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Abstract  
 

Protein adsorption on nanoparticles has become fundamental in a variety of applications 

including drug delivery, nanoparticle-based biosensors and environmental biotechnology. 

However, the fundamental principles behind protein adsorption at the solid-liquid interface, 

especially nanoparticles, is not completely understood. This is due to the wide range of 

proteins and their subsequent wide range of interactions with different nanomaterials. In 

this study, the interactions between proteins and gold nanoparticles was investigated with 

emphasis on optimising a method for protein quantitation, comparing the adsorption of a 

range of differently sized proteins and investigating the effect of protein adsorption onto 

gold on enzymatic activity. We showed that the analytical method ICP-AES was highly 

applicable for protein quantitation with many advantages over more conventional 

techniques. Similarly, the Bradford assay and NanoOrange fluorescence assay proved 

capable of accurate protein quantitation and given their simplicity and wide availability are 

ideal for quick adsorption analysis. We also show that the ability to form Au-S bonds is 

highly advantageous for protein interactions with gold nanoparticles demonstrated by the 

adsorption of GST which adsorbed to a much higher extent than the other proteins 

investigated due to the presence of four thiol groups. Moreover, optimising the adsorption 

of a particular protein requires specific conditions shown by the inability to measure 

cytochrome C adsorption at a neutral pH.  Finally, we showed that adsorption onto gold has 

a significant impact on enzymatic activity verified by the decrease in HRP activity upon 

adsorption onto the surface. Importantly, the activity did not completely deplete suggesting 

the potential use of enzyme immobilisation on gold nanoparticles.    
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1. Introduction  
 

1.1. Protein adsorption on solid materials  

Protein adsorption at the solid-liquid interface is a ubiquitous process and is fundamental in 

a wide variety of important and novel applications (Blanco et al., 2015; Zhang et al., 2008). 

The aim of predicting, controlling and manipulating protein adsorption has led to the 

development of many research projects and has been the main driving force for research in 

this field. Whilst several areas of the protein adsorption phenomenon have been explained, 

numerous questions are still yet to be answered. This is due to the high complexity and 

variability of proteins and the range of solid surfaces to which they can bind to.  

1.1.1. Protein structure  

Proteins are complex biopolymers composed of one or more long chains of 20 naturally 

occurring amino acids with some containing additional side chains such as oligosaccharides, 

lipids and phosphates, introduced after translation. These macromolecules are universal in 

living systems and possess a comprehensive range of physical and chemical properties 

brought about by their complex structures .  

Typically, there are 4 levels of structure to a protein referred to as the primary, secondary, 

tertiary and quaternary structure (Figure 1).  

 

 

 Figure 1: Hierarchy of the levels of protein structure. Adapted from (Vasudevan et al., 2016) 

 

A proteins primary structure simply consists of the chain of amino acids within the 

polypeptide chain/s of which the protein is composed. Even at the primary level there is a 
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substantial complexity to a protein because of variations in size, hydrophobicity, charge and 

acidity brought about by the different amino acids within the sequence. The secondary 

structure consists of small-scale 3D structures conferred by the interactions of amide groups 

present within the amino acids. The main structural classes are alpha helices, which are 

coiled structures caused by hydrogen bonds between N-H group of one amino acid and the 

C=O group of the 4th amino acid, and beta sheets, which are pleated structures formed via 

the interactions of N-H and C=O groups of neighbouring lines of amino acids. The tertiary 

structure refers to the large-scale 3D conformation of a protein resulting from the 

interactions between alpha helices, beta sheets and side chains. The quaternary structure is 

simply the arrangement of several of these subunits together in a complex.  

The variability of all these basic and complex elements translates into a remarkable 

structural and functional complexity which makes simple predictions regarding their 

adsorption behaviour very complicated (Andrade et al., 1992). 

 

1.1.2. Influence of protein and surface properties 

An important fact to remember is that most proteins are large amphipathic molecules which 

means it is not often the case of getting the protein to adsorb but rather how to control 

their adsorption. Properties such as size, composition and structural stability all contribute 

to a protein’s adsorption behaviour and from these properties they can be classified with 

regard to their interfacial behaviour (Rabe et al., 2011). Small and rigid proteins such as β-

lactoglobulin, α-chymotrypsin and lysozyme are denoted as “hard” proteins which have 

little tendency for conformational changes upon contact with the surface. Alternatively, 

there are “intermediate” proteins which mainly consist of highly abundant plasma proteins 

like Immunoglobulins, transferrin and albumin which often undergo conformational change 

upon adsorption (Hlady and Buijs, 1996). To simplify this, the protein’s structure can be 

broken down into its individual domains showing specific characteristics such as 

charged/uncharged, hydrophobic/hydrophilic, and polar/non-polar (Andrade et al., 1992). 

The adsorption of Lipoproteins and Glycoproteins are heavily influenced by their lipid and 

glycan content. Generally, lipoproteins show a strong affinity to hydrophobic surfaces 

whereas the affinity of glycoproteins are hindered by their hydrophilic glycan groups 

(Andrade and Hlady, 1987). 
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Protein adsorption is not only affected by the properties of the protein but is also affected 

by the surface properties of the solid surface. Generally, the important parameters that 

should be contemplated are charge, morphology, polarity and surface energy (Hlady and 

Buijs, 1996). Typically, proteins will tend to adsorb more strongly to charged surfaces than 

uncharged surfaces andto non-polar surfaces than polar surfaces (Rabe et al., 2011). It has 

been stated that non-polar surfaces reduce the stability of proteins and hence drive protein 

conformational reorientation which leads to strong protein-protein and protein-substrate 

interactions (Anand et al., 2010). This idea supports the experimental findings that in the 

vast majority of cases, the affinity of proteins to a surface will increase in response to a 

hydrophobic surface and will decrease in response to a hydrophilic surface. However, there 

are exceptions to this rule of thumb. As mentioned before glycoproteins have a high affinity 

for hydrophilic planar surfaces compared to hydrophobic surfaces due to their high glycan 

content (McColl et al., 2007). 

Whilst most studies use unmodified substrates such as mica, quartz, metals, graphite and 

glass, some have surface modifications applied to favour certain protein interactions or 

protein repulsions. Some of the most common surface modifications include exposing noble 

metal-based substrates, mainly gold, to alkanethiols (Aslan and Pérez-Luna, 2002), the 

addition of polymer coated surfaces, membrane filter material (Nabe et al., 1997), or poly 

films to surfaces (Britt et al., 2000), and the silanisation of substrates containing hydroxyl 

groups through the addition of ethoxysilanes or chlorosilanes (Rabe et al., 2011). Using 

these techniques and choosing the appropriate functionalisation, parameters such as 

charge, morphology, polarity and surface energy can be easily adjusted to cater for specific 

proteins. 

 

1.1.3. Factors affecting protein adsorption  

 

Influence of external factors on protein adsorption  

The behaviour of proteins in adsorption experiments are heavily influenced by external 

parameters such as temperature, pH, ionic strength, and buffer composition (Rabe et al., 

2011). Temperature is arguably the most important parameter when it comes to protein 

adsorption and affects both adsorption kinetics and the equilibrium state. In response to an 
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increase in temperature adsorption rates generally increase due to an increase in diffusion 

rates. Given that protein adsorption is commonly driven by an entropy gain (although 

sometimes enthalpically driven) resulting from conformational changes of the protein upon 

surface binding and the release of molecules adsorbed on the surface, an increase in 

temperature will usually result in an increase in adsorption (Koutsoukos et al., 1983).  

The pH of a solution determines the electrostatic state of proteins. Proteins acquire a net 

neutral charge when the isoelectric point (pI) of a protein equals the pH of the solution due 

to a balance of positive and negative charges. When the pH drops below the proteins 

isoelectric point the molecule becomes more positively charged. Likewise, a higher pH 

(pH>pI) will result in a more negatively charged protein (Jones and O’Melia, 2000). The 

adsorption rates for proteins are higher when the proteins charge is opposite to the charge 

of the surface due to accelerated migration. Furthermore, the packing density on the 

surface is higher when at the proteins isoelectric point because of the minimised 

electrostatic protein-protein interactions (Demanèche et al., 2009).  

Another parameter which influences protein adsorption is ionic strength which is brought 

about by the concentrations of ions, and the charge of the ions within the solution. As a 

consequence of high ionic strength, electrostatic interactions decrease in length resulting in 

a lack of adsorption of oppositely charged protein and solid materials and an increase in the 

adsorption of like-charged substrates (Jones and O’Melia, 2000). Moreover, the adsorption 

kinetics can be influenced by ionic strength. Lateral interactions (section 1.1.4) between the 

proteins are reduced triggering an increase in packing density, cooperative effects are 

delayed (section 1.1.4) and protein-protein interactions are reduced. Additionally, an 

increase in ionic strength usually results in an increase in protein aggregation (section 1.1.4) 

(Fang and Szleifer, 2003; Rabe et al., 2008).  

Adsorption onto nanoparticles however may present several specific issues such as the 

flocculation of the colloid in which the nanoparticles are suspended as a result of opposite 

charges. Moreover, protein adsorbed on nanoparticles at neutral charge near the pI provide 

less electrostatic repulsion between nanoparticles and the colloid tends to be less stable 

than the case of charged proteins. These issues will be discussed further in section 1.2.  

The protein's orientation  
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Typically, proteins exhibit an asymmetric shape and are very rarely spherical. The most 

common protein shapes include the likes of rod-like, elliptical or even more complex shapes 

such as a Y for antibodies and a heart for BSA. Unlike in solution where proteins can rotate 

freely, as proteins bind to a solid surface such as a nanoparticle, they adapt a specific 

orientation which affects what part of the molecule is exposed and which part binds to the 

surface (Xu et al., 2006). For certain proteins such as enzymes and receptors this is 

particularly important especially when certain areas of the protein are required to exert its 

activity .  

The favoured orientation of a protein on a solid surface can generally be explained via its 

free energy minimum resulting from hydrogen bonds, van-der-Waals and attractive 

coulomb interactions, and the entropy gain of counter ion release or solvent molecules 

(Rabe et al., 2011). As a result of the high complexity of proteins, different regions of the 

protein have different affinities for the surface due to the location of specific amino acid 

residues within the structure. In order to show the properties of specific regions a 

commonly used concept is the patch concept which divides the surface of the protein into 

different patches which can be positive/negative and/or hydrophilic/hydrophobic (Lindman 

et al., 2007) (Figure 2). Proteins tend to expose the patch that has the opposite 

characteristic to the surface. This helps explain why net positive/negatively charged proteins 

bind to surfaces with the same charge, which is a counterintuitive but frequently observed 

phenomenon (De Vos et al., 2010).  
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Figure 2: Schematic representation of the orientational changes of β-Lactoglobulin in different surface 

densities. Top: A cartoon representation of β-Lactoglobulin showing the distribution of positively (red spheres) 

and negatively (blue spheres) charged amino acids. After strong simplification the protein is represented as 

globular entity consisting of positive and negative domains. Middle: At low surface densities the protein 

orientation is solely determined by surface–protein interactions. Bottom: At high surface densities increasing 

protein–protein interactions can trigger orientational changes leading to a decrease of protein–surface 

interactions. Figure adapted from (Rabe et al., 2011) 

 

Conformational changes   

Nowadays it is largely accepted that several proteins undergo conformational changes upon 

adsorption onto a solid surface. These changes occur due to the free energy of the protein 

in solution being different to the free energy of the protein when adsorbed onto the 

surface. The contact with the surface induces a rise in free energy which results in the 

protein undergoing structural rearrangement in order to maximise its footprint (Santore and 

Wertz, 2005; Giacomelli and Norde, 2001). The amount of rearrangement is highly 

dependent on the structural stability of the protein which can be characterised by the 

previously mentioned concept of hard and soft proteins (Hlady and Buijs, 1996). Initially, 
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proteins bind in their native state and undergo initial protein-surface binding but will 

undertake structural rearrangement based on an entropy gain owing to a loss of internal 

secondary structure and the release of solvation molecules and counter ions. Likewise, the 

protein will favour certain protein-surface binding mechanisms.  

Many proteins bind loosely initially and then increase their affinity for the surface when 

their conformation changes, however this process is usually slow due to a substantial 

amount of angular rotation occurring and hence protein denaturation (Sethuraman et al., 

2004). Therefore, the desorption kinetics of the protein layer bound is highly dependent on 

the time since the adsorption occurred. As a result, protein that has recently bound to the 

surface is easily eluted whereas after a certain time period, ranging from a few minutes to 

several hours, proteins already bound are pretty much permanently bound to the surface.  

