a limit of detection of 0.1 ppb. Reported in the 
results section is an average of the three measurements. 

2.4 Kinetic model for dissolution process 

The determination of the biodurability of nanoparticles using in vitro 
acellular tests is based on the calculation of their dissolution kinetics. 
The investigation and determination of the dissolution kinetics and 
subsequent calculation of dissolution rates and rate constants are in 
turn, the necessary parameters for the prediction of the nanoparticle 
biodurability. 

Since the dissolution of AgNPs follows a first order reaction kinetics, 
in current study we modified and used the Noyes-Whitey Eq. (1) to 
calculate the dissolution kinetics including the dissolution rate and half- 
time of AgNPs to predict their biodurability in simulated biological and 
environmental media [20,21,42]. 

d[AgNPs]
dt

= � D
A
d

([Ag]T � [Ag]dis) (1)  

Where [AgNPs] denotes the initial concentration of AgNPs stock solution, 
[Ag]T represents the concentration of silver before the commencement of 
dissolution process and [Ag]dis represents the concentration of dissolved 
silver ions. D is the diffusion coefficient of silver ions whereas d accounts 
for the diffusion layer thickness during the dissolution process and, A 
represents the surface area of AgNPs. 

The total mass of Ag in the system is represented by Eq. 2. 

[Ag]T = [AgNPs] + [Ag]dis (2) 

As previously stated, [Ag]T is the total amount of silver nanoparticles 
before the dissolution process commences. The [AgNPs] then substituted 
by Eq. 3 in the formula: 

[AgNPs] = [Ag]T � [Ag]dis (3) 

However, Eq. 3 can also be re-written in the form represented by Eq. 
4: 

[Ag]T � [Ag]dis = [Ag]T(1 �
[Ag]dis

[Ag]T
) (4) 

Such that  

[AgNPs] = [Ag]T(1 �
[Ag]dis

[Ag]T
) (5) 

Eq. 5 is then substituted into Eq. 1 to obtain the following Eq. (6): 

[Ag]T

d(1 �
[Ag]dis

[Ag]T
)

dt
= � D

A
d

[Ag]T (1 �
[Ag]dis

[Ag]T
) (6) 

Eq. 6 transforms into Eq. 7 if we divide by [Ag]Ton both sides of the 
Eq. 6, yielding the following Eq. 7: 

d(1 �
[Ag]dis

[Ag]T
)

dt
= � D

A
d

(1 �
[Ag]dis

[Ag]T
) (7) 

For simplicity let 
(

1 �
[Ag]dis
[Ag]T

)
= x. 

Such that Eq. 7 becomes: 

dx
dt

= � D
A
d

x (8) 

In order to bring x to the left hand-side of the equation and dt to the 
right hand-side of the equation, Eq. 8 is divided by x and multiplied by dt 
on both sides of the equation: 

dx
x

= � D
A
d

dt (9) 

Upon integration, the above equation becomes: 

lnx = c � D
A
d

t (10)  

Where k = � D A
d and representative of the dissolution rate constant 

whereas c is a constant. 
Eq. 11 is obtained through the integration of Eq. 7. 

ln(1 �
[Ag]dis

[Ag]T
) = c � kt (11) 

The plot of ln(1 �
[Ag]dis
[Ag]T

) vs time enables for the determination of the 
dissolution rate and dissolution rate constant of AgNPs, consequently 
predicting their biodurability and persistence in biological media and 
the environment respectively. The half-time for a first order reaction 
kinetics is calculated using the following formula: 

t1/2 =
ln2
k

(12)  
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3 Results 

3.1 Characterization 

TEM, UV-is, FTIR were used to assess the morphological changes and 
agglomeration state of cit-coated AgNPs to draw a link between their 
dissolution behaviour and physicochemical properties. 

3.1.1 TEM 
TEM images of cit-coated AgNPs before and after 10 days dissolution 

experiments in simulated biological and environmental fluids. are pre
sented in Fig. 1. The average diameters for cit-coated AgNPs were 10.2 
± 2.1 nm. The size measured from the TEM images were comparable to 
those reported by the manufacturer to be 10 nm. The nanoparticles were 
spherical in morphology as seen in the TEM images and there were no 
appreciable changes in shape after exposure to simulated biological 
fluids and environmental media (Fig. 1). However, the 10 nm particles 
showed growth in diameter after dissolution experiments in the simu
lated intestinal and Gamble’s fluid, blood plasma and freshwater with 
diameter changing as large as 11.2 ± 3.1 nm compared with original 
diameters of 10 nm as shown in the TEM images. This might be indic
ative of formation of nanoparticle agglomerates. In contrast, there was 
an observable decrease in the size to a diameter as small as 8 ± 2.1 nm 
of the nanoparticles exposed to acidic media such as simulated gastric 
and phagolysosomal fluid. This decrease was also observed for the cit- 
coated AgNPs exposed to seawater which had the highest ionic 
strength. This decrease likely depicts dissolution in these simulated 
fluids. These results were corroborated by [3,29,36,40]. 

3.1.2 UV-vis 
Fig. 2 shows the UV–vis spectra of silver nanoparticle dispersion in 

various simulated fluids and environmental media before and after 
dissolution experiments to determine the agglomeration state of the 
particles. For all the simulated fluids before the dissolution experiments, 
well-defined LSPR peaks can be seen at the wavelength of 400 nm 
(Fig. 1). This is consistent with the reported LSPR absorption band of 
silver nanoparticles (Li et al., 2010). However, as the period of exposure 
to simulated fluids increased there was an observable shift to higher 
wavelength (450 nm) and a drop in absorption peak intensity for par
ticles in contact with neutral media such as blood plasma, intestinal 
fluid, Gamble’s fluid and freshwater. For example, a slight shift from 
400 nm to 450 nm was observed after dissolution in BP, GF, IF and FW 
fluids. This indicates that after a prolonged exposure of silver nano
particles to these simulated fluids the particles physically coalesce to 
form larger particles. Generally larger particles tend to absorb UV light 
at higher wavelength than smaller particles hence there was an 
observable shift to higher wavelengths for the aggregates. This obser
vation is consistent with the TEM images in Fig. 1 that showed formation 
of larger AgNPs after exposure to these simulated fluids. These results 
were consistent with those observed by [15]. However, for simulated 
fluids characterised by low pH (GIF & PSF) and high ionic strength (SW) 
a decrease in peak intensity and no shift in peak position was observed 
which could be indicative of particle dissolution. In these fluids, the 
particles remained dispersed as single NPs hence there was no observ
able LSPR peak shift to longer wavelengths [45]. These results were 
consistent with those observed by [1,13,16,17,27,44]. There was an 
observable discolouration of the nanoparticle suspension inside the 
dialysis membrane from yellow to colourless after exposure to all the 
simulated fluids. 

3.1.3 FTIR 
FTIR was used to identify functional groups on molecules attached to 

NPs and to monitor if they migrated from the nanoparticle surface to the 
bulk media. The absorption wavelength focuses on the range between 
500 and 4000 cm� 1. The cit-coated AgNPs FTIR spectra are shown in  
Fig. 3. This is the FTIR spectra of silver nanoparticles in the dialysis 

membrane before exposure to simulated media and after the end of the 
dissolution experiments, and lastly the bulk fluid outside the dialysis 
tubing. The absorption peaks bands at 1432 cm� 1,1619 cm� 1, 
1716 cm� 1 and 3451 cm� 1 are assigned to C–O stretch, O–H bend, 
C––O asymmetric stretch and O-H stretch, respectively. 

These intense absorption bands emanate from the symmetric and 
asymmetric stretching of the carboxylate functional group of the citrate 
molecules [14,19,22,43]. When comparing the FTIR spectra of the 
nanoparticle suspension inside the dialysis (black spectra labelled before 
and after) with those of the bulk fluid outside the dialysis membrane 
(BP, GF, GIF, IF, PSF, FW and SW graph), there were noticeable differ
ences. The prominent absorption bands which result due to stretching of 
the citrate functional group were absent. The only observable intense 
absorption bands were of the O-H stretching of the water molecules used 
in the synthesis of biological fluids and environmental media. This in
dicates that no particles migrated from the dialysis membrane into the 
bulk fluid. 

3.2 Dissolution in biological fluids and environmental media 

Fig. 4 shows dissolution curves of cit-coated silver nanoparticles in 
simulated biological and environmental fluids over a period of 10 days. 
In all the simulated fluids and synthetic media partial dissolution was 
observed. This was confirmed by the analysis of the nanoparticle sus
pension inside the dialysis membrane after the completion of the ex
periments where nanoparticles were still observed under TEM (Fig. 1). 
The dissolution of AgNPs increased gradually over time from 4 h then 
reached a plateau after 120 h. Meaning that it takes less than 24 h for 
silver ions to interact with the components used in the synthesis of 
simulated fluids then migrate from the surface of cit-coated AgNPs into 
the bulk fluid. Significant differences (p < 0.05) were observed in the 
dissolution trends of cit-coated AgNPs. The concentration of dissolved 
Ag+ ions was smallest for the particles exposed to freshwater. For 
example, the maximum percentage of dissolved Ag+ ion was merely 
9.8%. The degree of dissolution depended on the pH and ionic strength 
of the simulated fluids. Meaning dissolution was higher for simulated 
fluids characterised by low pH and high ionic strength. For example, the 
percentage of dissolved Ag+ ions were higher for the acidic simulated 
biological fluids such as gastric and phagolysosomal fluid at 55% and 
33%, respectively and high ionic strength seawater at 30% (Fig. 4). This 
is because under acidic conditions AgNPs are highly unstable therefore 
likely to dissolve into their ions. Furthermore, the high ionic strength of 
the sea water significantly favoured the dissolution of AgNPs and 
shortened their lifetime. Consequently, the percentage of dissolved Ag+

ions followed the order GIF > PSF > SW > BP > GF > IF > FW at 55%, 
33%, 30%, 22%, 18%, 14% and 9% respectively. 

