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Abstract 

Interface interactions of Au- and Ag-nanoparticles with fibrin protein molecules have 

been investigated using both computational and experimental approaches. 

Computational approach used Monte Carlo, density functional theory, and classical 

molecular dynamics simulations. Sampling of Au(19)/Ag(19), Au(38)/Ag(38), 

Au(55)/Ag(55), and Au(79)/Ag(79) nanospheres against different possible 

combinations of 1, 2, 3, and 4-fibrin protein chains were explored for possible Au/Ag-

nanosphere+fibrin corona formations. Negative adsorption energies were recorded for 

some possible Au(19)/Ag(19)+1, 2, 3, and 4-fibrin; Au(38)/Ag(38)+1, 2, 3, and 4-fibrin; 

Au(55)/Ag(55)+1, 2, 3, and 4-firbin; and Au(79)/Ag(79)+1, 2, 3, and 4-fibrin corona 

complexes.  Au(55)+1, 2, 3, and 4-fibrin corona complexes recorded the most 

energetically stable adsorption energies of -2.99, -2.73 and -3.00 eV. Similarly, 

Ag(55)+1, 2, 3, and 4-fibrin corona complexes also recorded the most energetically 

stable adsorption energies of -2.99, -2.72 and -3.27 eV. Radial distribution functions 

approximations showed Au-H having the shortest bond lengths of 2.37, 2.47, 2.57, 

and 2.37 Å respectively relative to Au(19), Au(38), Au(55), and Au(79) nanospheres. 

Likewise, Ag-H registered the shortest bond lengths of 2.11, 2.45, 2.57, 2.47 Å 

respectively relative to Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres. Mean square 

displacements and diffusion coefficients constant hint on H, C, N, and O functional 

group atoms having good diffusion probabilities onto Au- and Ag-nanospheres. H, C, 

and N functional group atoms recorded the highest diffusion coefficient constants onto 

the Au(55) nanosphere whilst H, C, N, and O functional group atoms further recorded 

the highest diffusion coefficient constants onto the Ag(79) nanosphere. Mülliken 

charges analysis lead to either enhanced negative or positive charges onto specified 

carbon (C1, C2, and C3) atoms after Au-nanosphere+fibrin or Ag-nanosphere+firbin 
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corona formations. Radius of gyration further suggest a tighter packing on the 

adsorption of fibrin molecules onto Au(38)/Ag(38), Au(55)/Ag(55), and Au(79)/Ag(79) 

nanospheres in the following preference: Au(79)/Ag(79) > Au(55)/Ag(55) > 

Au(38)/Ag(38).  

Experimentally, Au- and Ag-nanoparticles were synthesised using sodium citrate 

induced method, thereafter, conjugated with fibrin proteins for adsorption studies. 

Average spherical diameter sizes 11, 18, 45 and 50 nm of Au-nanoparticles and 12, 

14, and 26 nm of Ag-nanoparticles were considered for the conjugation process. 

Possible adsorption and formation of Au/Ag-nanoparticle+fibrin protein corona 

complexes were verified using UV-vis and FTIR spectroscopies, Zeta potential, and 

TEM imaging. UV-vis blue shift was observed on fibrin conjugated Au-nanoparticles 

relative to the unconjugated Au-nanoparticles, confirming the formation of Au/Ag-

nanoparticle+fibrin protein corona complexes. FTIR spectra provided a trace of 

possible fibrin functional group atoms bonding with Au- and Ag-nanoparticles surface 

atoms in the possible formation of Au/Ag-nanoparticle+fibrin protein corona 

complexes. TEM imaging was also utilised to observe and estimate nanoparticles 

distribution and sizes chronologically. Unconjugated Au-nanoparticles materialise as 

agglomerates of nano-clusters whilst fibrin conjugated Au-nanoparticles appear as 

dispersed individual random nanoparticles. On the other hand, unconjugated Ag-

nanoparticles occur as scattered irregular individual nanoparticles which agglomerate 

into nano-clusters upon conjugation with fibrin protein molecules. 
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CHAPTER 1 

Introduction 

1.1 Foreword 

Nanoparticles are widely used and applied in nanomedicine as drug carriers as well 

as medical imaging, due to their small size and vast peculiar properties [1, 2]. There 

are couple main procedures that are known to be utilised in nanomedicinal drug 

distribution. The first option being the incorporation of drugs with appropriate 

nanoparticle to dispatch at the intended area of target, the other option being to put 

the drug in the inner part of the nanoparticle for a later release at the intended area of 

interest [3, 4]. 