1.1.4. The ensemble behaviour of proteins at interfaces  

 

Lateral interactions  

Lateral interactions refer to the possible interactions between proteins during adsorption as 

opposed to just the interactions between the protein and the surface. During the course of 

adsorption, starting with an empty surface, the mean distance between protein molecules 

decreases throughout the adsorption process. Hence, some of the effects associated with 

lateral interactions only come into play when a certain surface coverage has been achieved 

(Kurrat et al., 1994). Lateral interactions can have a significant impact on the packing density 

of the adsorbed protein monolayer. Smaller packing densities are observed when the pH 

values below and above the pI of the protein because proteins tend to bear a neutral net 

charge when the pH=pI which causes long range protein repulsions. A good example of this 

is  that BSA adsorbs 5 times as much when conducted at pH=pI compared to a pH of 3 (Lu et 

al., 1999). Therefore, proteins that bear a net change typically establish a loose layer.  

Cooperative effects  

Enhanced protein adsorption mediated by other adsorbed proteins is a frequently discussed 

phenomenon which is manifested by increasing adsorption rates because of increasing 

surface coverages or by sigmoidal adsorption isotherms (Vasina et al., 2005). Simply put, 

proteins that are in close proximity to a solid surface are more likely to adsorb if there are 

already proteins adsorbed in that particular area. This phenomenon can be expressed as 
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both positive and negative cooperativity which refers to adsorption rates that are either 

higher or lower than the expected Langmuir adsorption theory (Minton, 2001). A study by 

(Rabe et al., 2008) on the cooperative adsorption of BSA and fibrinogen suggested that 

protein aggregation was not definitely due to cooperative effects but could potentially be 

caused by a complex electrostatic field in the circumference of adsorbed proteins induces a 

kind of electrostatic self-assembly which in turn enhances the protein uptake rate. 

Protein aggregation 

Another important factor in protein adsorption is the aggregation/clustering of proteins 

ranging from a few monomers to several hundred all bound together. Protein aggregation 

has been shown to assist in the adsorption of proteins as well as influence adsorption 

kinetics and the resulting corona structure (Minton, 2000). The larger the protein cluster the 

higher the affinity of other proteins to that cluster. As such, this comes hand in hand with an 

increase in adsorption rates. Due to the high influence of the protein aggregate, this process 

can be coupled with the previously mentioned positive cooperativity (Minton, 2001).  

It was also shown that protein clusters in solution can bind onto a solid surface and spread 

over the surface (Rabe et al., 2009). The rate of spreading is heavily influenced by the 

surface properties; spreading is quick on hydrophobic surfaces and slower on hydrophilic 

surfaces. When a layer of proteins is already bound to the surface the binding and spreading 

of the protein cluster is dependent on the protein’s ability to move on the surface. Hence a 

high surface mobility correlates with high protein spreading (Rabe et al., 2011). Considering 

this, it is possible to prevent the adsorption of protein clusters with a dense monolayer of 

proteins if it exhibits a low surface mobility. 

 

 

 

 

 

 

 

1.2. Protein adsorption on nanoparticles 

Recently, the use of nanomaterials in biology, medicine and biotechnology has increased 

significantly as our understanding of how proteins interact with them has improved (Blanco 
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et al., 2015; Zhang et al., 2008; Çukurovali et al., 2008). As such, studies involving the 

adsorption of proteins on nanomaterials has rapidly intensified. Nanoparticles can be 

defined as a material of 2 or more dimensions within a size range of 1-100nm . They possess 

a broad range of properties and characteristics such as high surface area to volume ratios, 

mechanically strong, optically active and chemically active (Khan et al., 2017). There are 

several different types of nanoparticles that exist each with varying properties which makes 

them ideal for numerous applications.   

1.2.1. Material-based classification of nanoparticles  

Several classification systems exist to classify nanoparticles, however, the most commonly 

used is based on the nanoparticles material (Jeevanandam et al., 2018). Generally, 

nanoparticles can be classified into 4 main types: Carbon-based, Organic-based 

nanomaterials, Inorganic-based, and Composite-based nanomaterials (Figure 3).  

 

Figure 3: Examples of the different types of nanomaterials based on a material classification. Figure adapted 
from (Manawi et al., 2018; Silva et al., 2015; Cherukula et al., 2016; Wang and Huang, 2014) 

1) Carbon-based nanomaterials  
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These nanomaterials contain Carbon and are generally found in spheres, hollow tubes or 

ellipsoid shapes (Manawi et al., 2018). Some common examples include carbon nanotubes 

(CNT), Fullerenes (C60), graphene and carbon nanofibers (Figure 3).  

2) Organic-based nanomaterials  

These nanomaterials are mostly made from organic matter and exclude carbon-based or 

inorganic-based nanomaterials (Silva et al., 2015). Typically, these nanomaterials are formed 

via the formation of noncovalent interactions which helps the organic nanomaterials form 

desired structures including liposomes, dendrimers and micelles (Figure 3). 

3) Inorganic-based nanomaterials  

These nanomaterials include metal and metal oxide nanoparticles and nanostructured 

materials which can be synthesised into metals including the commonly used gold and silver 

nanoparticles, metal oxides such as zinc oxide and titanium dioxide nanoparticles, and 

semiconductors for example silicon and ceramics (Cherukula et al., 2016) (Figure 3).  

4) Composite-based nanomaterials 

Composite nanomaterials are particularly interesting nanomaterials as they are made up of 

several structural components. These nanomaterials consist of a nanosized structure 

combined with either another nanoparticle, larger or bulk-type materials (e.g., hybrid 

nanofibers), or more complicated structures, such as metal- organic frameworks (Wang and 

Huang, 2014). This nanomaterial can be any combination of the different nanomaterials 

described above with any form of ceramic, metal, or polymer bulk materials. 

All the nanomaterials above have substantial variation in their morphology and properties 

which significantly affects how proteins adsorb onto their surfaces. 

1.2.2. Parameters affecting protein adsorption 

An important note to remember is that protein adsorption on nanoparticles is different to 

that of a flat surface due to the curvature of the nanoparticle. Therefore, the size and 

subsequently the curvature of a nanoparticle can drastically influence protein adsorption, 

even when the same material but different nanoparticle is used (Yu and Zhou, 2016). 

Similarly, when the size of the nanoparticle approaches the size of the protein the 

composition and organisation of the corona formed changes significantly (Monopoli et al., 

2011b). Protein-protein interactions occur much less frequently when the surface of the 
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nanoparticle is highly curved and fewer changes to the conformation of the protein take 

place. For example, (Dobrovolskaia et al., 2009) reported that more proteins adsorbed onto 

30nm gold particles then 50nm particles.  

The surface charge of a nanoparticle has a significant impact on the adsorption of proteins. 

Typically, the higher the surface charge of the nanoparticle the higher the protein 

adsorption. A study into the effect of charge density on negatively charged polymeric 

nanoparticles showed an increase in charge density increased the adsorption of plasma 

proteins but didn’t change what proteins adsorbed (Aggarwal et al., 2009). It has also been 

reported that positively charged nanoparticles tend to adsorb proteins with low isoelectric 

points (<5.5) whereas proteins with isoelectric points >5.5 tend to adhere to negatively 

charged nanoparticles. Furthermore, the charge of a nanoparticle has been shown to 

denature a protein. A good example of this is gold nanoparticles which were shown to 

denature bound ligands when modified to be positively or negatively charged but didn’t 

when at a neutral charge (Lynch and Dawson, 2008a).  

The hydrophobicity of a nanoparticle not only affects the amount of adsorbed proteins but 

also affects the composition of the corona formed. Generally, nanoparticles with 

hydrophobic surfaces adsorb more proteins and cause more extensive conformational 

change when compared to neutral or hydrophilic nanoparticles. Albumin for example 

adsorbs onto hydrophobic copolymer nanoparticles more than hydrophilic copolymer 

nanoparticles despite the fact the affinity of albumin for the two different coatings was the 

same (Stina Lindman et al., 2007). This indicates that hydrophobic copolymer nanoparticles 

possess more binding sites which may result from the clustering of the hydrophobic polymer 

chains forming “islands” which act as binding sites.  

1.2.3. Mechanism of protein adsorption 

When a nanomaterial is introduced to a physiological environment, proteins migrate 

towards the surface either via random diffusion or down a potential energy gradient. 

Protein adsorption occurs spontaneously if the process is thermodynamically favourable, a 

concept which can be expressed by the equation below 

 

∆𝐺𝑎𝑑𝑠 = 𝛥𝐻𝑎𝑑𝑠 − 𝑇∆𝑆𝑎𝑑𝑠 < 0              equation 1 
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Where ΔGads is the Gibbs free energy, ΔHads is the change in enthalpy, ΔSads is the change in 

entropy during adsorption and T is the temperature. There are several processes which 

contribute to making the adsorption process thermodynamically favourable including the 

release of interfacial water molecules (Entropically driven adsorption), conformational 

changes of the protein, and simply the formation of covalent bonds (Enthalpically driven 

adsorption) (Norde, 1994). The exact mechanism of adsorption ultimately depends on the 

protein and the nanoparticle involved. For example, proteins typically interact with gold 

nanoparticles via free SH groups of cysteine residues forming Au-S bonds (Ma et al., 2018). 

Furthermore, high molecular weight kininogen (HMWK) binds to iron oxide nanoparticles via 

its histidine rich domain through imidazole sidechains (Simberg et al., 2009). 

The stability of the protein-nanoparticle complex is determined by the net binding energy of 

an adsorption event. Proteins that have a low probability of desorption have large net 

binding energies and are likely to stay associated with the nanoparticle. Similarly, adsorbed 

proteins with small net binding energies are very likely to desorb and revert back into 

solution (Norde, 1994; Walkey and Chan, 2012).  

1.2.4. Kinetics of protein adsorption 

Protein adsorption is not a one step process, rather it is a dynamic phenomenon with 

proteins continually binding and unbinding to the nanomaterial surface. The rates of 

adsorption and desorption of a protein onto a nanoparticle are referred to as kon (M-1 s-1) 

and koff (s-1), respectively. The kon is attributed to the frequency of contact between the 

nanoparticle and protein in conjunction with the probability of an adsorption event 

occurring from that contact (Röcker et al., 2009). Typically, proteins that can interact with 

the nanoparticle surface, present in high concentrations, and diffuse quickly have large kon 

values. The value of koff is determined by the previously mentioned ΔGads, where the larger 

the ΔGads the lower the koff value. The balance between the two values determines the 

affinity of a protein to a nanoparticle and is referred to as the dissociation constant (Kd) (M) 

(Röcker et al., 2009) and can be expressed in the equation below. 

𝐾𝑑 = 
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
           equation 2 
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The Kd value has not been determined for most proteins and nanoparticles however so far, 

the Kd for the adsorption of serum proteins to nanoparticles lies between 10-4 M to 10-9 M 

(De Paoli Lacerda et al., 2010; Simberg et al., 2009; De Roe et al., 1987).  

 

1.3. Protein corona and its relevance in nanomedicine 

When introduced into systemic circulation, nanoparticles are exposed to thousands of 

different proteins which vary immensely in concentration and protein characteristics. The 

adsorption of these proteins on the nanoparticle surface can significantly alter the 

nanoparticles physiochemical properties such as size, surface composition, functionality and 

surface charge (Nel et al., 2009). As such, this gives the nanoparticle a new biological 

identity. As opposed to the nanoparticles themselves, the newly formed nanoparticle-

protein bioconjugates heavily influence/determine biological activity including cellular 

uptake, biodistribution, circulation time and toxicity (Walkey and Chan, 2012). This is 

particularly important in nanomedicine, specifically drug delivery, in which nanoparticles 

often don’t live up to their potential because of limitations associated with targeting and 

biodistribution. The adsorbed protein layer in question is referred to as the protein corona. 

1.3.1. Formation of the protein corona  

The composition of the protein corona is influenced by the properties of the nanoparticle 

and the environment they are within. As such the protein corona is very complex and 

unique to each nanoparticle meaning there is no one “universal” corona (Lynch and 

Dawson, 2008b). Moreover, the abundance of proteins does not necessarily correlate to the 

relative densities of the adsorbed proteins. Instead the adsorption of proteins onto a 

nanoparticle is regulated by the affinity between the protein and the nanoparticle as well as 

the interactions between the proteins themselves. Proteins with a high affinity for the 

nanoparticle form the base/inner layer of protein known as the “hard” corona, which 

typically contains proteins that are irreversibly bound. Alternatively, the “soft” corona 

consists of loosely bound proteins with a lower affinity for the nanoparticle (Monopoli et al., 

2011a). It is important to note that the formation of the protein corona is a dynamic process 

by which protein is constantly adsorbing and desorbing within a specific time frame 

(Sethuraman et al., 2004). Typically, smaller proteins which have a quicker diffusion rate and 

proteins at a higher concentration primarily adsorb onto the nanoparticle surface. 
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Gradually, these proteins are replaced by higher affinity proteins, a process referred to as 

the Vroman effect (Vroman et al., 1980). 