3.3 Statistical analysis 

The dissolution data shown in Fig. 4 are expressed as mean 
± standard deviation of at least three independent measurements. 
RStudio version 1.2 software was used to process the data and to 
investigate if there was a statistically significant difference in the 
dissolution of citrate coated silver nanoparticles in various simulated 
biological fluids and synthetic environmental media. The p-values are 
presented in Table 2 and those less than 0.05 were considered statisti
cally significant. 

According to multiple variable ANOVA statistical analysis the p 
values are less than 0.05 in all cases meaning the dissolution of silver 
nanoparticles differed significantly among the various simulated fluids. 
Therefore, silver nanoparticles are expected to behave differently in 
simulated biological fluids and synthetic environmental media. 

3.4 Dissolution kinetics 

The first order kinetic model shown in the materials and method 
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Fig. 1. TEM images of cit-coated AgNPs before and after 10 days dissolution experiments in simulated biological and environmental fluids. Simulated biological 
fluids are coded as BP, GF, GIF, IF and PSF for blood plasma, Gamble’s fluid, gastric fluid, intestinal fluid and phagolysosomal fluid respectively. Whilst synthetic 
environmental media are denoted as FW and SW are or freshwater and seawater respectively. 
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section was used to predict the dissolution kinetics of silver nano
particles. This model enables for the calculation of the dissolution rate 
constant and half-times of silver nanoparticles in simulated fluids in 
order to predict their residence time in these biological and environ
mental surroundings. Therefore, Fig. 5 shows the dissolution rates of 
citrate coated AgNPs in simulated fluids and synthetic environmental 
media. The results of dissolution rates k (h � 1) and the calculated cor
responding half-times t1/2 (days) are presented in Table 3. 

It was observed that dissolution kinetics depended on the pH and the 
fastest dissolution was observed for acidic media such as simulated 
gastric and phagolysosomal fluid whose pH levels are 2.0 and 4.5 
respectively. The steeper slope of the linearized model for gastric and 
phagolysosomal fluid indicate faster dissolution rate (Fig. 5). The 
dissolution rates were 2.22E-02 h� 1and 1.68E-02 h� 1for gastric fluid 
and phagolysosomal fluid respectively (Table 3). Another factor 
observed to influence dissolution kinetics was the ionic strength of the 
media. Comparison of the silver nanoparticle behaviour in 

environmental media revealed that particles exposed to high ionic 
strength seawater will dissolve faster than those submerged in fresh
water. For example, Table 3 indicates that it will take approximately 3 
days for silver nanoparticles to dissolve in sweater whereas the same 
process would require about 28 days in a freshwater environment. The 
dissolution half-times followed the order of 
GIF > PSF > SW > BP > GF > IF > FW at 1, 2, 3, 4, 5, 11 and 28 days, 
respectively. Lastly, highly agglomerated particles have a reduced sur
face area thus slow dissolution rates. 

Using data obtained from literature the dissolution kinetics of silver 
nanoparticles were compared with the dissolution rates of various 
nanoparticles to assess whether silver would elicit short-term or long- 
term effects on human health and the environment. Table 4. 

When comparing the dissolution kinetics of other nanoparticles from 
literature to that of silver nanoparticles of the present study, it could be 
observed that zinc oxide nanoparticles have faster dissolution kinetics 
followed by copper oxide nanoparticles. Barium sulphate nanoparticles 
also showed faster dissolution because the experiments were carried out 
in a continuous flow through system which does not reach saturation, 
and this adds to faster dissolution rates of nanoparticles. Gold nano
particles were observed to have very low dissolution rates. 

4 Discussion 

Evident from the TEM images and UV–vis spectra of simulated blood 
plasma, Gamble’s fluid, intestinal fluid and synthetic freshwater was the 
agglomeration of cit-coated AgNPs after dissolution experiments. Par
ticle agglomeration reduces the surface are to volume ratio of the 
nanoparticle surface thereby attenuating chances of dissolution. This 
would explain slow dissolution rates of AgNPs in these simulated fluids. 
On the other hand, a decrease in the initial particle size of cit-coated 
AgNPs from 10.2 ± 2.1 nm to 8.1 ± 2.1 submerged in gastric and 
phagolysosomal fluid and synthetic seawater might have resulted from 
the dissolution of AgNPs as a result of low pH and high concentration of 
chloride ions in seawater. According to the Noyes-Whitney equation 
dissolution of nanoparticles is directly proportional to the particle sur
face area, as a result monodispersed nanoparticle should dissolved faster 
than those characterized by agglomeration. Smaller particles have a 
larger surface area that could release ions faster hence, they provide 
greater dissolution than larger particles. This might explain the higher 
dissolution of cit-coated AgNPs immersed in low acidic pH gastric and 
phagolysosomal fluid and high ionic strength synthetic seawater. These 
results were consistent with those observed by [7]. [26] investigated 
dissolution and aggregation of silver nanoparticles in environmental 

Fig. 2. Citrate-coated silver nanoparticle UV–vis absorption spectra before and after the 10 days dissolution experiments in simulated fluids and synthetic envi
ronmental media. Simulated biological fluids are coded as BP, GF, GIF, IF and PSF for blood plasma, Gamble’s fluid, gastric fluid, intestinal fluid and phagolysosomal 
fluid respectively. Whilst synthetic environmental media are denoted as FW and SW are or freshwater and seawater respectively. 

Fig. 3. FTIR spectra of cit-coated AgNPs before and after 10 days dissolution 
and in the bulk fluid after the dissolution process. Simulated biological fluids 
are coded as BP, GF, GIF, IF and PSF for blood plasma, Gamble’s fluid, gastric 
fluid, intestinal fluid and phagolysosomal fluid respectively. Whilst synthetic 
environmental media are denoted as FW and SW are or freshwater and seawater 
respectively. 
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media and observed a positive correlation between high dissolution and 
low acidic pH conditions. Peretyazhko et al. [36] stated that when 
AgNPs are exposed to media, the formation of silver oxide on the 

nanoparticle surface initiates dissolution. This in turn releases silver Ag+

ions into the solution until the silver oxide complex is completely dis
solved. Furthermore, low acidic conditions such as gastric and phag
olysosomal fluid have a higher abundance of protons which weaken the 
Ag-O bond resulting in the release of more Ag+ ions. This might explain 
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Fig. 4. Dissolution curves of silver ions released from the cit-coated AgNPs after exposure to simulated biological and environmental fluids over a period of 216 h 
(A). Simulated biological fluids are coded as BP, GF, GIF, IF and PSF for blood plasma, Gamble’s fluid, gastric fluid, intestinal fluid and phagolysosomal fluid 
respectively. Whilst synthetic environmental media are denoted as FW and SW are or freshwater and seawater respectively. Dissolved Ag ions in % was calculated as 
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Table 2 
Multiple variable ANOVA of the dissolution of citrate coated silver nanoparticles 
in simulated biological fluids and synthetic environmental media.  

Nanoparticles Simulated fluids p-value 

AgNPs BP 0.0021 
AgNPs GF 0.0008 
AgNPs GIF 0.0144 
AgNPs IF 0.0420 
AgNPs PSF 0.0231 
AgNPs FW 0.0320 
AgNPs SW 0.0231  
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Fig. 5. Dissolution rates of cit-coated AgNPs in simulated biological and 
environmental fluids. Simulated biological fluids are coded as BP, GF, GIF, IF 
and PSF for blood plasma, Gamble’s fluid, gastric fluid, intestinal fluid and 
phagolysosomal fluid respectively. Whilst synthetic environmental media are 
denoted as FW and SW are or freshwater and seawater respectively. 

Table 3 
Dissolution rates and half-time of AgNPs in simulated biological and environ
mental fluids.  

Nanoparticles Sample k (�� �) ��/�� (days) 

AgNPs BP 6.39E-03 4 
AgNPs GF 5.80E-03 5 
AgNPs GIF 2.22E-02 1 
AgNPs IF 2.71E-03 11 
AgNPs PSF 1.68E-02 2 
AgNPs FW 1.02E-03 28 
AgNPs SW 1.09E-02 3  

Table 4 
Comparison of various nanoparticle dissolution kinetics in simulated fluids.  