Under normal circumstances, when drugs are developed, they are firstly tested on 

some live animals, before they can be recommended or administered to humans. This 

approach is deemed important as it gives researchers enough time to uncover 

possible toxic effects which may be linked with such drugs [5]. Even though animal 

testing procedure is currently the most acknowledged and considered strategic 

procedure for checking the effects of new drugs, it is still expensive, time consuming, 

ethically problematic, malicious, and highly controversial practice [6, 7]. One possible 

deflection instead of harsh animal-based testing is the establishment of civilised, 

computer-based models and simulations [8, 9]. In this manner, it is put forward that 

the successful perusal of such models and simulations could lead to the ultimate 

repealing of the testing of new drugs on animal species practice. Such humanised and 

alternative approaches may be cost effective on research time, in the process also 

hindering the slaughter of animals. 
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Normally, when nanoparticles infiltrate the physiological fluids, certain proteins get 

adsorbed on the nanoparticle’s surfaces. This reduces the free energy of the 

nanoparticles [10, 11], and in the process forming ‘nanoparticle+protein’ corona 

complexes [12, 13]. Upon entering the biological fluid environment, the nanoparticle 

surfaces spontaneously induce the adsorption of biomolecules in the neighbourhood, 

specifically protein molecules resulting in the creation of the nanoparticle+protein 

coronas. Thus far, the actual challenge is that within the nanoparticle+protein corona, 

possible alteration of the nanomaterial’s structure and the protein molecules and 

properties [14, 15], make the corona complex arrival at the target site uncertain. Thus, 

the mechanism of interface interaction between the surface functionality of the 

nanoparticles in relation to the adsorbed protein molecules remains unclear. 

Again, the biological responsiveness of the various types of nanoparticles is highly 

controlled by the sturdiness of the nanoparticle+protein corona complex [16]. Hence, 

the binding of the protein molecules onto the nanoparticle might result in some 

configurational readjustment, which may in turn change the conformal structure and 

the functioning of the said protein molecules [16]. Research studies by Galloway [17] 

and Karlsson [18], have indicated that some of the nanoparticles can alter the 

configuration structure of biological molecules; as a result, leading to the altered 

purpose or just disordered form of functional expectations. Such a disordered effect 

on the functionality outcomes can be classified as nano-toxicity [17, 19]. 

Some determinants responsible for configurational alteration in the protein molecules 

include surface charge, shape, size and the kind of the nanomaterial [3]. As the 

purpose (activity) rely on the configuration of a certain given protein species, major 

alterations in the structure may cause inactivity of some protein species, which in the 
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meantime could be referred to as the afore-mentioned nano-toxicity [3]. It is quite vital 

on the utilisation of some nanomaterials, that the existence of nanoparticles shouldn’t 

change the structure of a given protein molecular species, as every molecular function 

is associated with its corresponding structure. Otherwise, actual origins of 

nanoparticle's toxicity remain indistinct. Some related studies by Zhang et al. [20] 

suggested an oxidative stress as the ultimate source for metal-rooted nanoparticle 

toxicity. 

Such concerning and informative issues may be addressed appropriately by a 

combination of experimental and computational investigations. Experimental 

techniques allow the ability to interpret mechanism of interaction at the macroscopic 

level while computational approaches assist in understanding the origins or 

mechanisms behind concerned interactions at atomic and electronic level [21, 22]. As 

such, Suvarna et al. [23] showed the influence of nanoparticle size on the structural 

geometry as well as the role of albumin protein molecules, where the conformational 

changes of the structure of protein molecules is highlighted. On the other hand, 

Tavanti et al. [24] shed some light on the interaction of standard blood protein 

molecules with some gold (Au) nanoparticles, where no dramatic alterations in the 

structure of the protein molecules were exhibited. 