1.3.2. Protein corona fingerprints 

Recently, nanomaterials have been extensively used in nanomedicine for several 

technologies including imaging, drug delivery and therapy (Blanco et al., 2015). In light of 

this, accurate and extensive mapping of the protein corona formed for specific 

nanomaterials has been a key objective in Nano-biosciences. In the blood, the most 

abundant protein present is albumin which contributes to 55% of all proteins and as such is 

present in a wide variety of nanoparticle protein corona fingerprints (Nguyen and Lee, 

2017). Other common proteins typically present in corona fingerprints are 

immunoglobulins, fibrinogen, complement proteins and apolipoproteins. (Lundqvist et al., 

2008) showed that simple properties such as nanoparticle size and surface charge can subtly 

but significantly affect the contents of the protein corona. However, despite this a whole 

range of proteins were present in all cases.  

1.3.3. Modification of NP properties for drug delivery  

Despite the fact nanoparticle-based drug delivery can significantly improve the drugs half-

life and biodistribution, the bioconjugates still face a substantial number of biological 

barriers which can severely decrease their potential (Blanco et al., 2015). These include 

opsonisation and subsequent sequestration by the mononuclear phagocyte system (MPS), 

hemorheological/blood vessel flow limitations, nonspecific distribution, pressure gradients, 

escape from endosomal and lysosomal compartments, cellular internalization, and drug 

efflux pumps (Ferrari, 2010). Luckily, nanoparticle modifications can decrease the effect of 

these barriers through alterations to the nanoparticle’s properties.  

Systemic circulation 

To improve the systemic circulation of a nanoparticle-drug bioconjugate hydrophilic 

polymers can be applied to its surface to reduce macrophage recognition and generally 

improve its circulation properties (Müller et al., 2017). The polymers hydrophilic nature, 

length, and charge prevent any interaction between circulating biomolecules and the 

nanoparticle, including opsonins. Several polymers have been applied for this purpose 

however the most commonly used is poly ethylene glycol (PEG) in a process sometimes 

called PEGylation (Wang et al., 2015). It was shown that nanoparticles with bound PEG 
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increased blood circulation by up to 200-300% however repeated exposure to these 

nanoparticles may cause accelerated blood clearance due to an increase in antibodies 

against PEG.  

Targeting purposes  

Whilst circulation time is important, the accumulation of the nanoparticle-drug 

bioconjugates at its target site is vital. Generally, the size of the bioconjugate can affect their 

distribution as certain sized nanoparticles will accumulate in various organs (Nguyen and 

Lee, 2017). As such, the functionalisation of the nanoparticle with molecules that 

reduce/prevent the adsorption of blood proteins would be ideal. Alternatively, active 

targeting molecules can be added to the nanoparticle which can selectively deliver drugs to 

specific locations in the body. Some examples include insulin, transferrin, apo A-1, apo E and 

folic acid which are often used to design cancer treatment delivery systems. Furthermore, 

smaller molecules such as amine, thiol, hydroxyl, anhydride and epoxy have been proven to 

direct nanoparticles to endothelial cells and pancreatic cancer cells (Weissleder et al., 2005). 

Toxicity reduction 

Nanoparticles can have a significant impact on cellular behaviours and can even cause cell 

death due to inflammatory and oxidative stress, leading to mitochondrial impairment, 

nucleus damage and disruption to the integrity of the plasma membrane (Lee et al., 2015). 

Hence, methods to reduce this toxicity are very important. The masking effect of several 

human blood proteins have been investigated with considerable success. BSA, Bovine 

fibrinogen, transferrin, and γ globulin (Ig) were all shown to reduce the toxicity of single 

walled carbon nanotubes (SWCNs) compared to bare SWCNs in human umbilical vein 

endothelial cells (HUVECs) and human acute monocytic leukemia cells (THP-1) (Ge et al., 

2011). Interestingly, the order of impact correlated with their affinities to the nanotubes 

suggesting the more protein that binds the less toxic the nanotubes are to the cells .  
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1.4. Enzyme immobilisation/adsorption on nanoparticles 

1.4.1. Enzymes in bioremediation  

Enzymes are natural biological catalysts produced by living organisms that catalyse a wide 

variety of biochemical reactions. They are universally found in all plants and animals, and 

have a wide range of applications including baking, textiles and in industry. More recently, 

enzymes have been utilised in the clean-up of the environment, a process known as 

bioremediation (Karam and Nicell, 1997). Typically, microorganisms are used in 

bioremediation applications, however there are significant issues associated with them. The 

process to produce a microbial culture could be time-consuming and expensive. 

Furthermore, a microbial culture may have difficulty moving within the soil and maintaining 

the culture during transportation to the contaminated site could be tricky (Ahuja et al., 

2004).  

Enzyme-based methods have several advantages over traditional methods of remediation. 

Firstly, enzymes have minimal impact on the ecosystem around them which makes them 

much more predictable then microorganisms. Additionally, they are highly specific which 

means they produce little to no by-products and enzymes themselves are biodegradable, so 

they are readily incorporated back into the environment (Ahuja et al., 2004). A good 

example of enzymes that could be used in bioremediation are peroxidases and laccases. 

These groups of enzymes have previously been shown to have the ability to degrade and 

potentially remove toxic organic pollutants from the environment. (Torres et al., 2003).   

Unfortunately, under harsh environmental conditions enzymes are prone to denaturation 

which means they readily lose their activity. As such, several methods have been developed 

to improve the structural stability of enzymes including their immobilisation on 

nanoparticles. 

 

 

1.4.2. Binding methods  

The choice of enzyme immobilisation technique is an essential part of the immobilisation 

process due to the influence of the nanomaterial on the enzyme’s performance. Currently, 

the most common methods of enzyme immobilisation on nanoparticles (figure 4) are 
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electrostatic adsorption/adsorption, covalent attachment to a nanoparticle ligand, 

conjugation using the specific affinity of protein, and direct conjugation to the nanoparticles 

surface (Meryam Sardar, 2015). 

 

 

Figure 4: Methods of enzyme immobilisation on nanoparticles. A) Electrostatic adsorption B) Covalent 
attachment to the nanoparticle ligand C) Conjugation using a specific affinity protein D) Direct conjugation to 
the nanoparticle surface. Figure adapted from (Meryam Sardar, 2015)  

 

Adsorption  

Adsorption refers to either physical adsorption “physisorption” of the enzyme onto the 

nanoparticle through physical interactions such as hydrogen bonds, van der Waals forces 

and perhaps most importantly ionic/electrostatic interactions; or chemical adsorption 

“chemisorption” where the adsorbed substance is held through chemical bonds. This 

technique is the simplest and easiest to carry out and by far the most commonly used 

despite the fact the forces involved can be particularly weak (Geoghegan and Ackerman, 

1977). To maximise the performance of this specific binding technique, the binding must be 

carried out under precise conditions in order to optimise the intramolecular interactions.  
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Covalent attachment to the nanoparticle ligand 

Another method to conjugate enzymes to nanoparticles is the covalent attachment of the 

enzyme to a nanoparticle ligand. This method has rapidly advanced in recent years due to 

the development of surface modification tools. A large variety of functional groups can be 

introduced to the surface using mild conditions (Aubin-Tam and Hamad-Schifferli, 2008). 

This coupling chemistry utilises the binding of primary amines, typically with lysine residues, 

to sulfo-NHS esters or R-COOH groups introduced to the nanoparticle surface. Moreover, 

nanoparticles coated with maleimide groups can react with the thiols of free cysteine 

residues (Kaur et al., 2018).  

Conjugation using specific affinity of protein 

Perhaps a further development of the previous method is the conjugation of an enzyme to 

specific labelling proteins. A good example of this is (Ma et al., 2018) who used GST as a 

conjugation molecule to bind Spycatcher from Streptococcus pyogenes to gold 

nanoparticles. This would allow the bioconjugate to bind to any recombinant protein 

encoding a Spytag. This method is often preferred to adsorption due to the preservation of 

the enzyme’s structure upon binding.  

Direct conjugation to the nanoparticles surface 

Direct conjugation to the nanoparticle surface is usually desired for biosensor applications 

where electron transfer or fluorescence resonance energy transfer (FRET) is used. As 

previously mentioned, a common example is the formation of Au-S or Ag-S bonds between 

gold and silver nanoparticles and thiol groups of free cysteine residues (Ma et al., 2018). 

This bond formation requires the incubation of the nanoparticle and enzyme as the 

formation of such a bond is thermodynamically favourable. Interestingly, histags can also be 

used for direct conjugation on Cu, Fe, Zn, Co, Ni, and Mn atoms. 

 

1.4.3. Difficulties of enzyme immobilisation 

The main difficulty with enzyme immobilisation is maintaining its catalytic activity when 

adsorbed onto the nanoparticle surface. Previous studies have shown that upon surface 

binding, enzyme activity can either be increased, indifferent (Sonesson et al., 2008) or 

significantly reduced (Chelmowski et al., 2007). An increase in enzyme activity is typically 
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caused by a reduction in the Brownian motion of the enzyme through nanoparticle binding 

which results in a higher probability of a successful collision between the enzyme and the 

substrate (Gupta et al., 2011). A decrease in activity is typically caused by 2 main factors. 

The first involves the conformational change of the enzyme upon surface binding which 

could significantly alter its activity due to potential changes to its active site . The second is 

to do with the enzymes orientation when bound. If bound in an unfavourable orientation 

the active site needed for the enzymes catalytic activity would be inaccessible either 

because the active site is involved in the adsorption mechanism or the adjacent molecules 

are preventing substrate access (steric hinderance). Ideally, the active site would be directed 

towards the solution giving the substrate full access to it. 

 

1.5. Analysis of nanoparticle-bound proteins 

Nanoparticle-protein bioconjugates have become fundamental to many emerging 

biotechnological applications as well as a variety of other scientific fields. In order to 

optimise these technologies, methods to analyse the protein corona are vital in allowing us 

to understand how the corona works. The protein corona can be characterised through 5 

parameters including identity and quantity, thickness and density, orientation and 

arrangement, conformation, and affinity (Walkey and Chan, 2012).  

1.5.1. Methods of quantitation of nanoparticle-bound protein 

Potentially the most important parameter to analyse is the quantity of protein adsorbed 

onto the nanoparticles. This is vitally important in all applications as the amount of protein 

bound is a key factor in optimising the surface chemistry, surface coverage and maximising 

the technique’s performance (Worsley et al., 2015). A standardised method will allow us to 

determine the optimum conditions required for maximum protein adsorption onto 

nanoparticles as well as determining the reproducibility of the nanoparticle-protein 

bioconjugate preparations (Worsley et al., 2015). As such, a wide variety of methods have 

been explored for nanoparticle bound protein determination which will discussed below.  

The method used to quantify nanoparticle-bound protein ultimately depends on which 

nanoparticle is being used. Gold nanoparticles for example are difficult to use direct UV/Vis 

protein quantitation due to the background noise of the nanoparticles themselves, 
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therefore analysis of the excess protein in the supernatant after centrifugation of the 

nanoparticle-protein bioconjugates is most common. Despite this there are several 

examples of protein quantitation with a specific protocol modification which remove the 

nanoparticles from the solution without removing the protein that has been adsorbed. A 

good example of this is (Filbrun and Driskell, 2016) who used a fluorescence quantification 

method called NanoOrange and applied a KI/I2 solution to dissolve the AuNPs which 

importantly preserved the protein that had been adsorbed. Alternate fluorescence-based 

techniques include CBQCA (You et al., 1997). 

Similarly, colorimetric assays have been used to quantitate the protein bound to 

nanoparticles. Good examples of these are the Bradford assay and BCA assay (Walkey and 

Chan, 2012). However, there are difficulties involved using these types of techniques. Once 

the excess protein is removed the concentration of protein remaining is at such low 

concentrations that often the limit of detection of the assays are reached. Despite this, 

modified Bradford assays and BCA assay are typically capable of detecting these low 

concentrations. Alternatively, more analytical techniques have recently been used to 

determine protein concentration, namely inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) and liquid chromatography tandem mass spectrometry (LC- MS/MS) 

(Capriotti et al., 2010). These techniques are advantageous because they don’t require the 

nanoparticles to be removed from the solution and compared to other techniques like SDS-

PAGE and colorimetric assays, they are much more accurate, more sensitive and introduce 

less user bias.  