Nanoparticles Conditions k (�� �) 
From 
literature 

��/�� (days) 
From 
literature 

Synthesised CuO 7 
± 1 nm 
Commercial CuO 
31 ± 4 nm 

Simulated body fluid 
Simulated body fluid 
pH7.4 

0.644 
0.469 
[9]  

AgNPs 10 nm 
(Present study) 

Blood plasma 
Gamble’s fluid 
Gastric fluid 
Intestinal fluid 
Phagolysosomal fluid 
Freshwater 
Seawater  

4 
5 
1 
11 
2 
28 
3 

ZnO 63.6 nm Wastewater effluents 
pH 7.5  

0.12 (h� 1) 
[42] 

Citrate coated AuNPs 
14 nm 

Simulated freshwater pH 
6.8  

853 
[31] 

BaSO4 NM-220 32 nm Simulated phagolysosomal 
fluid pH 4.5  

6.8 
[18]  

O. Mbanga et al.                                                                                                                                                                                                                                



the higher dissolution of cit-coated AgNPs immersed in low acidic pH 
gastric and phagolysosomal fluid. 

Furthermore, the high dissolution of AgNPs in seawater could be due 
to the high concentration of chloride ions which characterise this syn
thetic environmental media. Chloride is a hard base ligand with a strong 
affinity for oxidized silver [24]. Therefore, Li et al. [25] and Li et al. [28] 
have indicated that the dissolution of AgNPs is highly influenced by the 
ratio between Ag/Cl in a solution. Meaning if a solution has a high 
concentration of free Cl- ions as is the case with seawater, then chances 
are that the chloride ions will interact with Ag+ ions forming more 
soluble complexes (AgCl) thereby encouraging dissolution. Owing to the 
high concentration of chloride ions in synthetic seawater, the formation 
of AgCl complexes is more pronounced. Therefore, the AgCl bridging 
between AgNPs might reduce AgNPs-AgNPs agglomeration leaving the 
particles monodispersed with a more exposed surface area thus 
increasing the chances of dissolution [10] corroborates these results. 
Furthermore, these results are consistent with previous research obser
vation that have suggested that chloride ions might act as a catalyst in 
the dissolution of AgNPs [10]. 

It therefore seems that both low acidic solutions and higher ionic 
strength could result in lower particle agglomeration leading to higher 
dissolution of cit-coated AgNPs. 

5 Conclusion 

In this study the potential impact of AgNPs on human health and the 
environment were investigated through studying their dissolution. It 
could be shown that Cit-coated AgNPs form agglomerates when intro
duced to alkaline simulated fluids and this could reduce the surface area 
thereby lowering chances of dissolution. The rate and degree of the 
dissolution of cit-coated AgNPs is influenced by pH and ionic strength of 
simulated fluids. The dissolution rates of particles immersed in simu
lated gastric fluid, phagolysosomal fluid and seawater were faster 
compared to the rates of particles exposed to more alkaline biological 
and environmental media. Meaning that silver nanoparticles in acidic 
media and fluids characterized by high ionic strength would exhibit 
short-term effects which could be identical to those of the dissolved ions. 
However, the potential health and environmental impact of AgNPs in 
blood plasma, Gamble’s & intestinal fluids and freshwater would be 
expected to be much worse. 
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Abstract: The potential for nanoparticles to cause harm to human health and the environment is
correlated with their biodurability in the human body and persistence in the environment. Dissolution
testing serves to predict biodurability and nanoparticle environmental persistence. In this study,
dissolution testing using the continuous �ow through system was used to investigate the biodurability
and persistence of gold nanoparticles (AuNPs), silver nanoparticles (AgNPs) and titanium dioxide
nanoparticles (TiO2 NPs) in �ve different simulated biological �uids and two synthetic environmental
media to predict their behaviour in real life situations. This study examined the physicochemical
properties and agglomeration state of gold, silver and titanium dioxide nanoparticles before and
after dissolution tests using three different techniques (UV-vis, XRD and TEM). The UV-vis spectra
revealed that all three nanoparticles shifted to higher wavelengths after being exposed to simulated
�uids. The titanium powder was found to be mixed with both rutile and anatase, according to XRD
examination. The average diameter of gold nanoparticles was 14 nm, silver nanoparticles were 10 nm
and titanium dioxide nanoparticles were 25 nm, according to TEM images. The gold and silver
nanoparticles were observed to be spherical, but the titanium dioxide nanoparticles were irregular in
shape, with some being spherical. The level of dissolved nanoparticles in simulated acidic media was
higher in magnitude compared to that dissolved in simulated alkaline media. The results obtained
via the continuous �ow through dissolution system also displayed very signi�cant dissolution rates.
For TiO2 NPs the calculated half-times were in the range of 13�14 days, followed by AuNPs ranging
between 4�12 days, signi�cantly longer if compared to the half-times of AgNPs ranging between
2�7 days. AuNPs and TiO 2 NPs were characterized by low dissolution rates therefore are expected to
be (bio)durable in physiological surroundings and persistent in the environment thus, they might
impose long-term effects on humans and the environment. In contrast, AgNPs have high dissolution
rates and not (bio)durable and hence may cause short-term effects. The results suggest a hierarchy of
biodurability and persistence of TiO 2 NPs > AuNPs > AgNPs. It is recommended that nanoparticle
product developers should follow the test guidelines stipulated by the OECD to ensure product
safety for use before it is taken to the market.

Keywords: gold and silver nanoparticles; titanium dioxide nanoparticles; biodurability; persistence;
dissolution kinetics; simulated �uids

1. Introduction
The manufacturing, production and application of nanoparticles is ever increasing

and making a profound impact [ 1,2]. For example, gold nanoparticles (AuNPs) are used
in the medical �eld as drug delivery agents since they are biocompatible, easy to ma-
nipulate in size and shape and are chemically stable [3� 6]. Whereas silver nanoparticles
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(AgNPs) owing to their antimicrobial properties are used in the food and cosmetics in-
dustries [7,8]. Titanium dioxide nanoparticles (TiO 2 NPs) are extensively used as food
colourants, nutritional supplements and for food packaging materials [ 9]. This is due to
their ability to �lter UV radiation, have antimicrobial properties and are excellent inhibitors
of corrosion [10]. Their extensive use in consumer products has resulted in humans being
increasingly exposed and they are also released to the environment in many ways including
waste disposal [11]. However, much is still unknown about the effects of nanoparticles on
human health and the environment. Many discussions are currently ongoing as to whether
exposure of NPs to the ecosystem (i.e., plants and animals, humans and the environment)
may be conceived as harmful or not [1].

The application of nanoparticles offers a wide range of bene�ts; however, unlocking
this potential requires a responsible and co-ordinated approach to ensure that potential
challenges are being addressed in parallel with the development and use of nanotechnol-
ogy [12]. The traditional testing and assessment methods used to determine the safety of
traditional chemicals are not necessarily applicable to NPs [ 13,14]. The concept of safe by
design has been used in a variety of industries to identify potential risks and minimize
those risks early in the technological development process. Biotechnology, crop breeding
and drug design are examples of industries [ 15]. To ensure that safety and sustainable
usage of nanoparticles is a key priority, safe by design concepts and methodologies used in
these industries should also be used in nanotechnology and the development of advanced
and smart materials [ 15]. In this study dissolution was used to assess the biodurability and
persistence of AuNPs, AgNPs and TiO 2 NPs to gain a better understanding of their effects
on human health and the environment. This is because many studies are concerned mostly
with the assessment of toxicity, a challenging but yet unaddressed issue of nanoparticles is
their biodurability, which is the tendency to resist dissolution and biodegradation within
biological and environmental surroundings [ 16]. Whereas persistence is the capacity of
a substance, particle or �bre to remain unchanged in the environment for a very long
time [ 17,18]. Dissolution tests provide a measure of nanoparticles biodurability and persis-
tence, which can provide useful information about their acute and long-term toxicity as well
as the particles’ pathogenicity [ 16]. For example, if a particle dissolves rapidly, it is more
likely to cause short-term health effects and its impact on the environment can manifest
faster [19]. However, particles that dissolves slow are biodurable and hence may cause
both short-term and long-term health effects and show high environmental persistency [ 12].
For metal-containing nanomaterials, the release of metal ions is thought to be the primary
cause of any induced toxicity [ 12,16,18]. Therefore, it is of utmost importance to study
dissolution to better understand the behaviour of nanoparticles in real life situations.

A proper understanding of the safety of nanoparticles requires information on their
biodurability in physiological surroundings and persistence in the environment. Currently,
several research studies have been conducted on the risk assessment and safety of nanopar-
ticles. For example, a study conducted by Avellan et al. [ 20] predicted the fate of AuNPs
in mesocosms freshwater wetland to simulate aquatic environments and found that some
plants can oxidize AuNPs thereby releasing Au + ions. Other data in the literature have
reported on the biodistribution and accumulation of AuNPs in several cell lines and models
and the factors identi�ed to in�uence their toxicity are surface charge and functionalization,
size and shape of AuNPs [3,21� 23]. Furthermore, long-term and short-term dissolution
studies of AgNPs have been conducted by numerous researchers [1,24� 27]. Factors which
in�uence dissolution include agglomeration state of nanoparticles, ionic strength of the
media and particle surface functionalization [ 24,28� 31]. Even though TiO 2 NPs are con-
sidered insoluble therefor undergo negligible dissolution in biological and environmental
media, there is sizable research that has been conducted which elucidates their dissolution
in media [32�35].