Consequently, there is an astounding lack of knowledge and comprehension of the 

physico-chemical features of nanoparticles inside the biological environment [25]. As 

such, clinical transferal and favourable outcomes of nanoparticles would rely on 

essential interactions with protein molecules, including other biomolecules in human 

or even other animal cells. A good information on nanoparticle+protein interaction 

could pave the way to a clarified knowledge on nanoparticle-cell interactions which in 
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turn may lead to administering safe nanomedicines. In this project, different spherical 

sizes of Au and Ag-nanoparticles have been considered. Such nanoparticle sizes were 

subjected to possible interaction with varying concentrations of fibrin protein molecules 

for possible Au-nanoparticle+fibrin and Ag-nanoparticle+fibrin protein coronas. In any 

case, fibrin protein molecule which is a derivative of fibrinogen has been identified as 

an emerging and promising protein species suitable for biomedical applications 

[27].The interaction of Au- and Ag-nanoparticles with fibrin molecules have been 

probed through both computational modelling and experimental techniques, where the 

stability and interface interactions have been analysed, contrasted, and related based 

on energetics, binding tightness, and diffusivity. 

1.2. Purpose of the study 

1.2.1. Aim 

The aim of the study is to optimise the interface binding and stability of the 

nanoparticle+protein corona using both computational and experimental techniques. 

1.2.2.  Objectives 

The objectives of the study were: 

(i) to construct optimal Au- and Ag-nanoparticles structures by calculating their 

energetics to yield optimal systems. 

(ii) to model nanoparticle+protein corona complex molecule structures and 

energetics. 

(iii) to model interfacial interaction mechanisms between various metal 

nanoparticles and protein molecules using both molecular dynamics and 

density functional theory methods. 

(iv) to calculate thermodynamic and electronic properties of the 

nanoparticle+protein corona complexes. 
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(v) to prepare nanoparticle+protein corona by means of the incubation 

technique. 

(vi) to characterise nanoparticle+protein corona through different experimental 

techniques. 

1.3. Outline 

The thesis has been arranged in the following manner: the next chapter concentrates 

on the literature review of some precious metal nanoparticles and their potential 

interaction with biological molecules. Chapter 3 discusses the computational and 

experimental methods used in this study. Concerning computational studies; density 

functional theory (DFT), Monte Carlo adsorption study, and molecular dynamic (MD) 

simulations were initiated. Regarding experimental studies, experimental 

characterisation approaches such as, X-ray Diffraction (XRD), Ultraviolet Visible-

spectroscopy (UV), Fourier Transmittance Infrared (FTIR) spectroscopy, zeta potential 

and Transmittance Electron Microscopy (TEM) have been utilised.  

Chapters 4 and 5 deal with computational results. In particular, Chapter 4 discusses 

interface interaction of Au-nanospheres with fibrin protein molecules while Chapter 5 

is focused on the interface interaction of Ag-nanospheres with fibrin protein molecules. 

Lastly, Chapter 6 discusses experimental based results. A discussion of the 

synthesised Au- and Ag-nanoparticles before and after conjugation with the fibrin 

protein is highlighted herein.  

Chapter 7 concludes the findings of this research project. A summary of all the 

findings, the work done, and achievements are highlighted herein.  
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CHAPTER 2 

Precious metal nanoparticles interaction with some biological molecules 

2.1. Overview  

 

Apart from application in various human working implements and decorations, modern 

medicine has identified precious metals as possible route to assist in curing some 

human diseases and injuries.  Such medicinal use may include pacemakers, 

substitutional bone, cartilage and muscular tissues. At nanoscale, precious metals 

which includes zinc (Zn), nickel (Ni), copper (Cu), silver (Ag), platinum (Pt) and gold 

(Au) etc have potential to be utilised in medical imaging, and drug delivery in human 

body systems [26, 28-34]. Such modern medical applications often referred to as 

biomedicine are informed by the metal nanoparticle's unique physical-chemical 

properties, such as chemical surface functionalisation, optical response and electronic 

characteristics [26, 30]. Moreover, these fascinating properties are mainly attributed 

to the electron’s density distribution on the metal along the nanoparticle surface. But 

the shape as well as the size of the metal nanomaterials involved which can be 

regulated during the synthesis process may also play a crucial role [30, 35, 36]. 