1.5.2. Alternate methods to analyse the protein corona 

A plethora of techniques are available to analyse the characteristics of the protein corona 

with each having its advantages and disadvantages. The composition of the protein corona 

can be examined via SDS-PAGE following the isolation of the protein from the nanoparticle. 

The protein mixture is fractionated and then the subsequent bands are analysed by mass 

spectroscopy or band excision (Cedervall et al., 2007). PAGE is an attractive method because 

it is widely available and relatively simple. The thickness and density of the corona can be 

measured using dynamic light scattering (DLS), transmission electron microscopy (TEM), 

atomic force microscopy (AFM) and nanoparticle tracking analysis (NTA) (Walczyk et al., 

2010). DLS and NTA work by measuring the hydrodynamic diameter of a 
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substrate/nanoparticle which correlates to its relative surface coverage. These techniques 

are sometimes preferred to the others as measurement can be made in situ. 

Perhaps the most important parameter to analyse for enzyme immobilisation is the 

conformation and orientation of the protein. The main technique used to accomplish this is 

circular dichroism (CD) spectroscopy which can detect structural changes within the 

molecule (Deng et al., 2011). Similarly, tryptophan fluorescence quenching is commonly 

used (De Paoli Lacerda et al., 2010).   

 

1.6. Aims of the project  

As introduced above, protein adsorption on solid surfaces, especially nanoparticles, is a 

widely studied phenomenon and has several applications in a variety of scientific fields. Gold 

nanoparticles in particular have become the focus of many research projects. Despite this, 

relatively little is known about what affects the interactions of proteins with gold 

nanoparticles. The main aim of this project is to develop an understanding into factors  

affecting protein adsorption onto gold nanoparticles and how we can apply this to current 

applications. We addressed this in 3 stages: 1) Developing and optimising techniques to 

determine the amount of protein bound to gold nanoparticles. 2) Investigating the 

adsorption of a variety of differently sized globular proteins onto gold nanoparticles. 3) 

Investigating how enzyme adsorption onto gold nanoparticles affects its activity (Figure 5). 
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Figure 5: Visual representation of the stages involved in this research. 1) Comparing protein determination 
techniques 2) Investigating the adsorption of different globular proteins 3) Effect of enzyme adsorption on 

activity. 

 

To determine the best method for protein quantitation we compared 4 different methods 

and used Glutathione-S-Transferase (GST) and Bovine Serum Albumin (BSA) as model 

proteins. To assess the accuracy and sensitivity of each method a comparison was made 

between the theoretical full coverage values for the proteins considering purely geometrical 

factors, the direct measurement method based on Inductively coupled plasma – atomic 

emission spectroscopy (ICP-AES) and other colorimetric/fluorometric techniques adapted to 

quantify nanoparticle-bound protein in a high-throughput way. Using the most accessible 

and yet accurate technique from these, GST, BSA, Cytochrome C (CYT C), Trypsin Inhibitor 

(TI), Carbonic Anhydrase I (CAI), β-Lactoglobulin (βLG) and Horseradish Peroxidase (HRP) 

were investigated with the aim of developing our knowledge on the factors affecting protein 

adsorption onto AuNPs. Investigating enzyme activity upon binding to AuNPs was achieved 

by using HRP as a model enzyme with ABTS and H2O2 as substrates. ABTS oxidation was 

measured over time using UV-Vis absorbance to determine specific activity.  

 

 

2. Protein quantitation method comparison and optimisation  

2.1. Introduction 

Several emerging applications in a variety of fields are now heavily reliant on the 

interactions between nanoparticles and proteins (Blanco et al., 2015; Zhang et al., 2008). 

Optimising the surface coverage and chemistry as well as maximising the performance of 

techniques applied to the applications are vital and as a result a method to directly 

quantitate the coverage of nanoparticle-bound proteins is highly important. Unfortunately, 

there are several issues with using standard protein determination techniques. The main 

difficulty involved is the low concentrations of protein present on the nanoparticle 

indicating highly sensitive methods are required for accurate measurements. Furthermore, 

the nanoparticles themselves may interfere with the readout signal therefore a way to 

remove the nanoparticles from solution without affecting the protein would be ideal. 
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Currently, there is an assortment of techniques that are capable of detecting these low 

concentrations (Liu et al., 2017), however not all of them have been tested on nanoparticle 

bound protein.  

With this in mind, we investigated 4 techniques with the aim of determining which is best 

for AuNP bound protein determination. The most complex of the techniques we chose was 

Inductively coupled plasma - atomic emission spectroscopy (ICP-AES), an analytical method 

which uses plasma as a source and relies on optical emission for sample analysis. This 

technique could be particularly useful as it directly measures the protein bound to the 

AuNPs as well as the concentration of the AuNPs themselves eliminating the need to 

remove the nanoparticles. The other three techniques include the relatively simple 

NanoOrange fluorescence assay, the 3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde) 

(CBQCA) fluorescence assay, and the Bradford assay.  

The aim of this chapter was to compare each of these methods by determining the amount 

of BSA and GST that binds to 20nm AuNPs and determine which is the best for protein 

determination of protein bound to AuNPs. BSA was chosen as it is a representative protein 

often used as a standard or for assay development. GST was used as its extensive binding to 

gold has been reported previously (Ma et al., 2018).  

 

2.2. Materials and Methods  

2.2.1. Materials  

Unless otherwise stated, all chemicals and reagents used in the experiments were of 

analytical grade from commercial sources. NanoXact 20 nm Gold Nanospheres (0.05 mg/mL 

in aqueous 2mM sodium Citrate) were purchased from nanoComposix. Recombinant GST 

was expressed and purified by Angela Saccardo from the plasmid pGEX-KG, for amino acid 

sequence and methods see (Ma et al., 2018). BSA, DL-Dithiothreitol solution (DTT), 

Monosodium phosphate (NaH2PO4, Mr= 119.98 g mol-1), Disodium phosphate dihydrate 

(Na2HPO4·2H2O, Mr= 177.99 g mol-1) and Bradford reagent were purchased from Sigma 

Aldrich. Iodine solution (I2) (0.05M), Potassium Iodide, HEPES Buffer and ICP-AES standards 

(Gold solution for ICP/MS, 10mg/L & 100mg/L, and Sulphur solution for ICP/MS, 10mg/L) 
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were purchased from Fisher Scientific. NanoOrange protein quantitation kit and CBQCA kit 

were purchased from ThermoFisher Scientific.  

2.2.2. ICP-AES 

To adjust AuNPs concentration and exchange the storage buffer into a measuring buffer at a 

set pH, 5ml of 20nm AuNPs was centrifuged at 7000g for 30 minutes and resuspended in 

5mM Phosphate Buffer (2.1mM monosodium phosphate, 2.9mM Disodium phosphate 

dihydrate, pH 7) filtered through a 0.2M syringe. BSA and GST were added at final 

concentrations of 2uM and 5uM and incubated at room temperature for 1 hour. The 

solutions were washed twice via centrifugation at 7000g for 10 minutes in Phosphate Buffer 

to remove excess unbound protein. Samples were finally resuspended in 1ml of deionised 

water. Gold, sulphur and BSA standards were made to the following concentrations (Table 

1). 

 

Table 1: ICP-AES gold and sulphur standards. 

Gold standards (mg/l) Sulphur standards (mg/l) 
3.125 0.015 

6.25 0.045 

12.5 0.135 

25 0.405 
50 - 

100 - 

 

Measurements were made using an iCAP 7400 ICP-OES Analyzer (ThermoFisher Scientific). 

The number of molecules per nanoparticles (N) was calculated using the equation below. 

𝑁 = 
[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]

[𝐴𝑢𝑁𝑃𝑠]
= 

(
[𝑆]

32.06 𝑥 103
)
𝑁𝑠𝑢𝑙𝑝ℎ𝑢𝑟
⁄

(
[𝐴𝑢]

𝑚
)
𝑁𝐴
⁄

    (NA = 6.023 × 1023 𝑚𝑜𝑙−1)      equation 3 

Where, [S] is the experimental sulphur concentration (mg l-1), 32.06 is the relative mass of 

sulphur (g mol-1). Nsulohur is the number of sulphur atoms within the protein, [Au] is the 

experimental gold concentration (mg l-1), m is the mass of the AuNPs (7.27E-14 mg), and NA 

is the Avogadro constant. The [protein] and [AuNPs] are expressed in mol l-1. 
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2.2.3. Protein-nanoparticle bioconjugate preparation   

BSA and GST, suspended in buffer B (10mM HEPES, 10mM NaCl) filtered through a 0.2µM 

syringe, were added to 20nm AuNPs at final concentrations of 2 and 5µM and left to 

incubate at RT for 1 hour. The protein-nanoparticle bioconjugates were then washed twice 

via centrifugation at 7000g for 10 minutes in buffer B and resuspended to a final volume of 

160µl. The OD of the AuNPs were measured via a Nanodrop 2000. DTT was added to a final 

concentration of 2mM and left to incubate at RT for 1 hour to ensure all protein had been 

stripped off the AuNPs. The AuNPs were pelleted and the supernatant saved for further 

quantification. 

2.2.4. Bradford assay 

Samples were prepared according to section 2.2.3 above and is also shown in figure 6. 

Bradford reagent was added to each sample at a 1:1 ratio and incubated at room 

temperature (RT) for 10 minutes. The absorbance was measured at 595nm using a TECAN 

infinite 200 pro plate reader and protein concentration was obtained via a BSA standard 

curve. The number of molecules per nanoparticle (N) was calculated via the following 

equation. 

𝑁 = 
[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]

(
𝑀

𝑂𝐷𝑆𝑡𝑜𝑐𝑘
)𝑥 𝑂𝐷𝐸𝑥𝑝

                   equation 4 

Where, M is the AuNP molarity provided by the supplier (1.20E-09), ODStock is the AuNP 

stock OD provided by the supplier (1.04), and ODExp is the experimental OD. 

2.2.5. CBQCA  

Samples were prepared according to section 2.2.3. above apart from the final resuspension 

volume was 400µl instead of 160µl to match the volumes required for the kit. 5µl of KCN at 

20mM was added to allow the ATTO-TAG CBQCA reagent to bind to the primary amines 

within the protein and was incubated for 10 minutes. 10ul of CBQCA working solution, 

prepared according to the manufacturers protocol, was then added to each KCN-protein 

sample and left shaking for 1 hour protected from light. BSA Standards were made to the 

concentrations described in the manufacturers protocol except from a Sodium borate buffer 

(100mM, pH 9.3 adjusted) was used instead of buffer B. Fluorescence was read at excitation 
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and emission wavelengths of 465nm and 550nm, respectively, using a TECAN infinite 200 

pro plate reader.  

2.2.6. NanoOrange 

Samples were prepared as described in section 2.2.3 apart from 2mM and 10mM DTT was 

used for both BSA and GST samples to ensure DTT concentration was not a limiting factor. 

Furthermore, the protein and AuNPs were suspended in 5mM phosphate buffer, which was 

filtered through a 0.2µM syringe, instead of Buffer B. After adding 434ul of 1x NanoOrange 

reagent working solution, the samples were centrifuged at max speed for 5 minutes and the 

supernatant was acquired. Fluorescence intensity was measured at excitation and emission 

wavelengths of 470nm and 570nm, respectively, using a TECAN infinite 200 pro plate 

reader. The concentration of AuNPs, protein concentration and the number of molecules 

per AuNP were calculated the same way as the Bradford assay. 

2.2.7. Theoretical monolayer model 

The model used to estimate the maximum number of proteins that bind surrounding a 

nanoparticle assumes that particles are spheres of radius R1 and proteins are reasonably 

approximated to a sphere of radius R2. It is also assumed that the proteins assemble into a 

dense bidimensional hexagonal packing on the surface of the sphere and the minimum half-

angle formed by the centre of mass of two adjacent proteins is α as visualised in figure 5 

below. 

 

Figure 5: Schematic representation of the geometrical model for the estimation of the number of proteins 

forming a tightly packed monolayer on a spherical particle 
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The geometric model above involves 3 equations which are described below (Saff and 

Kuijlaars, 1997). Equation 5 was used to estimate the closest positive integer N that 

approximates the number of proteins per NP. 