However, a lot of these studies do not thoroughly elucidate the dissolution kinetics of
particles. Little is known about how long it would take for nanoparticles to disintegrate
in the body and the environment, and how fast that process occurs. This current research
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study is concerned with addressing these issues. Therefore, there is a need to elucidate
the biodurability and persistence of nanoparticles to gain a better understanding of their
safety and predict their behaviour in real life situations. In this work we predicted the
biodurability and persistence of AuNPs, AgNPs and TiO 2 NPs in a wide range of in �ve
different simulated biological �uids and two synthetic environmental media to predict
their behaviour in real life situations. These parameters were predicted by studying the
dissolution kinetics, including the dissolution rates, rate constants, order of reaction and
half-times of AuNPs, AgNPs and TiO 2 NPs to predict their behaviour in physiological and
environmental conditions.

It is hypothesized that since nanoparticles are utilised in a wide variety of consumer
products, there is concern regarding potential exposure. If these nanoparticles are released
into the environment, they may cause negative effects on both the environment and biologi-
cal organisms. It is expected that when subjected to simulated acidic fluids, the nanoparticles
will release ions, whereas in neutral simulated fluid, the nanoparticles will be stable. Short-
term toxicity could be due to either the particles or the ions released by them. Longer
half-time nanoparticles, on the other hand, will have more severe long-term consequences.

2. Materials and Methods
2.1. Characterization of Gold, Silver and Titanium Dioxide Nanoparticles

The three different types of nanoparticles namely AuNPs, AgNPs and TiO 2 NPs
were tested for their biodurability and persistence through investigating their dissolution
behaviour and dissolution kinetics. The dissolution tests were conducted using the con-
tinuous �ow-through system in simulated biological �uids and synthetic environmental
media to mimic body �uids and environmental media. The 14 nm in diameter AuNPs
were obtained in three different types and provided by MINTEK (Randburg, South Africa).
The �rst type was the citrate stabilized gold nanoparticle (AuNPs-cit) with the concentra-
tion of about 3.8 nM, followed by PEGylated carboxyl functionalized gold nanoparticle
(AuNPs-COOH) whose concentration was 4.0 nM and the last one was the PEGylated
amine functionalized gold nanoparticles (AuNPs-NH 2) whose stock solution had a concen-
tration of 3.0 nM. AgNPs were purchased from (Sigma Aldrich Johannesburg, South Africa)
in the size of 10 nm in diameter with the concentration of 0.02 mg mL � 1 suspended in a 1%
sodium citrate solution as a stabilizer. For TiO 2 NPs, a unit of standard reference material
(SRM) 1898 was purchased from the National Institute of Standards and Technology (NIST,
Gaithersburg, MD, USA). All the nanoparticle suspensions were prepared under sterile
conditions. Transmission electron microscope (TEM) (JOEL Ltd. JEM-2100) (Lireweg, The
Netherlands) analyses were performed before and after dissolution studies to monitor the
morphological changes in the nanoparticles upon exposure to simulated �uids. The Specord
50 Analytik Jena Ultraviolet-Visible spectrophotometer (UV-is) (Analytik Jena GmbH+Co.
KG, Jena/Germany) was used to determine the agglomeration and aggregation state of
NPs in simulated media at various wavelengths before and after dissolution experiments.
Titanium dioxide nanoparticles were further characterized with an X-ray diffractometer
the PANayltical X’Pert Pro powder diffractometer instrument (Malvern, United Kingdom)
was used to determine their crystalline structure and to con�rm whether they existed in
the anatase or rutile crystal phase. This instrument was �tted with 1D X’Celerator detector,
10 mm programmable divergence slit and sample spinner (Spinner PW3064) with a rotation
time of 1 s. The X-ray radiation source was Cu K � (� = 0.15405 nm) tube, operating at
40 kV and 40 mA conditions. The measurement was carried out under Gonio scan axis
with continuous scan type, step size, scan step time and 2� range of 0.0170� , 2� , 87 s and (5
to 90� ), respectively. The P-XRD sample was transferred onto the low background silicon
sample holder. After the X-ray measurements, raw data were interpreted by using High
Score (Plus) software with ICDD PDF-4+ 2019 database. The concentrations of dissolved
Au, Ag and Ti ions were obtained using inductively coupled mass spectrometer (ICP-MS)
(Agilent Technologies, 7700 series ICP-MS, Santa Clara, CA, USA).



Nanomaterials2023, 13, 1653 4 of 19

2.2. Preparation of Simulated Fluids
Nanoparticles can enter the human body via various routes, the focus of this present

research study was therefore exposure via inhalation, ingestion, intravenous and envi-
ronmental exposure through waste disposal. Subsequently, simulated phagolysosomal
�uid (PSF) and Gamble’s �uid (GF) were chosen to represent lung �uids found in cellular
lysosomes and deep within the lungs at pH 4.5 and pH 7.4, respectively. Whereas gastric
�uid (GIF) and intestinal �uid (IF) were representative of stomach �uids at pH 2.0 and
pH 7.5, respectively. Lastly, blood plasma (BP) at pH 7.2 which is a �uid that carries blood
components throughout the body. The synthetic environmental media of choice were fresh-
water (FW) and seawater (SW). The preparation of all the simulated �uids was adopted
from the procedure presented by Innes et al. [ 16] and Marques et al. [36] using the reagents
listed in Table 1. Synthetic environmental media were prepared following the procedure
recommended by the United States (U.S) Environmental Protection Agency (EPA). These
reagents were dissolved in 5 L of ultrapure milli-Q water with a resistivity of 18.2 M W�cm
in the order given in Table 1, and the pH was adjusted with either 1 M hydrochloric acid
or 1 M sodium hydroxide. A 25 � L alkylbenzyldimethylammonium chloride (ABDC) the
anti-fungal agent was added to each 5 L container to preserve the simulated biological
�uids and synthetic environmental media.

Table 1. Chemical composition, pH and ionic strength of simulated �uids (Marques et al., 2011).

Chemical Composition (g 5 L � 1) BP GF GIF IF PSF FW SW

Bile salts - - - 45 mL - - -

Borax - - - - - - 0.17

Calcium chloride 1.46 - - 2.49 - - -

Calcium chloride anhydrous - - - - - - 1.320

Calcium chloride dihydrate - 1.84 - - 0.14 - -

Calcium sulphate anhydrous - - - - - 0.37 -

Glycine - - - - 2.25 - -

Magnesium chloride - 1.015 0.95 47.5

Magnesium chloride hexahydrate 1.65 - - - - -

Magnesium sulphate anhydrous - - - - - 0.037 -

Mucin - - 15 mg - - - -

Pancreatin - - - 45 mL - - -

Pepsin - - 5 mL - - - -

Potassium bromide - - - - - - 0.44

Potassium chloride 1.12 1.49 35 1.49 0.0025 3.05

Potassium hydrogen phthalate - - 1.215 - 20.43 - -

Potassium phosphate dibasic trihydrate 1.15 - - - - - -

Sodium acetate - 4.76 - - - - -

Sodium chloride 40.17 30.09 14.61 33.25 105.1

Sodium hydrogen carbonate 1.77 13.02 - - - 0.06 0.85

Sodium hydrogen phosphate - 0.71 - - 0.171 - -

Sodium sulphate 0.36 0.36 17.6

Sodium sulphate anhydrous - 0.085 - - - - -

Strontium chloride - - - - - - 0.1
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Table 1. Cont.

Chemical Composition (g 5 L � 1) BP GF GIF IF PSF FW SW

Tris(hydroxymethyl) aminomethane 30.59 - - - - - -

Trisodium citrate dihydrate - 0.485 - - - - -

Urea - - - 1.5 - - -

1 M HCl 195 mL - - - - -

Ionic strength
(mol L � 1) 0.15 0.17 0.16 0.16 0.34 0.05 3.5

pH 7.2 7.4 2.0 6.8 4.5 6.8 8.0

BP�Blood plasma; GF�Gamble’s �uid; GIF�Gastric �uid; IF�Intestinal �uid; PSF�Phagolysosomal �uid;
FW�Freshwater; SW�Seawater.