Various theories and synthesis methods have been developed and implemented with 

evolving times for the continuous improvement of the metal nanomaterials quality [37, 

38]. Up to this moment, metal nanoparticles synthesis methods can be manipulated to 

conform to different structural morphologies which include but not limited to metal 

nanospheres [39-41], nanowires [42, 41], nanoshells [43, 41], nanocubes [44, 41], 

nanoflowers [45, 41], nanotriangles [46, 41], and nanorods [47, 41]. Figure 2.1 further 

highlights some of the possible visual shapes of identified precious metal 

nanoparticles which could be acquired by means of assorted synthetic procedures.  
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Figure 2.1: Some possible shape morphologies of the precious metallic nanoparticles 
[41]. 

But, according to Faraday [37], despite all the improvements and modifications carried 

out, nearly all gold (Au) nanostructures synthesised via wet-chemical methods tend to 

adopt thermodynamically stable face-centred cubic (FCC) crystallographic phase. 

Chronologically, silver (Ag) nanomaterials synthesised under chemical methods also 

follow the FCC crystal structure [48, 49]. 

Monopoli et al. [11] and Nel et al. [10] elaborated that when gold nanoparticles 

encounter physiological fluids or biological molecules, certain protein molecules are 

adsorbed on the nanoparticle’s surfaces. In this instance, the accumulation of protein 

molecules on the gold nanomaterials to create relevant coronas is evident [12, 13]. 

Similarly, Tomak et al. [50] has shown that the facets of silver nanomaterials are 

instantly decorated by a layer of protein molecules, which can be regarded as protein 

corona, after being introduced into biological environment. 

Specifically, ‘nanoparticle+protein corona’ is an atomistic level coating of some protein 

molecules from the surrounding protein-fluid medium on the nanoparticle’s surface. 

When this nanoparticle+protein corona gets formed; alteration in size, shape and 
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interfacial composition of the nanoparticle may occur, giving the nanoparticle a 

physiological appearance that differ from its original method of synthesis [12]. As 

highlighted by Pinals et al. [51], the development of the nanoparticle+protein corona 

may result in the limitations on the functionality of the original nanoparticle in the 

biological/physiological environment concerning bio-distribution and toxicity. 

Moreover, regarding the created interfacial composition of the nanoparticle+protein 

coronas, functionality may be related to toxicity or nontoxicity consequences. Thus far, 

with excellent knowledge of the functional groups available when protein molecules 

encounter metal nanoparticles, researchers may understand what brings about toxicity 

and non-toxicity during the drug delivery process. Such understanding may further 

lead to substantial reduction of the toxic effects at the same time beneficial 

nanoparticle+protein coronas may be realised [52]. Satisfactorily, the 

nanoparticle+protein corona can also be manipulated to reduce the toxicity effects in 

the biological/physiological systems.  

This chapter explores how precious metal nanoparticles, especially Au- and Ag-

nanomaterials interrelate with some protein species within human cells for possible 

safe nanomedicine applications. Suggested working mechanism of interaction 

between Au/Ag-nanomaterials and protein molecules in order to produce 

corresponding nanoparticle+protein coronas have been presented. Possible energies 

involved when Au- and Ag-nanomaterials interact with protein molecules functional 

groups on generation of nanoparticle+protein coronas have also been presented. 

Electrons sharing model which might occur between Au/Ag-nanoparticles atoms and 

protein molecules functional groups atoms leading to the nanoparticle+protein coronas 

have also been presented. Lastly, insights on possible consideration of Au- and Ag-

nanoparticles in nanomedicine administration are also suggested. 
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2.2. The structure of some precious metal nanoparticles and protein 
molecule(s) 
 

2.2.1. Precious metal nanoparticles 

Most precious metal nanoparticles can be obtained through electro-physical and 

chemical methods [53]. Electro-physical methods are based on subdividing of the bulk 

materials, by mechanical crushing or pulverisation followed by vapour condensation. 

In the chemical methods, fabrication of nanoparticles occurs directly from the liquid 

phase solution, influenced by various factors which include temperature, pressure, 

time as well as mixing modes [53].  

Precious metal nanomaterials such as gold copper (Cu), nickel (Ni), iron (Fe), 

palladium (Pd), gold (Au), platinum (Pt), and silver (Ag) etc have been synthesised as 

outlined in the literature using chemical and physical methods to attain the required 

morphology of interest [37, 41, 61-63]. In addition, biosynthesis of precious metals 

such as zinc (Zn), magnesium (Mg) and titanium (Ti) nanoparticles through an eco-

friendly approach using fungus has also been outlined by Raliya et al. [64]. Shape 

guided fabrication of metal nanomaterials has further been emphasised, envisioned, 

and elaborated by Xia et al. [36]. 