 

𝑁 = ⌊
2√3

3
𝜋

1

𝛼2
⌋ : 𝑁 ∈ 𝑍+               equation 5 

 

 

where N ∈ Z+ refers to N belonging to integer positive numbers and the brackets mean 

"floor", which is the closest integer number smaller or equal to whatever is within the 

brackets. From geometrical considerations on the triangles ABC and ACD of figure 5, the 

angle α was calculated according to equation 6 below, where r=R2/R1.  

 

𝛼 = sin−1
𝑅2

𝑅1+𝑅2
= sin−1

𝑟

1+𝑟
              equation 6 

 

For globular proteins, an approximation of R2 was obtained using their relative mass (Mr) 

and equation 7 below (Erickson, 2009).  

 

𝑅2 = √
3

4𝜋

𝑣̄ 𝑀𝑟

𝑁𝐴
1021

3
= 0.066√𝑀𝑟

3    (𝑣 = 0.73 𝑐𝑚3𝑔−1,  𝑁𝐴 = 6.023 × 1023 𝑚𝑜𝑙−1)           equation 7 

In equation 7, v ̄is the partial specific volume, that is 0.73 cm3 g-1 for the average protein 

(Erickson, 2009), Mr is the relative mass of the protein in g mol-1 and NA the Avogadro 

constant. The 1021 multiplier was used to express the radius in nm. The average radius R1 of 

the nanoparticle was obtained by the supplier using  transmission electron microscopy 

(TEM). All calculations were carried out using an excel spreadsheet for simplification. 

 

2.3. Results  

GST and BSA were mixed with 20nm AuNPs at protein final concentrations of 2 and 5µM. 

We used two concentrations, both in large excess of the total amount that can adsorb onto 

the nanoparticles, to verify that the protein concentration was not a limiting factor. Protein 

concentrations bound to the nanoparticles were analysed via 4 protein determination 
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techniques. ICP-AES and 3 more widely available tests including the Bradford assay, 

NanoOrange fluorescence assay, and CBQCA fluorescence assay were investigated. The 

analytical technique ICP-AES was investigated first which measures the sulphur content 

within the protein whilst bound to the AuNPs. 

ICP-AES  directly measures the protein retained on the AuNPs after removing excess protein. 

The other techniques however may require separation of protein from the gold due to 

possible interference of optical readout.  

2.3.1. ICP-AES 

 

Table 2: ICP-AES analysis of GST and BSA at 2 and 5μM showing the concentration of protein bound to 20nm 

AuNPs, as well as the number of protein molecules per AuNP (N). 

[Sample] Au (ppm) S (ppm) [AuNPs] 
(mol l-1) 

[Protein] 
(M) 

N Theoretical 
monolayer 

values  

GST 2µM 11.262 ± 
0.17 

0.007 ± 
0.00079 

2.57E-10 ± 
3.88E-12 

4.49E-08 ± 
3.06E-09  

174 ± 12 139 

GST 5µM 51.294 ± 
0.36 

0.079 ± 
0.0020 

1.17E-09 ± 
8.22E-12 

1.85E-07 ± 
3.33E-09 

157 ± 3 139 

BSA 2µM 81.400 ± 
0.56 

0.025 ± 
0.0010 

1.86E-09 ± 
1.28E-11 

3.65E-08 ± 
1.34E-09 

19 ± 1 78 

BSA 5µM 82.500 ± 
0.71 

0.028 ± 
0.0013 

1.88E-09 ± 
1.62E-11 

3.94E-08 ± 
1.37E-09 

20 ± 1 78 

 

The ICP-AES results for BSA show that approximately 25% of the AuNP surface was covered 

with BSA due to only 19 and 20 molecules binding, for 2uM and 5uM respectively, as 

opposed to the theoretical full surface coverage value of 78 (Table 2). Whilst this data 

indicates that the binding of BSA to AuNPs is not as strong as previous literature has 

suggested (De Roe et al., 1987), it does show that at concentrations of 2uM or above, 

maximum adsorption will occur and hence will not further increase in response to increasing 

protein concentration. The same trend can be seen with GST which gave 174 and 157 

adsorbed molecules for 2uM and 5uM, indicating maximum coverage for GST has been 

reached. However, unlike BSA, more GST molecules bound indicated by the higher 

percentage coverage observed.  
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2.3.2. Bradford assay 

The Bradford assay was investigated. Several options were available to adapt the Bradford 

assay for its use in the presence of AuNPs before the protein determination was carried out. 

KI/I2 could have been used to dissolve the nanoparticles leaving just the protein in solution 

(Filbrun and Driskell, 2016), DTT could have been used to strip the protein from the 

nanoparticle and centrifuged to remove the nanoparticles (Ma et al., 2018), and finally the 

protein could have been measured directly on the nanoparticles with no preliminary 

separation steps (Figure 6).  

 

Figure 6: Schematic representation of the use of DTT and KI/I2 to remove the AuNPs from solution. A) DTT 
reduces the sulphide bonds leading to the detachment of the protein from the surface. The solution is 

centrifuged to pellet the AuNPs and the supernatant is taken. B) KI/I2 dissolves the AuNPs. 

AuNPs adsorb strongly around 520 nm which is close to the absorbance of the Bradford 

reagent (595 nm). Similarly, KI/I2 solution also adsorbs light therefore these approaches 

were tested to see if they were feasible for the protein-nanoparticle bioconjugate 

preparation. If the value of absorbance is substantially higher than the buffer only sample, 

in the absence of protein, this will be an indication that the method is not suitable.  

 

Table 3: Effects of AuNPs and KI/I2 on the absorbance of GST at 595nm via a Bradford assay. 

Sample Contents Absorbance 

1 Buffer only 0.336 
2 KI/I2 + Buffer 0.415 

3 KI/I2 + AuNP 0.632 
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4 KI/I2 + AuNP + GST 1 0.627 
5 KI/I2 + AuNP + GST 2 0.569 

6 KI/I2 + AuNP + GST 3 0.629 

 

 

Both KI/I2 and AuNPs (Sample 3) were shown to interfere with the absorbance values 

demonstrated by the increase in absorbance compared to Sample 1 (Table 3). As a result, 

the inclusion of KI/I2 and AuNPs in the samples would distort the results gathered making 

them unreliable. Hence, the most appropriate method to prepare the nanoparticle-protein 

bioconjugates is via stripping the protein using DTT at a concentration of 5mM or below due 

to assay limitations. 

The absorbance values gathered for the protein-nanoparticle samples from the Bradford 

assay were converted to protein concentration using the standard curve below (Figure 7).  

 

Figure 7: BSA standard curve obtained via a Bradford assay for the range of 0–25ug/ml for the BSA and GST 

samples. 

 

The results for the Bradford assay showed approximately 77 GST molecules were adsorbed 

onto the AuNPs at a concentration of 2µM (Table 4) whereas for 5µM the number of GST 

molecules adsorbed was higher with an average of 132 molecules. The 2µM values are 

lower than the theoretical full coverage of GST (139) however the 5µM values were much 

more comparable suggesting full coverage has been achieved. This may suggest that 
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maximum adsorption has not been reached at 2µM in the case of GST. Like the ICP-AES 

results, BSA had a low adsorption with only 9 molecules adsorbed per AuNP at a 

concentration of 2µM and 11 molecules at a concentration of 5µM (Table 5).  

 

Table 4: Bradford assay of GST at 2 and 5µM showing protein concentration bound to 20nm AuNPs, AuNP 

concentration, and the number of protein molecules bound per AuNP (N). Each test was carried out in 

duplicates. 

[GST] [Protein] (M) AuNP Molarity N 

2µM 4.02E-07 ± 2.38E-10 5.17E-09 ± 3.23E-10 77 ± 5 

5µM 4.21E-07 ± 6.76E-10 3.17E-09 ± 1.38E-10 132 ± 6 
 

 

Table 5: Bradford assay of BSA at 2 and 5µM showing protein concentration bound to 20nm AuNPs, AuNP 

concentration and the number of protein molecules bound per AuNP (N). Each test was carried out in 

duplicates. 

 

2.3.3. CBQCA  

Like with the Bradford assay, the effects of KI/I2 and AuNPs were investigated to better 

understand what conditions were best for the assay. However, as described in the 

manufacturers protocol, DTT was not compatible with the CBQCA assay so removing the 

AuNPs via breaking the Au-S bonds was not feasible. In this case the interference of AuNPs 

and KI/I2 with either excitation or emission of the fluorescence readout was investigated. 

We tested the combination of AuNPs + KI/I2 against the buffer sample as well as GST 

samples against GST samples with either AuNPs or KI/I2 (Table 6).  

 

Table 6: The effect of AuNPs and KI/I2 on the fluorescence of GST from a CBQCA assay with excitation and 

emission wavelengths of 465nm and 550nm. 

Sample  Contents Fluorescence  
1 Buffer Only 5251 

2 AuNPs 6800 

3 KI/I2 4206 
4 GST at 50ng 6482 

5 GST at 700ng 25783 

6 GST 700ng + AuNPs 6239 

[BSA] [Protein] (M) AuNP Molarity N 

2µM 9.10E-08 ± 7.61E-11 9.82E-09 ± 1.15E-10 9 ± 0 

5µM 1.14E-07 ± 4.06E-09 1.01E-09 ± 1.79E-10 11 ± 2 
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7 GST 700ng + KI/I2 12783 
8 AuNPs + KI/I2 1138 

 

Both KI/I2 and AuNPs together (Sample 8) completely depleted the signal resulting in a 

fluorescence value of 1138 which is well below the value of the buffer only sample (Sample 

1), suggesting strong interference with the readout. KI/I2 caused the fluorescence of GST at 

an amount of 700ng to decrease from 25783 (Sample 5) to 12783 (Sample 7). Likewise, 

AuNPs also decreased the fluorescence by approximately 75% to 6239 (Sample 6). Instead, 

the NanoOrange fluorescence assay was attempted. 

2.3.4. NanoOrange  

Again, the effects of AuNPs and KI/I2 were tested in order to optimise the protocol. DTT was 

not assessed because NanoOrange is known to be able to tolerate up to 100mM of DTT as 

described in the manufacturers protocol. It was shown that KI/I2 completely depleted the 

fluorescence signal of both BSA and GST demonstrated by the decrease from 1778 (Sample 

4) to 65.7 (Sample 6) and 2107 (Sample 5) to 88.3 (Sample 7), respectively (Table 7). 

Moreover, a similar decrease was observed in the buffer only sample (Sample 1) with the 

fluorescence intensity decreasing from 1329.3 to 58.7 upon the addition of KI/I2 (Sample 2). 

The impact of the AuNPs was less severe however the fluorescence intensity still decreased 

in the BSA and GST samples from 1778 (Sample 4) to 1405.7 (Sample 8) and 2107 (Sample 5) 

to 1395.3 (Sample 9), respectively. In light of this, it was decided that the most appropriate 

method to optimise the nanoparticle-protein bioconjugate preparation was use of DTT for 

protein stripping rather than dissolution using iodine solution. 

 

Table 7: The effects of AuNPs and KI/I2 on the fluorescence of 1 µg/ml BSA and GST from a NanoOrange 

fluorescence assay with excitation and emission wavelengths of 470nm and 570nm. 

Sample Contents Fluorescence  

1 Buffer  1329.3 

2 KI/I2 58.7 

3 AuNP 1330 
4 BSA (1 µg/ml) 1778 

5 GST (1 µg/ml) 2107 

6 BSA + KI/I2 65.7 
7 GST + KI/I2 88.3 

8 BSA + AuNP 1405.7 

9 GST + AuNP 1395.3 
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The fluorescence measured for the protein-nanoparticle bioconjugate samples were converted into 

protein concentration using the following standard curve (Figure 8). 

 

Figure 8: BSA standard curve obtained via a NanoOrange fluorescence assay at excitation and emission 

wavelengths of 470 and 570nm for the range of 0-10 ug/ml. 

 

NanoOrange added further evidence of the low affinity of BSA to AuNPs and the high affinity 

of GST. In this case, the tests were not carried out in duplicate as each test had a different 

DTT concentration. At 2µM, for both DTT concentrations, no BSA was detected suggesting 

such little BSA adsorbed onto the AuNPs that the concentration present dropped below the 

techniques limit of detection (Table 8). However, at 5µM, 23 molecules of BSA were bound 

per AuNP for the 10mM DTT sample. Values for GST were similar to those determined by 

ICP-AES. At 2µM, 184 and 188 molecules of GST were bound per AuNP (Table 9) and at 5µM 

170 and 192 molecules per AuNP were detected. 

Table 8: NanoOrange fluorescence assay of BSA at 2 and 5µM showing protein concentration bound to 20nm 

AuNPs, AuNP concentration, and the number of protein molecules bound per AuNP (N).  