2.3. Continuous Flow-Through Dissolution Procedure
The continuous �ow-through dynamic method of dissolution testing protocol shown

in Figure 1 used in this study was adapted from Keller et al. [ 37] and Koltermann-Jülly
et al. [38] with minor changes to match the speci�cations of nanoparticles. This dissolution
protocol was speci�cally selected because it is regarded to be more re�ective of dissolution
occurring in biological and environmental surroundings. It is therefore recommended to
avoid achieving an equilibrium that would restrict dissolution. A volume of 2 mL of gold
and silver nanoparticles were drawn from the nanoparticle stock solutions and transferred
into small centrifuge tubes. These were centrifuged at 13,000 times gravity for 30 min to
pre-concentrate the samples which formed pellets. The pellets were transferred separately
into the lower chamber of the �ow through units. The �ow through units containing the
pellets were then �lled with simulated �uids to create a nanoparticle suspension. TiO 2 NPs
were in a powder form therefore, a mass of 1 mg of titanium dioxide nanoparticle powder
was weighed onto a membrane and was also transferred into the lower chamber of the �ow
through unit which was also �lled with simulated �uid forming a nanoparticle suspension.
An o-ring membrane holder was placed on top of the �ow through unit containing the
NP suspensions which was then sealed with the 3.5 kD membrane. The three separate
�ow through units containing AuNP, AgNP and TiO 2 NP suspensions were then closed
with a membrane (Spectrum/Por 3�Standard RC Discs�MWCO: 3.5 kD�33 mm 2) pore
size to only permit the movement of dissolved ions. A small pore size membrane was
carefully selected to ensure that all the nanoparticles were kept inside the �ow through
units whilst only permitting the dissolved ions to diffuse into the bulk �uid. A second
�ow through unit (upper chamber) was placed on top of the membrane sealed lower
chamber and tightly closed to only permit the movement of dissolved ions into the fraction
collectors. The three separate �ow through units were simultaneously submerged in a
water bath maintained at 37 � C to mimic physiological conditions and room temperature
25 � C for synthetic environmental �uids. The simulated �uids from the �uid reservoir
were pumped through the �ow through units using the peristaltic pump at 8 mL/h and
the eluate containing dissolved ions were continuously collected by the fraction collectors.
The concentration of released ions from the eluate were analysed by ICP-MS to determine
the level of dissolved ions of gold, silver and titanium. The programmable sampler drew
8 mL/h of the eluate. The dissolution experiments were conducted over a period of 10 days
and triplicate samples were taken and measured. Samples were collected in 30 min interval
for the �rst 4 h and once a day for the next 10 days. Sampling times were 0 h, 0.5 h, 1 h,
1.5 h, 2 h, 2.5 h, 3 h, 3.5 h and 4 h. From day 2 to day 10 samples were collected at 24 h,
48 h, 72 h, 96 h, 120 h, 144 h, 168 h, 192 h and 2016 h. Reported in the results section is an
average of the three measurements.
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Figure 1. Continuous �ow-through dissolution system protocol.

2.4. Determination of the Kinetic Parameters
The dissolution of nanoparticles follows the �rst order reaction kinetics and involves

the mass transfer rate process whereby the solute is transported from the nanoparticle
surface to the bulk �uid surrounding the nanoparticles. The rate of solute liberation and
transport from the nanoparticle surface is calculated using the dissolution kinetics model
described below. To determine the dissolution rate constant and half-time of nanoparticles
in the current research, the dissolution data were �t to a �rst order kinetic model previously
described by Keller et al. [39] and Koltermann-Jülly et al. [ 38] using the following equation:

Mdissolved(T) =
m(ENM )

m(metal ion)
� å T

i= 0 ci ( ion) � Vi � Dt i (1)

where Mdissolved(T) is the mass of the dissolved nanoparticles, m(ENM ) is the initial mass
of the nanoparticles weighed before the commencement of the dissolution experiments,
m(metal ion) is the mass of dissolved nanoparticles obtained at different sampling time
points, ci ( ion) is the concentration of dissolved ions obtained at a speci�c sampling time
point, Vi is the volume sampled at different times and Dt i is the different time interval
where samples were collected to determine the amount of dissolved ions. Equation (1)
gives us the rate of mass removal and the dissolution rate k is obtained using Equation (2)
which is calculated as follows:

M solids(T) = M0 � Mdissolved(T) (2)

From Equation (2) the mass of nanoparticles remaining can be determined where
M solids(T) is the mass remaining after dissolution has occurred, M0 represents the initial
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mass of the before dissolution and Mdissolved(T) is the mass dissolved at different sampling
time points. Equation (2) allows us to determine the dissolution rate k which is calculated
using the following equation:

k = ln f M0 / M solids(T)g/ (SSA(T) � T) (3)

where k is the dissolution rate, SSA represents the initial surface area of the nanoparticles
before dissolution and T is the time taken for the duration of the dissolution experiments.
The initial surface area provided in Table 2 was used to calculate the half-time of nanopar-
ticles to predict their duration in biological and environmental surroundings using the
following equation:

t1/2 =
ln 2

k � SSA
(4)

Table 2. Physical�chemical description of AuNPs, AgNPs and TiO 2 NPs.

Nanoparticles Simulated
Fluids UV-Vis Absorption Wavelength Surface Area Particle

Size Diameter Crystallinity (XRD)

[nm] [m2/g] [nm] [%]

Before After

Citrate-AuNPs BP 520 549 25 14 None
Citrate-AuNPs GF 520 549 21 14 None
Citrate-AuNPs GIF 520 549 23 14 None
Citrate-AuNPs IF 520 549 21 14 None
Citrate-AuNPs PSF 520 549 20 14 None
Citrate-AuNPs FW 520 549 22 14 None
Citrate-AuNPs SW 520 549 20 14 None

COOH-AuNPs BP 520 547 24 14 None
COOH-AuNPs GF 520 547 23 14 None
COOH-AuNPs GIF 520 547 24 14 None
COOH-AuNPs IF 520 547 26 14 None
COOH-AuNPs PSF 520 547 26 14 None
COOH-AuNPs FW 520 547 24 14 None
COOH-AuNPs SW 520 547 25 14 None

NH 2-AuNPs BP 520 540 22 14 None
NH 2-AuNPs GF 520 540 23 14 None
NH 2-AuNPs GIF 520 540 22 14 None
NH 2-AuNPs IF 520 504 22 14 None
NH 2-AuNPs PSF 520 504 20 14 None
NH 2-AuNPs FW 520 540 18 14 None
NH 2-AuNPs SW 520 540 20 14 None

AgNPs BP 400 450 22 10 None
AgNPs GF 400 450 22 10 None
AgNPs GIF 400 400 18 10 None
AgNPs IF 400 450 15 10 None
AgNPs PSF 400 400 15 10 None
AgNPs FW 400 450 26 10 None
AgNPs SW 400 400 20 10 None

TiO2 NPs BP 300 320 57 25 Mix rutile/anatase
TiO2 NPs GF 300 320 58 25 Mix rutile/anatase
TiO2 NPs GIF 300 320 56 25 Mix rutile/anatase
TiO2 NPs IF 300 320 55 25 Mix rutile/anatase
TiO2 NPs PSF 300 320 55 25 Mix rutile/anatase
TiO2 NPs FW 300 320 59 25 Mix rutile/anatase
TiO2 NPs SW 300 320 58 25 Mix rutile/anatase

To calculate the mass of dissolved ions and account for the molar masses of the
nanoparticles and detectable metal ions, we multiplied the measured ion concentration
of each eluate by the eluted volume. This allowed us to calculate the percentage mass of
remaining nanoparticles during the sampling time intervals.
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2.5. Statistical Analysis
The data on dissolution are presented as the mean standard deviation of at least

three independent measurements. To determine signi�cant differences in the dissolution
kinetics of AuNPs, AgNPs and TiO 2 NPs in various simulated body �uids and synthetic
environmental media, a multiple variable ANOVA analysis was performed using RStudio
version 1.2 software. p < 0.05 was considered statistically signi�cant.

3. Results
3.1. Physichichemical Properties of AuNPs, AgNPs and TiO2NPs

Investigating the biodurability and persistence of nanoparticles requires a thorough
and accurate characterization of the particles’ physicochemical properties which can in turn
be linked to their dissolution behaviour. In the present study, UV-vis, XRD and TEM were
used to characterize, assess and monitor morphological changes and agglomeration states
of AuNPs, AgNPs and TiO 2 NPs before and after the dissolution experiments. Table 2
shows the physicochemical characterization of AuNPs, AgNPs and TiO 2 NPs.

Generally, the UV-vis spectra of gold, silver and titanium dioxide nanoparticles have
a localized surface plasmon resonance peaks at 520 nm, 400 nm and 300 nm, respec-
tively [40�43]. This was con�rmed by the UV-vis characterization of these nanoparticles
before the dissolution experiments as shown in Table 2. After exposure to simulated �uids
there was an observable shift to higher wavelengths for all the three nanoparticles. Inter-
estingly this red shift for AuNPs was functional group speci�c. For example, -AuNPs-cit
shifted to 547 nm followed by AuNPs-COOH at 540 nm then lastly AuNPs-NH 2 shifted to
540 nm. These subtle differences are likely due to that the functionalized AuNPs are coated
with polyethylene glycol (PEG) then functionalized with the carboxyl and amine functional
groups. Consequently, PEG provides electro steric stabilizing thereby preventing the parti-
cles from combining to form agglomerates as a result, they remain monodispersed [ 44,45].
However, the citrate on the citrate stabilized AuNPs is just a stabilizing agent which can
be easily displaced from the NP surface as a result it is easier to from agglomerates once
the stabilizing agent is removed. For AgNPs there was an observable shift to higher wave-
length (450 nm) for particles in contact with neutral media such as blood plasma, intestinal
�uid, Gamble’s �uid and freshwater. This indicates that after a prolonged exposure of
silver nanoparticles to these simulated �uids the particles physically coalesce to form larger
particles. Generally larger particles absorb light at higher wavelength than smaller particles
hence there was an observable shift to higher wavelengths for the agglomerates. TiO2 NPs
exhibited a similar trend whereby there was a shift to higher wavelengths (320 nm) after
exposure to simulated �uids indicative of particle aggregation as the time of exposure to
simulated �uids increased. For AuNPs and AgNPs this red shift in wavelength was due to
particle agglomeration whereas, for TiO 2 NPs the major cause of the shift was formation of
particle aggregates. Particle aggregation leads to a reduced surface area because particles
combine to form a union of larger particles through weak Van der Waal forces [ 35,46,47].
As a result, the nanoparticle absorbs UV-light at a much higher wavelength as shown in
Table 2 after dissolution experiments.