Sainath et al. [65], considered classical molecular dynamics simulations to model 

successful transformation of bulk body centred cubic (BCC) iron (Fe) to essential Fe 

nanowires. Such Fe nanowires, Lin et al. [66, 67] hinted that they can be 

experimentally fabricated by reducing iron (II) chloride (FeCl2) in a high magnetic field 

environment. Besides, atomistic calculations of Xu et al. [68] established that bulk BCC 

tungsten (W) can be transformed into BCC W nanowires. Likewise, Vaddiraju et al. 

[69] further confirmed using experimental vapor phase methods that such W 

nanowires are possible to synthesise. Both Fe and W are known to have space group 
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of Im-3m as well as their lattice constants of 𝑎Fe = 2.8665 Å  and 𝑎W = 3.1652 Å 

respectively [86, 88, 89]. Planes such as (110), (200), (211) and (220) are often used 

for the identification of per synthesised BCC iron and tungsten nanowires as 

highlighted in Table 2.1 [66, 69]. What is more, Fe nanowires have been used in 

human cell-type specific multimodal therapy [70]. Basically, some important key 

factors such as space group, lattice constants and especially indexed planes, tend to 

play a major role in the identification of a nanomaterial.  As such, Table 2.1 shows 

some other synthesised Fe nanomaterials such as BCC Fe nanotubes and spherical 

Fe nanoparticles with their corresponding space group of Im-3m as well as their 

calculated lattice constants of 𝑎Fe = 2.8664 Å  and 𝑎Fe = 2.8650 Å respectively, along 

with their favourable planes. 

Researchers such as O'Shea et al. [71] have considered density functional theory 

(DFT) to model bulk crystal structure of hexagonal closed packed (HCP) cobalt (Co). 

Farkaš et al. [72] modelled both HCP bulk cobalt and its transformation to HCP 

nanoparticles using density functional theory with reference to possible biomedical 

applications. Synthesis of some HCP nanoparticles such as HCP cobalt nanocubes 

and HCP zinc nanowires have also been demonstrated in the literature [73, 74, 75]. 

Gräf et al. [73] studies outlined how HCP cobalt nanocubes can be synthesised 

through thermal decomposition of the precursor material di-cobalt octa-carbonyl. In 

another paper, Chen et al. [74] have shown that HCP zinc nanowires can be 

synthesised through boiling a combination of boron and zinc oxide (ZnO) powders in 

the presence of nitrogen atmosphere. Both cobalt and zinc are known to have space 

group of P63/mmc and lattice constants of 𝑎Co = 2.5071 Å ,  𝑐Co = 4.0686 Å and 𝑎Zn =

2.6650 Å  𝑐Zn = 4. 9470 Å respectively [86, 89, 90]. Planes such as (100), (002), (101), 

(102), (110) and (112) are also utilised for the identification of such synthesised HCP 
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cobalt nanocubes and zinc nanowires as in Table 2.1 [73, 74]. Most zinc nanowires 

are often covered with an oxide layer [75]. Hong et al. [76] has further demonstrated 

that ZnO nanowires can be employed for cancer targeted optical imaging. The study 

by Rauwel et al. [77] has also demonstrated the feasibility and relevance of cobalt 

nanoparticles for applications in nanomedicine photo-therapy, hyperthermia and even 

stem cell production. At nanoscale, some synthesised Co  (Co nanotubes) and Zn (Zn 

nanowires/nanocables) conform to HCP crystal structure of space group P63/mmc 

with lattice constants 𝑎Co = 2.5140 and 𝑐Co = 4.1050 Å and 𝑎Zn = 2.6620 and 𝑐Zn =

4.9450 Å respectively as exhibited in Table 2.1 along with their favourable planes. 