[Sample] [DTT] [Protein] M Molarity  N 
2µM 2mM 0 1.44E-08 0 

2µM 10mM 0 1.44E-08 0 

5µM 2mM 0 1.59E-08 0 
5µM 10mM 3.66E-07 1.59E-08 23 

Table 9: NanoOrange fluorescence assay of GST at 2 and 5µM showing protein concentration bound to 20nm 

AuNPs, AuNP concentration, and the number of protein molecules bound per AuNP (N). 
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[Sample] [DTT] [Protein] M Molarity  N 
2µM 2mM 2.42E-06 1.28E-08 188 

2µM 10mM 2.37E-06 1.28E-08 184 

5µM 2mM 2.67E-06 1.39E-08 191 

5µM 10mM 2.40E-06 1.39E-08 171 

A direct comparison of the techniques used is shown in table 10. 

 

Table 10: Comparison of the number of protein molecules bound per AuNP (N) obtained for GST and BSA at 2 

and 5 µM for each of the protein determination techniques investigated. ICP-AES and Bradford assay were 

carried out in duplicates. NanoOrange values are for 2 and 10 mM DTT respectively. 

  N  

Technique Protein 2µM 5µM Theoretical monolayer value 

ICP-AES 
BSA 19 ± 1 20 ± 1 78 

GST 174 ± 12 157 ± 3 139 

Bradford 
BSA 9 ± 0 11 ± 2 78 
GST 77 ± 5 132 ± 6 139 

CBQCA 
BSA N/A N/A 78 

GST N/A N/A 139 

NanoOrange 
BSA 0/0 0/23 78 

GST 188 184 191 171 139 

 

 

2.4. Discussion  

Optimising and comparing this range of techniques was shown to yield non-obvious 

responses, with one of the methods proving to be unusable. Generally, the methods 

described above tended to agree with one another by demonstrating a low binding load for 

BSA and extensive binding for GST at same concentrations, suggesting BSA has lower affinity 

to gold in these conditions.  

We chose GST and BSA to compare the methods of protein determination due to the fact 

that GST has previously been shown to bind very strongly to AuNPs and because of the high 

accessibility of BSA. Previous literature has shown that the mechanism of protein adsorption 

onto AuNPs involves the formation of Au-S bonds formed between the cysteine residues of 

the protein and the nanoparticle (Ma et al., 2018). GST is known to contain four thiol groups 

at the four free cysteine residues which are located closely together within its structure 

whereas BSA only contains the one free thiol group embedded within its structure. The 

adsorption of GST is highly likely to be much stronger than BSA which would explain why a 

much higher percentage coverage was observed for GST. However, there is a possibility that 
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the higher amounts of GST could also be indicative of slight aggregation of the GST-AuNP 

bioconjugates although much larger values of surface coverage would be most likely seen. 

By subjecting the Protein-AuNP bioconjugates to ICP-AES, we were able to gain an accurate 

estimation of the protein concentration bound to the AuNPs. The ability to simultaneously 

measure the concentration of both the gold and protein within the solution proved highly 

effective and eliminated the issue of needing to remove the nanoparticles from solution. 

Despite this, there are several issues with the wide application of this technique. Whilst ICP-

AES was proven to be highly sensitive, the equipment required for such experiments is 

highly specialised and is not easily accessible. Moreover, this technique is much more 

expensive to run due to the cost of the argon gas required as well as the gold and sulphur 

standards. Even though carrying out the experiment doesn’t take a substantially lengthy 

amount of time, it does require longer than the other techniques investigated. Hence, the 

use of ICP-AES as a quick estimation of protein concentration bound to AuNPs is not 

appropriate, however, for a highly accurate estimation this technique is highly 

recommended.  

The possibility of using simpler and more accessible techniques for nanoparticle-bound 

protein determination was investigated. In order to assess the sensitivity and accuracy of 

these techniques we compared the results to the highly accurate ICP-AES. Protein 

determination via the Bradford assay produced similar results to ICP-AES suggesting an 

accurate estimation of protein concentration was achieved. The simplicity and rapidity of 

this technique would be particularly useful for applications that may require quick 

nanoparticle-bound protein determination. Similarly, the NanoOrange fluorescence assay 

provided similar results to the ICP-AES suggesting this technique is more than feasible. 

However, the optimisation of the CBQCA assay was particularly difficult due to its inability to 

tolerate the required concentrations of DTT as well as the KI/I2 solution and the AuNPs 

themselves. As a result, the test was unable to provide an accurate estimation for protein 

concentration.  

Several alternative techniques are available that could also be used to estimate protein 

concentration. Although typically used to measure corona thickness, DLS and nanoparticle 

tracking analysis (NTA) can be used to measure surface concentration relative to saturation, 

however these particular methods does not provide absolute quantitation of the adsorbed 
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protein (James and Driskell, 2013; Bell et al., 2013). These techniques measure the 

hydrodynamic diameter of the nanoparticle and the increase in diameter can be correlated 

with relative surface coverage. More recently, protein quantitation on AuNPs has been 

achieved by measuring shifts in surface plasmon resonance due to changes in the local 

refractive index upon protein adsorption (Pollitt et al., 2015). However, this can be quite 

difficult to interpret, as the refractive index depends on coverage, orientation, and water 

content, which are not constant, and absolute determination of protein mass would be 

unachievable.  

2.5. Conclusions  

The purpose of the methods comparison was to identify and optimise the ideal methods for 

protein determination of proteins bound to AuNPs. In doing so, we determined that the 

best technique for protein determination of protein-nanoparticle conjugates in follow-up 

experiments was the Bradford assay due to its ease, simplicity and its accuracy. We also 

adapted the Bradford assay for its use on AuNP-bound protein by establishing a protocol 

which uses excess DTT to displace the bound protein and separate the AuNPs by 

centrifugation, thus removing the source of interference with the optical readout of 

Bradford reagent.  

With the most practical method for quantitation of protein bound to AuNPs selected, the 

next aim of looking at specific proteins and how they interact with the AuNPs was 

investigated.  
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3. Comparison of protein adsorption on AuNPs 

3.1. Introduction 

Proteins possess an extensive range of chemical and physical properties and as such are 

unmatched in their potential complexity. Similarly, nanoparticles exist in a wide array of 

materials, shapes and sizes which translates into a large variety of surface characteristics 

(Khan et al., 2017). Consequently, the adsorption of proteins on nanoparticles varies greatly 

regarding their affinity and stability upon binding. Given the many possible protein-

nanoparticle combinations, research into the interactions of proteins with specific 

nanoparticles, namely AuNPs, is relatively new and requires time to develop a more 

comprehensive understanding.  

Spherical AuNPs have been broadly employed in nanobiotechnology based on their unique 

physiochemical properties and multiple surface functionalities (Dominguez-Medina et al., 

2012; Benetti et al., 2013; Park et al., 2009). Their large surface area to volume ratio, high 

biocompatibility and low toxicity make them ideal candidates for protein-nanoparticle 

bioconjugate applications providing a large biologically friendly support for proteins to bind 

to. Moreover, low toxicity makes AuNPs much more preferable to the more toxic silver 

nanoparticles (AgNP) and is a particularly important characteristic with regard to potential 

drug delivery systems (Vazquez-Muñoz et al., 2017).  

We chose to initially study the adsorption of GST, BSA, Cytochrome C (CYT C), Trypsin 

Inhibitor (TI), Carbonic Anhydrase I (CAI), β-Lactoglobulin (βLG) and Horseradish Peroxidase 

(HRP) because of their globular structure, varying but suitable size and wide availability. The 

overall aim of this chapter was to investigate the adsorption of different sized proteins on 

20nm AuNPs to gain a better understanding of what specific characteristics of a protein 

affect their adsorption.  
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3.2. Materials and Methods 

3.2.1. Materials  

NanoXact 20 nm Gold Nanospheres (0.05 mg/mL in aqueous 2mM sodium Citrate) were 

purchased from nanoComposix. Recombinant GST was expressed and purified by Angela 

Saccardo from the plasmid pGEX-KG, for amino acid sequence and methods see (Ma et al., 

2018). Bovine serum albumin (BSA), Carbonic Anhydrase I, Cytochrome C, Horseradish 

peroxidase, Trypsin inhibitor, β-Lactoglobulin, DL-Dithiothreitol solution (DTT), and Bradford 

reagent were purchased from Sigma Aldrich.  

3.2.2. Sample preparation and Bradford assay 

Each protein, suspended in buffer B (10mM HEPES, 10mM NaCl, pH 7.3) filtered through a 

0.2µM syringe, was added to 20nm AuNPs at final concentrations of 5µM and left to 

incubate at RT for 1 hour. The protein-nanoparticle bioconjugates were then washed twice 

via centrifugation at 7000g for 10 minutes in buffer B and resuspended to a final volume of 

160µl. The OD of the AuNPs were measured via a Nanodrop 2000. DTT was added to a final 

concentration of 2mM and left to incubate at RT for 1 hour to ensure all protein had been 

stripped off the AuNPs. The AuNPs were pelleted and the supernatant acquired. The 

Bradford assay was carried out according to section 2.2.4. 

3.2.3. Theoretical monolayer model 

The theoretical monolayer model is described in section 2.2.7. 
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3.3. Results 

In this section the adsorption of several differently sized globular proteins was investigated. 

The amount of protein per AuNP was determined using the Bradford assay protocol 

optimised in chapter one. The raw absorbance values for each protein were converted into 

protein concentration via a BSA standard curve. A representative standard curve is shown 

below.  

 

 

Figure 9: Representative BSA standard curve obtained via a Bradford assay for the range of 0–50ug/ml. This 
curve was used for the βLG samples. 

 

The first protein observed was GST which has a molecular weight of 28.48 kDa. The number 

of GST molecules per AuNP was calculated at 132 ± 6 molecules (Table 11) suggesting that a 

complete monolayer had formed around the AuNPs based on the full coverage value of 139.  

BSA was the largest of the proteins investigated with a molecular weight of 66.433 kDa. BSA 

at a concentration of 5µM gave an adsorption number 11 molecules per AuNP (Table 11). 

The theoretical full coverage value for BSA binding to 20nm AuNPs was 78 molecules hence 

BSA exhibited a 14% surface coverage.  
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Next, we investigated the adsorption of HRP which is a heavily glycosylated protein. Its 

polypeptide has a molecular weight of 33.897kDa but due to the heavy glycosylation the 

protein has an overall molecular weight of 44 kDa. The Bradford assay revealed that HRP has 

a low affinity for unmodified AuNPs exhibited by a low calculated surface coverage. At a 

concentration of 5µM, the number of molecules per AuNP was calculated at 12 (Table 11). 

Compared to the theoretical full coverage value for HRP (110) a surface coverage of only 

10% was achieved. 

Following this, two smaller proteins, TI and CAI, were investigated. TI and CAI have 

molecular weights of 20.095 and 28.739 kDa, respectively. TI was shown to have a similar 

affinity to AuNPs as HRP did since only 11% of the surface was covered: at 5µM 

approximately 20 molecules were bound to each AuNP (Table 11). At the same 

concentration, CAI gave a molecules per AuNP value of 37 molecules (Table 11). This 

translates into a percentage surface coverage of 27% based on a theoretical full coverage 

value of 138, indicating that CAI binds more than TI and HRP. 

Finally, the adsorption of the two smallest proteins was investigated. βLG and CYT C have 

molecular weights of 18.281 and 12.318 kDa, respectively. Interestingly, at 5µM, βLG bound 

relatively well to the AuNPs shown by an average molecules per AuNP value of 63 (Table 

11). Other than GST, βLG had the highest surface coverage of all the proteins with 36% of 

the AuNP surface covered based on a theoretical full coverage value of 174.  

Due to slightly different physiochemical properties, CYT C behaved differently to the other 

proteins. During the preparation of the CYT C – AuNP bioconjugates, extensive aggregation 

occurred which made determining the AuNP concentration impossible therefore there was 

no way to convert the protein concentration into molecules per AuNP (Table 11). 

Protein characteristics and molecules per AuNP (N) values are shown in Table 11 .
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Table 11: Characteristics and properties of the proteins analysed as well as the number of molecules bound per 20nm AuNP (N) for each protein. pI refers to the 
isoelectric point and Mr refers to the molecular mass of the proteins.  