3.2. XRD Characterization of TiO2 NP Powder
The TiO2 nanoparticle powder was examined using XRD to assess its crystallographic

phase, whether it was rutile, anatase, or a combination of both. The XRD pattern of
the nanoparticles can be seen in Figure 2, with the peak positions at 2� and their Miller
indices. The TiO2 XRD data demonstrated very sharp peaks. The strong diffraction
peaks exhibited by the XRD pattern at angles 25� , 37� , 47� , 55� , 62� , 68� , 70� , 75� and 82�

correspond to Miller indices of (101), (004), (200), (211), (204), (116), (220), (215) and (224)
plane, respectively. The major component of the TiO2 NPs sample was con�rmed to be
anatase. However, there was a minor presence of rutile which is represented by the peaks
corresponding to (110) and (211) planes.
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Figure 2. X-ray diffraction pattern of TiO 2 NPs powder.

3.3. TEM Characterization of AuNPs, AgNPs and TiO2 NPs
TEM was used to investigate the morphological changes in AuNPs, AgNPs and TiO 2

NPs in simulated �uids before and after the dissolution experiments. The TEM images
of AuNPs-cit, AuNPs-COOH, AuNPs-NH 2, AgNPs and TiO 2 NPs in simulated �uids are
shown in Figure 3a�e respectively.

Nanomaterials�12023,�113,�1x�1FOR�1PEER�1REVIEW�1 9�1of�119�1
�1

�1

nanoparticles�1can�1be�1seen�1in�1Figure�12,�1with �1the�1peak�1positions�1at�12�Œ�1and�1their �1Miller �1indi-
ces.�1The�1TiO2�1XRD�1data�1demonstrated�1very �1sharp�1peaks.�1The�1strong�1di �� raction�1peaks�1ex-
hibited �1by�1the�1XRD�1pa�4ern�1at�1angles�125°,�137°,�147°,�155°,�162°,�168°,�170°,�175°�1and�182°�1correspond�1
to�1Miller �1indices�1of�1(101),�1(004),�1(200),�1(211),�1(204),�1(116),�1(220),�1(215)�1and�1(224)�1plane,�1re-
spectively.�1The�1major�1component�1of�1the�1TiO2�1NPs�1sample�1was�1conÞrmed�1to�1be�1anatase.�1
However, �1there�1was�1a�1minor �1presence�1of�1rutile �1which �1is�1represented�1by�1the�1peaks�1corre-
sponding �1to�1(110)�1and�1(211)�1planes.�1

�1

Figure �12.�1X-ray�1di �� raction�1pa�4ern�1of�1TiO2�1NPs�1powder. �1

3.3.�1TEM�1Characterization�1of�1AuNPs,�1AgNPs�1and�1TiO2�1NPs�1

TEM�1was�1used�1to�1investigate�1the�1morphological �1changes�1in�1AuNPs,�1AgNPs�1and�1TiO2�1
NPs�1in�1simulated �1ßuids�1before�1and�1after�1the�1dissolution �1experiments.�1The�1TEM�1images�1of�1
AuNPs-cit, �1AuNPs-COOH, �1AuNPs-NH 2,�1AgNPs�1and�1TiO2�1NPs�1in�1simulated �1ßuids�1are�1
shown�1in�13a–e�1respectively.�1

�1
(a)�1

Figure 3. Cont.



Nanomaterials2023, 13, 1653 10 of 19Nanomaterials�12023,�113,�1x�1FOR�1PEER�1REVIEW�1 10�1of�119�1
�1

�1

�1

(b)�1

�1

(c)�1

�1

(d)�1

Figure 3. Cont.
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Figure �13.�1TEM�1images�1of�1cit-stabilized �1AuNPs�1(a);�1COOH-AuNPs �1(b)�1NH 2-AuNPs�1(c),�1AgNPs�1(d)�1
and�1TiO2�1NPs�1(e)�1in�1simulated �1biological �1and�1environmental �1ßuids�1before�1and�1after�1dissolution �1tests.�1
BP,�1GF,�1GIF,�1IF�1and�1PSF�1are�1simulated �1biological �1ßuids�1for �1blood�1plasma,�1Gamble’s�1ßuid, �1gastric�1
ßuid, �1intestinal �1ßuid �1and�1phagolysosomal�1ßuid, �1respectively.�1FW�1and�1SW�1are�1synthetic�1environ-
mental�1ßuids�1for �1freshwater�1and�1seawater,�1respectively.�1

The�1average�1nanoparticle�1diameter�1measured�1using�1Image�1J�1software�1(National �1Insti-
tute�1of�1Health, �1version�1no�1Java1.8.0_172)�1were�114�1±�12.8�1nm�1for �1citrate�1stabilized�1AuNPs,�114�1
±�12.3�1nm�1for �1COOH-AuNPs �1and�114�1±�11.7�1nm�1for �1NH 2-AuNPs.�1Whereas�1the�1AgNPs�1had�1a�1
size�1diameter�1of�1about�110�1±�10.8�1nm�1which �1was�1smaller�1than�1that�1of�1TiO2�1NPs�1with �1the�1size�1
of�125�1±�13.1�1nm.�1The�1gold �1and�1silver �1nanoparticles�1were�1spherical�1in�1shape�1as�1shown�1in�1
Figure�13a–d.�1However, �1TiO2�1NPs�1were�1irregular �1in�1morphology, �1and�1some�1were�1spherical�1
as�1seen�1in�1Figure�13e.�1Among �1the�1AuNPs�1the�1citrate�1stabilized�1AuNPs �1tended�1to�1form �1mul-
tiple �1single�1particle �1clusters�1after�1exposure�1to�1simulated �1ßuids.�1In�1contract,�1the�1pegylated�1
carboxyl�1and�1amine�1functionalized �1gold �1nanoparticles�1(AuCOOH) �1and�1(AuNH 2)�1remained�1
monodispersed�1throughout �1the�1duration �1of�1the�1dissolution �1experiments.�1The�1Peg�1polymer �1
coating�1present�1on�1the�1surface�1of�1functionalized �1gold�1nanoparticles�1provides �1steric�1stabil-
ity �1which �1prevents�1the�1particles�1from �1colliding �1together�1to�1form �1clusters.�1Additionally, �1
polymers �1are�1always�1present�1in�1the�1suspension�1system�1for �1steric�1stabilization, �1and�1they�1
adsorb�1onto�1the�1particle �1surface,�1resulting �1in�1an�1additional �1steric�1repulsive �1force.�1Silver�1
nanoparticles�1were�1spherical�1in�1shape�1and�1monodispersed.�1The�1morphological �1analysis�1of�1
the�1TiO2�1nanopowder �1by�1TEM�1(Figure�13e)�1showed�1high �1degrees�1of�1particle �1aggregation�1in�1
all �1simulated �1ßuids�1despite�1the�1di �� erences�1in�1chemical�1composition, �1pH �1and�1ionic�1strength�1
of�1the�1simulated �1ßuids�1[48,49].�1The�1formation �1of�1nanoparticle�1aggregates�1is�1due�1to�1Van�1der�1
Waals�1interactions�1on�1the�1nanoparticle�1surface.�1During �1particle–particle �1interactions,�1if �1the�1
force�1of�1a�4raction�1far�1exceeds�1the�1repulsive �1forces,�1then�1particles�1will �1tend�1to�1stick�1together�1
to�1form �1aggregates�1[29,50].�1The�1formation �1of�1nanoparticle�1aggregates�1can�1hinder �1the�1dis-
solution �1process�1by�1reducing �1the�1exposed�1surface�1area�1of�1the�1particle �1[51].�1Additionally, �1
particle�1aggregation�1can�1introduce �1a�1kinetic �1hindrance�1e�� ect�1to�1the�1di �� usion�1process�1
thereby�1signiÞcantly�1reducing �1chances�1of�1dissolution �1[52].�1

3.4.�1Dissolution�1Curves�1of�1AuNPs,�1AgNPs�1and�1TiO2�1NPs�1

Figure�14�1presents�1the�1dissolution �1curves�1of�1AuNPs,�1AgNPs�1and�1TiO2�1NPs�1in�1various�1
simulated �1biological �1ßuids�1and�1synthetic�1environmental �1media.�1The�1dissolution �1curves�1are�1
reported�1as�1a�1percentage�1mass�1of�1nanoparticles�1that�1remained�1undissolved �1in�1the�1reaction�1

Figure 3. TEM images of cit-stabilized AuNPs ( a); COOH-AuNPs ( b) NH 2-AuNPs (c), AgNPs (d) and
TiO2 NPs (e) in simulated biological and environmental �uids before and after dissolution tests. BP,
GF, GIF, IF and PSF are simulated biological �uids for blood plasma, Gamble’s �uid, gastric �uid,
intestinal �uid and phagolysosomal �uid, respectively. FW and SW are synthetic environmental
�uids for freshwater and seawater, respectively.