Protein Organism PDB ID Mr 

(g mol-1) 

pI Cysteines Thiols Sigma-Aldrich product 

number 

N Theoretical N % Coverage 

CYT C Horse heart 1HRC 12318 9.59 2 0 C2506 N/A 223 N/A 

βLG Bovine milk 1BEB 18281 4.83 5 1 L3908 63 ± 6 174 36% 

TI Soybean 1AVU 20095 4.61 4 0 T9003 20 ± 4 169 12% 

GST Schistosoma 

japonicum 

1UA5 28477 6.1 4 4 N/A 132 ± 6 139 95% 

CAI Human 

erythrocytes 

2CAB 28739 6.63 1 1 C4396 37 ± 4 138 27% 

HRP Horseradish 1H58 44000 6.35 8 0 P6782 12 ± 0 110 11% 

BSA Bovine 

serum 

4F5S 66433 5.6 35 1 A7638 11 ± 2 78 14% 

*CYT C = Cytochrome C, βLG = β-Lactoglobulin, TI = Trypsin Inhibitor, GST = Glutathione-s-transferase, CAI = Carbonic anhydrase I, HRP = Horseradish peroxidase, ALB = Bovine Serum Albumin.
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3.4. Discussion  

Here it was shown that the adsorption of proteins onto AuNPs is a complex phenomenon 

and is still not fully understood. Our rationale is that investigating a broad range of proteins 

will enhance our knowledge of what influences protein adsorption onto gold. Using the 

protein determination technique chosen in the previous chapter, we compared the 

adsorption of a variety of proteins of different sizes.  

In this chapter the proteins observed ranged from 12.3 kDa to 66.4 kDa (Table 10). In 

general, larger proteins are more likely to adsorb on the surface because they are able to 

contact the surface on more sites of the protein. However, from initial observations there 

was no clear trend in protein size affecting adsorption, indicating other factors must play 

more of a role in the adsorption of these proteins. Interestingly, the smallest of the proteins 

tested, Cytochrome C, was the only one that could not be quantified when adsorbed onto 

the AuNPs. We postulated that this was due to the difference in pI values between 

cytochrome C and the other proteins resulting in a differing net charge. The pI of 

cytochrome C (9.59) was higher than the pH of the solution (7.3) which means that the 

protein would have been highly positively charged. As a result, the protein adsorbed onto 

the AuNPs extremely well due to their negative charge. However, the high affinity of the 

protein to the AuNP caused the AuNPs to aggregate and precipitate out of solution. This 

meant the protein was no longer present in the solution and could not be measured.  

As mentioned in section 1.1.3. external factors such as temperature, pH and ionic strength 

can bare a significant influence on protein adsorption. This was shown by the behaviour of 

cytochrome C whose charge was altered as a result of the neutral solution pH. From this it 

can be said that each protein requires specific conditions in order to optimise its adsorption. 

Therefore no one set of conditions can be applied to every protein if the aim is to maximise 

adsorption.   

As shown in chapter one, GST has a high affinity for AuNPs and forms a complete monolayer 

established through comparison with the theoretical full coverage values. This is through 

the strong Au-S interactions formed between the nanoparticle and the free cysteine 

residues within the protein (Ma et al., 2018). The other proteins investigated contain fewer 
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free cysteine residues: β-Lactoglobulin, Carbonic anhydrase I and BSA all only contain one 

free cysteine and Cytochrome C, Trypsin inhibitor and Horseradish peroxidase do not 

contain any (Table 11. Because of this, GST was shown to adsorb substantially more than 

the other proteins suggesting the interactions the other proteins rely on such as 

hydrophobic interactions, ionic bonding, and charge-transfer interactions are much weaker. 

As a result, these proteins are more likely to be removed from the AuNPs during the 

washing steps (Filbrun and Driskell, 2016). Interestingly, the low adsorption of BSA observed 

here goes against previous literature which brings up the question of why BSA binding was 

so low in this research (De Roe et al., 1987).  

 

3.5. Conclusion  

The purpose of this chapter was to investigate the adsorption of several differently sized 

proteins onto 20nm AuNPs in order to gain a better understanding as to what properties 

and characteristics of the proteins influence their adsorption onto gold. In this regard, we 

have shown the complexity of protein adsorption by demonstrating that the availability of 

thiol groups substantially increases adsorption stability and hence the number of molecules 

present on the nanoparticle surface. We used the Bradford assay, optimised in chapter 1, to 

determine the protein concentration adsorbed onto the AuNPs and hence the number of 

molecules per nanoparticle. Using this technique, the adsorption of cytochrome C was 

uncharacterisable due to a high net positive charge resulting from its high isoelectric point. 

All other proteins had lower pIs which at the neutral pH of the solution resulted in more 

neutrally charged proteins. The protein that adsorbed the most was GST which 

demonstrated a 93% percentage coverage due to the formation of several Au-S bonds. The 

lack of free thiols meant the other proteins bound much less efficiently, in particular HRP, 

Trypsin inhibitor, and BSA. More specifically, the utilisation of the weaker intramolecular 

forces in their adsorption resulted in some of the protein bound being washed away during 

the washing steps. 

Given the results obtained in this chapter it is highly conceivable that the diversity of 

adsorption properties observed will result in a diverse range of ways enzyme activity is 

affected. As a result, a method to assess this is a logical next step and will be investigated in 

the next chapter using the enzyme HRP.  
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4. HRP activity upon adsorption onto AuNPs 

4.1. Introduction  

Enzyme adsorption onto gold nanoparticles has several potential applications including 

waste management and environmental cleaning (Wagner and Nicell, 2001). Because 

enzymes are so specific, any change to their structure could be detrimental to their activity, 

hence the adsorption conditions of the enzyme are vitally important. Some 

proteins/enzymes have even been shown to activate upon adsorption onto a solid surface, 

however the vast majority lose activity upon adsorption due to conformational changes 

within the structure. Typically, enzymes fall into the latter category most commonly due to 

slight changes in their active site or non-appropriate adsorption orientation preventing the 

substrate from accessing the active site. However, loss of activity is often compensated by 

enhancement of other properties, such as an extend shelf life (Gherardi et al., 2019) or 

better diffusion into complex matrices (e.g., fabrics)  (Garcia-Hernandez et al., 2019), making 

nanoparticle-immobilised enzymes an attractive option. 

The rapid increase in industrial and agricultural activities have resulted in substantial organic 

pollutants being released into the environment (Ahuja et al., 2004). This has led to a 

significant increase into the development of new technologies, especially bioremediation, to 

combat this problem. Whilst microorganisms have been proven to be effective in the 

removal of dangerous compounds relatively little is known about how they will affect the 

ecosystem around them. Luckily, enzymes are a useful alternative as they have little to no 

impact on the environment (Torres et al., 2003). HRP is good example of an enzyme that has 

been used in bioremediation both free in solution and bound to a solid surface.  

HRP 

HRP is a heme-containing peroxidase enzyme that catalyses various reactions which 

transfers electrons to a peroxide, normally H2O2, and oxidises another substrate which can 

include phenolic compounds which are toxic to the environment (Torres et al., 2003). It is a 

globular molecule made up predominantly of α-helical secondary features except from one 

short β-sheet region (Figure 10).  
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Figure 10: Structure of HRP. Helices and loops are shown in blue and yellow, respectively; one short β-sheet 

region is shown in pink. The two calcium ions are shown as green spheres. The heme group is shown in red and 

lies between the distal and the proximal domain; the proximal His170 residue (light blue) coordinates to the 

heme iron. Modified from (Krainer and Glieder, 2015) 

 

The molecule contains an iron protoporphyrin IX cofactor (heme group) which separates its 

structure into two regions, a distal and a proximal region. Recently, HRP has been gained 

interest as a result of its extensive applicability in several fields of science including life 

sciences, biotechnology, biocatalysis, medicine, biosensor systems and as mentioned 

before, bioremediation (Krainer and Glieder, 2015). Several studies have shown HRPs ability 

to remove harmful compounds typically when immobilised on a solid surface. (Wagner and 

Nicell, 2001) successfully used HRP to remove phenols from petroleum refinery wastewater.  

With this in mind, the adsorption of HRP onto gold nanoparticles was investigated as well as 

a comparison between the activity of HRP free in solution and HRP bound to gold 

nanoparticles. 
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4.2. Materials and Methods  

4.2.1. Materials  

NanoXact 15 nm Gold Nanospheres (0.05 mg/mL in aqueous 2mM sodium Citrate) were 

purchased from nanoComposix. Horseradish peroxidase (HRP), Hydrogen peroxide solution, 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), DL-Dithiothreitol solution 

(DTT), and Bradford reagent were purchased from Sigma Aldrich. 

4.2.2. HRP activity optimisation   

ABTS was titrated into cuvettes at the following concentrations: 5.0, 3.75, 2.68, 1.79, 1.07, 

0.54, 0.18 and 0mM. H2O2 was added to each cuvette to a final concentration of 5mM and 

was topped up with buffer B. 60 ul of HRP at 4µg/ml was added (the equivalent of 0.24 μg of 

enzyme per reaction) to the solutions just before the absorbance was read at 420nm via a 

spectrophotometer at room temperature.  

For the H2O2 titration, H2O2 was titrated to the same concentrations above and ABTS was 

added to a final concentration of 5 mM.  

The activity of HRP was calculated from measuring the absorbance rate at 420 nm resulting 

from oxidation of the ABTS chromophore. The rate of oxidation (A420 nm/minute) was 

converted  to arbitrary units where 1U represents the amount of enzyme that forms 1 µmol 

of product per minute under standard assay conditions. This was calculated by multiplying 

the A420nm/minute values by 1,000,000 and then dividing by the molar extinction 

coefficient of ABTS (36,000 M/cm). The specific activity (U/μg) was calculated by dividing 

the measured activity by the amount of enzyme present in the reaction.  

The specific activity for both ABTS and H2O2 was plotted against substrate concentration to 

obtain a Michaelis-Menten curve which was used to determine the substrate concentration 

at which saturation occurs. A best curve fit was established by using the Michaelis-Menten 

equation and the NLLS method in R studio. 

4.2.3. Characterisation of HRP-AuNP bioconjugates/Bradford assay  

HRP was added to AuNPs at a final concentration of 0.4 mg/ml and left to incubate for 2 

hours. The HRP-AuNP bioconjugates were washed twice and resuspended to a final volume 

of 1.2ml. DTT was added to 180μl of the HRP-AuNP bioconjugates at a final concentration of 

2 mM and left to incubate for 20 minutes. The solution was centrifuged at 17000g for 10 
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minutes and 150 μl of the supernatant was taken for the Bradford assay. The Bradford assay 

was carried out according to section 2.2.4 to obtain the concentration of HRP bound to the 

AuNPs. This value was divided by the experimental OD to obtain the concentration in 

µg/ml/OD. An aliquot of the samples was centrifuged at 17000g for 10 minutes and the 

supernatant was taken to use as a control. 

4.2.4. HRP and HRP-AuNP bioconjugate activity  

120 µl of ABTS and H2O2, both at concentrations of 50 mM, were added to each sample 

cuvette and were topped up with 860μl of buffer B. 60 ul of either the HRP-AuNP 

bioconjugates or HRP only were added just before the absorbance was read at 420nm via a 

spectrophotometer.  

Specific activity was calculated according to section 4.2.2. The concentration of HRP 

adsorbed on AuNPs was estimated as described above and equivalent amount was used for 

the HRP measured in solution without AuNPs. 

 

4.3. Results 

4.3.1. Optimisation of substrates  

First, ABTS and H2O2 titrations were carried out to establish the amount of substrate needed 

to obtain optimal HRP activity. To do this, an absorbance time course was carried out over 1 

minute upon the addition of HRP with varying concentrations of the 2 substrates, from 

which the specific activity was determined.  
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ABTS Titration 

 

 

Figure 11: Titration of ABTS showing Absorbance at 420nm every second for 20 seconds upon the addition of 4 

ug/ml HRP with 5mM H2O2.  

 

The ABTS titration behaved as expected showing an increase in absorbance over time in 

response to an increase in ABTS concentration and subsequent ABTS oxidation (Figure 11). 

The absorbance values were translated into specific activity as described in methods section 

4.2.2 and were plotted against substrate concentration to obtain a Michaelis-Menten curve 

(Figure 12). 
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Figure 12: Michaelis-Menten curve showing the specific activity of HRP with ABTS titrated at different 

concentrations. The dashed line represents the best fit curve using Michaelis-Menten equation and Non-Linear 

Least Squares (NLLS) method, giving an R2 value of 0.999.  

 

The specific activity increased substantially in response to an increase in ABTS 

concentration. Importantly, the Michaelis-Menten curve did not plateau after the highest 

concentration of ABTS had been reached, giving a Vmax of 133.6 U/µg (Value at 95% 

confidence level in the range 123.38-146.03 U/µg, according to the NLLS methods used). 