The average nanoparticle diameter measured using Image J software (National Insti-
tute of Health, version no Java1.8.0_172) were 14� 2.8 nm for citrate stabilized AuNPs,
14 � 2.3 nm for COOH-AuNPs and 14 � 1.7 nm for NH 2-AuNPs. Whereas the AgNPs
had a size diameter of about 10 � 0.8 nm which was smaller than that of TiO 2 NPs with
the size of 25 � 3.1 nm. The gold and silver nanoparticles were spherical in shape as
shown in Figure 3a�d. However, TiO 2 NPs were irregular in morphology, and some were
spherical as seen in Figure 3e. Among the AuNPs the citrate stabilized AuNPs tended to
form multiple single particle clusters after exposure to simulated �uids. In contract, the
pegylated carboxyl and amine functionalized gold nanoparticles (AuCOOH) and (AuNH 2)
remained monodispersed throughout the duration of the dissolution experiments. The Peg
polymer coating present on the surface of functionalized gold nanoparticles provides steric
stability which prevents the particles from colliding together to form clusters. Additionally,
polymers are always present in the suspension system for steric stabilization, and they
adsorb onto the particle surface, resulting in an additional steric repulsive force. Silver
nanoparticles were spherical in shape and monodispersed. The morphological analysis of
the TiO2 nanopowder by TEM (Figure 3e) showed high degrees of particle aggregation in
all simulated �uids despite the differences in chemical composition, pH and ionic strength
of the simulated �uids [ 48,49]. The formation of nanoparticle aggregates is due to Van
der Waals interactions on the nanoparticle surface. During particle�particle interactions,
if the force of attraction far exceeds the repulsive forces, then particles will tend to stick
together to form aggregates [29,50]. The formation of nanoparticle aggregates can hinder
the dissolution process by reducing the exposed surface area of the particle [51]. Addition-
ally, particle aggregation can introduce a kinetic hindrance effect to the diffusion process
thereby signi�cantly reducing chances of dissolution [52].

3.4. Dissolution Curves of AuNPs, AgNPs and TiO2 NPs
Figure 4 presents the dissolution curves of AuNPs, AgNPs and TiO 2 NPs in various

simulated biological �uids and synthetic environmental media. The dissolution curves are
reported as a percentage mass of nanoparticles that remained undissolved in the reaction
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vessel over a period of 10 days expressed as time in hours. This method was adopted from
these researchers Koltermann-Jülly et al. [38] and Keller et al. [39].
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There�1was�1no�1complete�1dissolution �1of�1all�1the�1nanoparticles�1in�1all�1the�1simulated �1ßuids.�1
Additionally, �1dissolution �1was�1gradual �1in�1all �1cases�1meaning�1the�1release�1of�1ions�1from �1all �1the�1
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lowest�1dissolution �1whereby�1the�1maximum �1dissolution �1occurred�1in�1simulated �1phagolyso-
somal�1ßuid. �1In�1addition, �181%�1mass�1of�1the�1particles�1remained�1undissolved. �1However, �1for �1
NH 2-�1AuNPs,�1the�1dissolution �1was�1higher �1in�1alkaline�1media�1such�1as�1simulated �1blood�1
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Figure 4. Dissolution pro�les for cit-AuNPs ( A ); COOH-AuNPs ( B); NH 2-AuNPs (C); AgNPs
(D ) and TiO2 NPs (E) in simulated �uids. Simulated biological �uids are BP�Blood plasma, GF�
Gamble’s �uid, GIF�Gastric �uid, IF�Intestinal �uid and PSF�Phagolysosomal �uid. Synthetic
environmental media are FW�Freshwater and SW�Seawater.

There was no complete dissolution of all the nanoparticles in all the simulated �uids.
Additionally, dissolution was gradual in all cases meaning the release of ions from all the
nanoparticle surfaces commenced after 24 h. Of the three types of AuNPs, COOH-AuNPs
showed the highest amount of dissolved Au + ions with the maximum found in acidic
media such as gastric �uid and phagolysosomal �uid. For example, from the starting mass
of 1 mg, only 32% and 33% mass remained undissolved in simulated gastric �uid and
phagolysosomal �uid, respectively. Over the period of 10 days, cit-AuNPs exhibited the
lowest dissolution whereby the maximum dissolution occurred in simulated phagolyso-
somal �uid. In addition, 81% mass of the particles remained undissolved. However, for
NH 2-AuNPs, the dissolution was higher in alkaline media such as simulated blood plasma
and Gamble’s �uid. The reason for high dissolution of these nanoparticles could be due
to the presence of this compound in the simulated �uid which acts as a solubilizing agent
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and encourages formation of more soluble complexes [53]. This occurs via the complexa-
tion of the nanoparticles with these compounds thereby facilitating the liberation of these
nanoparticle ions which ultimately diffuse into the bulk �uid [ 53]. Interestingly, cit-AuNPs
showed limited dissolution compared to functionalized COOH-AuNPs and NH 2-AuNPs.
This demonstrates the effect of surface functionalization on dissolution.

AgNPs showed signi�cantly higher dissolution compared to both AuNPs and TiO 2
NPs. TEM images of AgNPs revealed a decrease in size diameter after the end of the disso-
lution experiments and this is evidence of dissolution. The nanoparticles started releasing
ions after 24 h of exposure to simulated �uids. AgNPs dissolved in acidic simulated gastric
�uid and phagolysosomal �uid within 48 h but took longer to dissolve in alkaline media
such as Gamble’s �uid, intestinal �uid and blood plasma. Generally, when particles were
exposed to simulated �uids, the dissolution was signi�cantly lower in alkaline media than
in acidic media. There was no observable plateau reached during dissolution because
under continuous �ow through conditions the equilibrium is not reached therefore, the
particles keep releasing ions till the end of the dissolution experiments. These results are
in agreement with those obtained by Keller et al. [ 39] where barium sulphate dissolved in
phagolysosomal �uid after two years.

For TiO2 NPs the amount of dissolved Ti ions did not even reach 50% of the initial
mass in all simulated �uids regardless of the differences in chemical composition and
pH of simulated �uids. The dissolution pro�le of TiO 2 NPs showed low dissolution in
both alkaline and acidic media. From the physicochemical properties data provided and
the TEM images in Figure 3, it can be observed that the surface area of TiO2 NPs is larger
compared to that of AuNPs and AgNPs. Research has shown that particles with a larger
surface area are less reactive than those with smaller surface area [54,55].

When comparing the dissolution pro�les of the synthetic environmental �uids, syn-
thetic seawater had lower dissolution of all three nanoparticles compared to freshwater.
However, COOH-AuNPs submerged in seawater dissolved faster than those exposed to
freshwater. Even though COOH-AuNPs dissolved faster in seawater, the dissolution of
particles in seawater and freshwater was not statistically signi�cant except AgNPs. Particles
showed degrees of agglomeration in both waters, but in seawater this was enhanced by
the high ionic strength of the media. This could be attributed to the high ionic strength of
seawater and the presence of divalent cations in high concentrations [30,56]. The in�uence
of ionic strength is further explained in the discussion section.

3.5. Dissolution Kinetics of AuNPs, AgNPs and TiO2 NPs
Dissolution kinetics are a crucial factor in determining the safety of nanoparticles,

which affect the biodurability and persistence of particles in biological and environmental
surroundings. The kinetic model presented in the materials and methodology section
was used to determine the dissolution kinetics. Additionally, the biodurability and per-
sistence of AuNPs, AgNPs and TiO2 NPs were estimated using the dissolution rates and
half-times. The data are presented in Table 3. The dissolution rates were determined over
a period of 10 days in different simulated biological �uids and synthetic environmental
media. From Table 3 it was observed that the dissolution rates of AgNPs were signi�cantly
higher (p < 0.05) and half-times were shorter in all media compared to those of AuNPs and
TiO2 NPs. For example, the half-times of AgNPs range between the period of 2�7 days,
whereas the half-times of AuNPs and TiO 2 NPs fall within the range of 4�12.5 days and
13.5�14.4 days, respectively. TiO2 NPs had longer half-times regardless of the pH and
chemical composition of simulated �uids. Generally, dissolution rates of particles in simu-
lated gastric �uid and phagolysosomal �uid were higher than those of alkaline media such
as blood plasma and intestinal �uid with the exception of NH 2-AuNPs. The dissolution
rate constants in Table 3 show that the dissolution rates of AuNPs increase in the rate of
COOH > NH 2 > citrate. Accordingly, the aggregation follows the inverse order and is
in�uence by the protection of the gold core by the polyethylene-glycol in the case of COOH
and NH 2 functionalized nanoparticles. The high dissolution rate of amine functionalized
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nanoparticles in simulated blood plasma, Gamble’s �uid and intestinal �uid could be
due to the interaction of the amine group and components of simulated �uids leading to
the formation of more soluble complexes. In the case of synthetic environmental �uids,
dissolution in simulated freshwater was faster than in seawater for all the nanoparticles.
This is due to the ionic strength of seawater. Furthermore, the dissolution rates data indicate
that the rate and extent of dissolution depends on the pH of simulated �uids, chemical
composition of the simulated �uids, nanoparticle surface area and aggregation state and
are nanoparticle speci�c. The observed dissolution rates of the nanoparticles in this study
followed the order AgNPs > AuNPs > TiO 2 NPs. These results were corroborated by those
obtained by Koltermann-Jülly et al. [ 38]; Keller et al. [ 39]; Braun et al. [54]; Shinohara
et al. [57].

Table 3. Comparison of the dissolution rates and half-times of AuNPs, AgNPs and TiO 2 NPs in
simulated �uids.

Nanoparticles Simulated Fluids Dissolution Rate
k

Half-Time
t1/2

p-Value

[ng/cm 2/h] [days]

Citrate-AuNPs BP 0.09 10 0.0621
Citrate-AuNPs GF 0.08 8.6 0.1138
Citrate-AuNPs GIF 0.08 8.6 0.2144
Citrate-AuNPs IF 0.06 12.5 0.0720
Citrate-AuNPs PSF 0.10 7.3 0.0591
Citrate-AuNPs FW 0.06 11.5 0.0820
Citrate-AuNPs SW 0.05 12.5 0.0931

COOH-AuNPs BP 0.08 6.5 0.0656
COOH-AuNPs GF 0.08 7 0.0809
COOH-AuNPs GIF 0.10 5 0.0633
COOH-AuNPs IF 0.06 9 0.0744
COOH-AuNPs PSF 0.10 5.7 0.0537
COOH-AuNPs FW 0.06 10 0.0644
COOH-AuNPs SW 0.09 7.5 0.0937

NH 2-AuNPs BP 0.13 4 0.1151
NH 2-AuNPs GF 0.11 6 0.2413
NH 2-AuNPs GIF 0.06 10 0.0655
NH 2-AuNPs IF 0.09 7 0.0594
NH 2-AuNPs PSF 0.06 10 0.0742
NH 2-AuNPs FW 0.13 4 0.0894
NH 2-AuNPs SW 0.06 10 0.0942

AgNPs BP 0.15 4 0.0021
AgNPs GF 0.15 4 0.0008
AgNPs GIF 0.18 2 0.0144
AgNPs IF 0.10 7 0.0420
AgNPs PSF 0.2 2 0.0231
AgNPs FW 0.12 6 0.0320
AgNPs SW 0.10 7 0.0231
TiO2NPs BP 3.70� 19� 05 13.6 0.0778

TiO2NPs GF 3.47� 10� 05 14.3 0.0898
TiO2NPs GIF 3.63� 10� 05 14.1 0.0755
TiO2NPs IF 3.67� 10� 05 14.2 0.0894
TiO2NPs PSF 3.65� 10� 05 14.3 0.0842
TiO2NPs FW 3.40� 10� 05 14.3 0.2329
TiO2NPs SW 3.43� 10� 05 14.4 0.1142
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4. Discussion
The high dissolution rates of silver nanoparticles can be attributed to the nanoparticle

surface exposed in the simulated �uids. From the TEM images it is evident that these silver
nanoparticles are monodispersed and not agglomerated meaning there is a larger particle
surface area exposed and this results in enhanced interaction between the components of
the simulated �uids and silver nanoparticles thereby encouraging dissolution. However,
this is not the case for titanium dioxide nanoparticles, as most of the particles are highly
aggregated thereby minimizing the exposed surface area. The effect of poor dissolution
because of particle aggregation is dramatically enhanced for poorly soluble particles such
as TiO2 NPs [53,57]. This is because smaller particles have many reactive atoms on the
nanoparticle surface and ready to interact with the components of the simulated �uids.
In addition, for this reason, TiO 2 NPs take longer to release Ti ions, therefore have low
dissolution. Additionally, the TEM images in Figure 2e show high degrees of TiO 2 particle
aggregation. In addition, particle aggregation has been shown to slow dissolution [ 17,58].
This is because as the particles combine to form clusters, this signi�cantly reduces the
particle surface area available for dissolution. As a result, the diffusion of Ti ions from the
surface is inhibited thereby limiting dissolution.

In addition to the surface area, particle size also affects the dissolution of nanoparticles.
From the physicochemical properties outlined in Table 1, it can be observed that AgNPs
have the smallest size diameter followed by AuNPs and TiO 2 NPs have the largest particle
diameter at 10 nm, 14 nm and 25 nm, respectively. The smaller the particle size the greater
the availability of the surface area and this leads to increased chances of ion diffusion from
the surface to the bulk �uid. It is for this reason that about 70% mass of Ag + ions dissolved
in simulated gastric �uid. Whereas the highest dissolution of Ti+ ions could only reach
a maximum of 55% in simulated gastric �uid. These results are corroborated by those
obtained by Hedberg et al. [50] and Murugadoss et al. [58].

Similar to particle size, particle surface functionalization is another factor that in�u-
ences the dissolution kinetics of nanoparticles. It could be inferred that the addition of
functional groups to the gold nanoparticles surface enhanced dissolution because the amine
and carboxyl functional groups have better solubilizing properties compared to citrate
stabilized AuNPs. Additionally, citrate was present on the AuNP surface as a stabilizing
agent therefore can be easily displaced thereby encouraging nanoparticle agglomeration.
These authors also concluded that the rate of dissolution depends on the type of functional
group attached to the nanoparticle surface [59�61].

Of all the simulated �uids, synthetic seawater had the highest ionic strength and
highest concentration of divalent cations such as Ca2+ and Mg 2+ These divalent cations
are known to induce particle aggregation by suppressing the electrostatic repulsive forces
between the particle�particle interactions [ 30,56]. This leads to the reduction in the surface
area to volume ratio thereby inhibiting dissolution from occurring. This would explain the
low dissolution rates of nanoparticles exposed to synthetic seawater. In so far as particle
functionalization is concerned, the presence of Polyethylene glycol (PEG) as a coating agent
on the surface of functionalized gold nanoparticles (COOH-AuNPs) and (NH 2-AuNPs)
reduces particle agglomeration and this is attributed to the steric repulsive forces imparted
by PEG on the nanoparticle surface. These results were corroborated by Botha et al. [44]
and Breitner et al. [45].

Generally, when particles were exposed to simulated �uids, the dissolution was signif-
icantly lower in alkaline media than in acidic media. This is because acidic conditions, as
evidenced by low pH values in gastric and phagolysosomal �uids, enable the oxidation
of nanoparticles into ions, increasing their solubility and thus the likelihood of dissolu-
tion [ 24,62]. As a result, nanoparticles exposed to acidic media would be less stable and
dissolve more readily than in alkaline media. This could explain why citrate stabilized
gold nanoparticles, carboxyl functionalized gold nanoparticles and silver nanoparticles
dissolved faster in highly acidic simulated gastric �uid and phagolysosomal �uid. Other
researchers corroborate these results and have observed that particles exposed to simulated
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�uids characterized by alkaline conditions reach a point of zero charge and generally low
amounts of ions get released under these circumstances [53,63].

5. Conclusions
This study investigated the biodurability and persistence of gold, silver and tita-

nium dioxide nanoparticles using the continuous �ow-through system. The dissolution
kinetics of the nanoparticles were affected by pH, ionic strength, particle aggregation and
agglomeration state, as well as surface functionalization. Results showed that all three
types of nanoparticles had varying levels of biodurability/persistence; however, silver
nanoparticles had the highest rate of dissolution in all simulated biological �uids and
synthetic environmental media. This suggests that silver nanoparticles are more likely to
have short-term health and environmental effects, which could be similar to those caused
by dissolved Ag ions. Gold nanoparticles on the other hand may have the potential to cause
both short-term and long-term health and environmental effects depending on their sur-
face functionalization. PEGylated gold nanoparticles are more resistant to agglomeration
than citrate-stabilized gold nanoparticles due to ligand-promoted processes that increase
dissolution rates. Citrate-stabilized gold nanoparticles have low dissolution rates and can
cause long-term health effects as they are more stable and persistent. Titanium dioxide
nanoparticles have low dissolution rates, high stability and form agglomerates, making
them particularly biodurable and biopersistent in aquatic environments and likely to cause
long-term toxicity. To ensure the safety of workers, consumers and the environment, it is
critical to study the biodurability and persistence of nanoparticles.
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