The Km of the reaction was calculated at 1.26 mM (Value at 95% confidence level in the 

range 1.04-1.52 mM, according to the NLLS methods used). As a result, to investigate the 

difference between the activity of HRP in solution and HRP bound to AuNPs, 5 mM ABTS 

was be used to induce maximum activity. 
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H2O2 titration 

 

 

Figure 13: Titration of H2O2 showing Absorbance at 420nm every second for 20 seconds upon the addition of 4 

ug/ml HRP with 5 mM ABTS.  

 

Similar to the ABTS titration, the H2O2 titration demonstrated a positive correlation with an 

increase in H2O2 concentration inducing an increase in absorbance over time (Figure 13). 

Again, the absorbance values were translated into specific activity and plotted against 

substrate concentration to obtain a Michaelis-Menten curve (Figure 14).  
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Figure 14: Michaelis-Menten curve showing the specific activity of HRP with H2O2 titrated at different 

concentrations. The dashed line represents the best fit curve using Michaelis-Menten equation and Non-Linear 

Least Squares (NLLS) method, giving an R2 value of 0.997.   

 

In response to an increase in H2O2 concentration, the specific activity of HRP increased. 

Unlike before, the specific activity increased at a much quicker rate from 0 – 0.5 mM from 

where the plateau began. This is evidenced by the value of Vmax which was calculated at 

101.04 U/µg ((Value at 95% confidence level in the range 91.90-117.78 U/µg, according to 

the NLLS methods used). The Km was established at 0.18 mM (Value at 95% confidence level 

in the range 0.11-0.27 mM, according to the NLLS methods used) which was significantly 

lower than the Km for the ABTS titration. We concluded that using 5 mM H2O2 as well as 5 

mM ABTS would allow to achieve maximum activity in our experimental conditions.  

4.3.2. HRP bound to AuNPs 

Using the substrate concentrations optimised in the previous section, the activity of HRP 

bound to 15nm AuNPs (HRP-NP) was determined in comparison with the activity of HRP free 

in solution (HRP). A supernatant control was used to show that the activity detected was 

from the HRP bound to the AuNPs and not from any HRP in solution. After excess protein 

was removed from the HRP-AuNP bioconjugate solution, the solution was centrifuged to 

allow all the HRP-AuNP bioconjugates to be pelleted with everything else in the solution 

remaining in the supernatant (Figure 15).  
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Figure 15: HRP samples for the comparison of HRP activity in solution (HRP) and bound to AuNPs (HRP-

AuNP). The supernatant sample (S) is included to ensure the activity detected from the NP sample is from HRP 

molecules bound to the AuNPs and not molecules free in solution. 

 

A sample of the supernatant was then taken. If no absorbance was detected for the 

supernatant sample upon the addition of ABTS and H2O2, it suggests that the absorbance 

and hence activity detected is solely from the HRP-AuNP bioconjugates and not from any 

loose protein in the solution. The absorbance over time of each sample is presented in 

figure 16 below. 

 



54 
 

 

Figure 16: Measured activity of HRP comparing HRP free in solution, HRP bound to 15nm AuNPs and a 

supernatant sample. 

 

The equivalent of 0.24 µg of enzyme was used for HRP in solution and 0.16 µg was used for 

HRP bound to AuNPs. A slower rate of increase of the absorbance was observed when HRP 

was bound to the AuNPs compared to HRP in solution, suggesting a substantial decrease in 

activity occurred (Figure 16). A lack of absorbance was detected for the supernatant sample 

which validates that the absorbance detected for the HRP-AuNP bioconjugates was solely 

from bound HRP and none in solution. The specific activity for HRP in solution and HRP 

adsorbed onto AuNPs was calculated as described in section 4.2.2. and was plotted below 

(Figure 17). The amount of enzyme used was standardised to allow for an accurate 

comparison of activity.  
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Figure 17: Specific activity of HRP in solution compared to adsorbed on AuNPs.  

 

The specific activity of HRP in solution was significantly higher than adsorbed onto AuNPs 

calculated at 123.9 U/µg (120.4, 127.4). Bound to AuNPs the specific activity decreased by 

55% to 58.1 U/µg (55.9, 60.4) suggesting changes to the physical properties of the enzyme 

occur which effect its activity. Although a decrease of the activity following adsorption on 

gold was expected, importantly, the activity didn’t completely diminish, suggesting that 

adsorption on AuNP can be used. 

 

4.4. Discussion 

The activity of an enzyme bound to nanoparticles is highly dependent on many factors, in 

particular the way they are immobilised. Nanoparticle bound enzymes have potential 

applications in a variety of fields so the optimisation of their adsorption and the 

maximisation of their activity whilst bound is vitally important. We compared the activity of 

HRP in solution to HRP bound to 15nm AuNPs.  

We carried out activity titrations of both ABTS and H2O2 to determine the substrate 

concentrations which gave the highest activity. This was important because HRP binds to 

AuNPs at relatively low amounts (Kreuzer et al., 2017), therefore the maximum activity was 

required in order to accurately compare bound HRP to free HRP.  
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The activity of HRP was shown to decrease significantly upon adsorption onto the AuNPs 

with its specific activity being reduced by 55% from 118.8 to 55.6 U/µg. To prove the protein 

measured was the protein adsorbed on the AuNPs a sample of the supernatant was taken to 

check the presence of any activity from unbound HRP. This was not found, suggesting that 

adsorbed HRP does not leak from AuNP. Generally, a decrease in activity of an enzyme after 

adsorption onto AuNPs is caused by two factors. First, as mentioned in section 1.1.3. many 

proteins undergo conformational change upon adsorption in order to obtain a 

thermodynamically stable interaction; also, any distortion to the active site of HRP would 

result in a diminished activity (Männel et al., 2017).  

Second, the orientation of binding would have an effect on activity. The active site of the 

enzyme might be involved in the adsorption mechanism or the adjacent molecules may 

prevent the substrate from accessing the active site, a process known as steric hinderance. 

However, based on the Bradford assay, the surface coverage of HRP was only approximately 

10% (shown in chapter 3) suggesting that steric hinderance is unlikely unless the HRP 

molecules bound close together. This indicates conformational change upon HRP adsorption 

is more likely. Since the specific activity only reduced by 55% and not nearer 100%, the 

change in structure is not severe and the active site is fairly well preserved. To confirm this 

theory, it could be prudent to analyse the HRP-AuNP bioconjugates with CD spectroscopy 

which would be able to detect any changes in conformation (Deng et al., 2011).  

To avoid/ minimise any conformational change and an unwanted binding orientation, 

surface modification molecules can be applied to change the surface properties of the 

nanoparticle. If the binding mechanism of HRP and the modification molecules make a 

stronger bond with less of a conformational change then this would be more preferable. An 

ideal molecule for this would contain a/many freely available thiol groups, perhaps even 

GST which was shown to bind very well to AuNPs. As previously mentioned, (Ma et al., 

2018) adsorbed recombinant GST encoding the SpyCatcher construct on AuNPs enabling any 

protein/enzyme encoding a SpyTag to bind. This method could be applied to HRP and as a 

result may preserve the structure of HRP more than simple adsorption which in turn could 

result in less of a loss of catalytic activity.  
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However, whilst the activity of HRP significantly decreased, it is important to note that it still 

retained some of its activity. This is particularly useful in bioremediation applications in 

which the increase in stability of the protein may balance out the decrease in activity. 

4.5. Conclusion  

The aim of this chapter was to develop methods to test the enzymatic activity of HRP bound 

to AuNPs and compare the difference in activity between HRP in solution and bound HRP. 

From this we showed that when adsorbed on AuNPs, HRP undergoes a substantial reduction 

in activity demonstrated via the oxidation of ABTS using H2O2. We think the most likely 

reason for this is due to conformational changes occurring upon adsorption which arises to 

make the adsorption more thermodynamically favourable. Similarly, if the binding site of 

the protein is near/in the active site the substrates may struggle to access the area. Because 

of the potential structural changes and orientational issues, bioremediation applications 

may not be ideal for this very system, however the increased stability of the protein in 

environmental conditions may make up for the loss of activity and a quest for alternative 

conjugation methods that better preserve HRP activity is fully justified. 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 
 

5. Conclusion and future work 

The comparison of four different protein determination techniques by binding GST and BSA 

to 20nm AuNPs and determining the concentration of protein adsorbed was successfully 

carried out. ICP-AES provided accurate and reliable data due to the direct measurement of 

the protein and gold but requires a fair amount of time, money and specialised equipment 

only available to a small percentage of laboratories. This chapter proved that simple protein 

determination techniques can be applied to nanoparticle bound protein determination with 

the proper optimisation. Despite the fact CBQCA was found to be not appropriate for this 

work, the NanoOrange fluorescence assay and the Bradford assay both provided 

comparable results to the ICP-AES. This goes hand in hand with the work done by (Filbrun 

and Driskell, 2016) who also showed that protein determination of Protein-AuNP 

bioconjugates can be done accurately via the NanoOrange fluorescence assay and the 

Bradford assay. Due to its simplicity, ease, cheapness and non-lengthy protocol, the 

Bradford assay was selected as the protein determination technique of choice for the 

following investigations.  

Using the optimised Bradford assay, we compared the adsorption of several differently sized 

proteins and successfully demonstrated the broad variability involved in their adsorption. 

The presence of free thiol groups within a protein is vital for the strong adsorption of a 

protein onto AuNPs, nicely exemplified by the strong adsorption of GST. Other studies have 

shown alternate proteins also form Au-S bonds via thiol groups with AuNPs (Siriwardana et 

al., 2013). Interestingly, (Ma et al., 2018) showed that the thiol groups of GST don’t 

contribute to the rapid adsorption of GST onto the AuNP surface (physisorption) but are 

vitally important in the stabilisation of the protein adsorption in the longer term 

(chemisorption). It wasalso demonstrated how the lack of these thiol groups results in the 

formation of weak intramolecular forces between the protein and AuNP which can easily be 

broken shown during the washing stages. Furthermore, the conditions in which adsorption 

takes place are vitally important demonstrated by the inability to measure the Cytochrome c 

bound to the nanoparticles because of its highly positive net charge at the pH of the 

solution. It could therefore be prudent to test each of these proteins in varying conditions to 

determine which proteins favour each condition.  
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It was also investigated whether, and how, binding an enzyme to AuNPs changes its activity. 

Previous observations (Mohamed et al., 2017) were confirmed that the adsorption of HRP 

onto AuNPs does indeed cause significant changes to its specific activity. It washypothesised 

that this was due to conformational changes upon adsorption onto the nanoparticles 

brought about to make the process more thermodynamically stable. Likewise, another 

possibility was the location of the binding site of HRP being close to or within its active site. 

Consequently, the substrate, in this case ABTS, would not be able to access the region.  

Overall our findings confirm that protein adsorption on AuNPs is a complex phenomenon 

but has great potential in a variety of applications, namely nanomedicine and 

bioremediation. In order to fully optimise this system for the aforementioned applications a 

lot more research is required so we can gain a more comprehensive understanding of how 

proteins and AuNPs interact. This work sets some foundation to expand this knowledge. We 

optimised simple and high-throughput methods that can be applied to measure protein-

particle binding for a large number of pairs, ultimately enabling the optimisation and the full 

understanding of the adsorption phenomenon. A possible direction of future research could 

be to adapt the methods optimised here to nanoparticles of other materials. A very 

common nanoparticle material used for protein adsorption is silica (Lundqvist et al., 2004; 

Yu and Zhou, 2016; Giacomelli and Norde, 2001). Likewise, despite its higher toxicity, silver 

nanoparticles have been investigated as a potential protein-nanoparticle systems (Nayak et 

al., 2019). Polymer nanoparticles have also been applied for drug delivery systems (Wang et 

al., 2015).  

It would be interesting to compare these proteins again but in differing conditions (e.g., pH, 

salinity) to see exactly what conditions are ideal for the specific proteins and hence, specific 

protein characteristics. In addition, if conformational changes do occur upon protein 

adsorption, would the functionalisation of the AuNPs help preserve protein structure, a 

particularly useful feature in enzyme applications. Currently surface modification is greatly 

used (Aslan and Pérez-Luna, 2002; Nabe et al., 1997; Britt et al., 2000) but hasn’t yet been 

applied to improve HRP activity upon immobilisation onto AuNPs. However, this raises the 

question of which molecules would be more ideal for surface functionalisation of AuNPs, 

perhaps those involving several free thiol groups. Ultimately, this work contributed to the 

development of a quick, standard method to determine protein concentration bound to 
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AuNPs and delved into the factors associated with protein adsorption and its effect on 

enzymatic activity. 
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