In other other papers, Hollec et al. [78], considered molecular mechanics (MM) and ab 

initio simulations to model successful transformation of bulk face centred cubic (FCC) 

gold (Au) to essential Au nanocubes and nanospheres. Huang et al. [79] validated that 

Au nanocubes can be experimentally fabricated by electrochemical techniques 

utilising a surfactant solution and acetone. In addition, Inoue et al. [80] further 

confirmed using hexadecyltrimethylammonium (CTA(+)) chloride (CTAC) and CTA(+) 

bromide (CTAB) solutions that Au nanospheres are possible to be synthesised. Some 

indexed planes such as (111), (200), (220) and (111), (200), (220), (311), (222) have 

also been used for the identification of some synthesised FCC Au nanocubes and 

nanospheres respectively as in Table 2.1 [79, 80]. Au nanocubes have been identified 

for use in cell imaging and photothermal therapy [81]. Huang et al. [82] have further 

shown that Au nanospheres provide a modern distinct agents for prospective in vivo 

photothermal cancer treatment.  

Some precious metals undergo structural transformation at different temperatures. 

Iron for instance, transform to FCC above 912 °C and back to BCC at temperatures 

above 1400 °C [83]. Similarly, hexagonal closed packed to face centred cubic phase 
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change in cobalt takes place at temperatures above 450 °C [72, 84]. This implies that 

most of the precious metals may exist in various phases depending on the method of 

synthesis and temperature.  A crucial issue is at which stable crystal phase are such 

precious metal nanoparticles utilised for biomedical applications. 

In this study, a focus is on the FCC structured Au- and Ag-nanospheres. Using 

computational modelling Au and Ag unit cells may be periodically repeated in three 

dimensions to yield any intended supercell formations. Alternatively, bulk Au and Ag 

can be scaled down to any preferred nanoscale shapes and sizes; nanospheres, 

nanorods, nanotubes, and nanocubes. As reported in literature [36, 54, 55], physical 

and chemical properties of gold and silver can be customised using architectural 

control of size and shape. Faraday [37] synthesised the first colloidal Au-nanoparticles 

by means of phosphorus based reducing agents. This led to the development of many 

kinds of synthetic methods such as seed growth [56-58], surfactant-mediated 

synthesis [59] and aluminium anodic oxide templated growth [60]. Different synthesis 

procedures lead to tunable and well-defined structural features of Au-nanomaterials. 

Corresponding morphologies of Ag-nanomaterials with peculiar properties are known 

to be fabricated through different methods including physical, chemical and biological 

methods. Biological methods are more favored compared to other methods [41]. A 

review by Zhang et al. [41] demonstrated the utilisation of biological materials, which 

includes enzymes, bacteria, fungi and plant extracts, to generate Ag-nanoparticles as 

other available options to usual physical and chemical approaches. Accordingly, at 

nanoscale, Au and Ag still conform to FCC crystal structure of space group Fm-3m 

with lattice constants 𝑎Au = 4.0762 Å and 𝑎Ag = 4.0860 Å  respectively as laid out in 

Table 2.1 for Au and Ag spherical nanoparticles. These dimensions lead to unit cell 
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volumes of 67.90 Å 3 and 68.40 Å 3 respectively for gold and silver nanomaterials [85, 

87].  

In summary, Table 2.1 shows some of the possible synthesised BCC, HCP and FCC 

precious nanomaterials along with their space group, their associated possible lattice 

constants and their corresponding favourable planes. 

Table 2.1: Some precious metal nanoparticles crystal structures, lattice parameters 
and favourable planes. 

  Precious metal Space 

group 

Lattice 

parameters (Å) 

Favourable 

planes 

N
a
n

o
p
a

rt
ic

le
 c

ry
s
ta

l 
s
y
m

m
e

tr
y
 

FCC 

Ag nanorods [91] Fm-3m 𝑎 = 𝑏 = 𝑐 =

 4.0780 

(111), (200), 

(220) 

Ag spherical 

nanoparticles [92] 

Fm-3m  𝑎 = 𝑏 = 𝑐 = 

4.086 

(111), (200), 

(220), (311), 

(222) 

Au spherical 

nanoparticles [93] 

Fm-3m 𝑎 = 𝑏 = 𝑐 = 

4.0762 

(111), (200), 

(220), (311), 

(222) 

Au nanocubes [79] Fm-3m 𝑎 = 𝑏 = 𝑐 =

 4.0680 

(111), (200), 

(220) 

 

 

 

 

 

Fe nanotubes [94, 95] Im-3m 𝑎 = 𝑏 = 𝑐 = 

2.8627/ 2.8664 

(110), (200), 

(211) 

Fe nanowires [66] Im-3m _ (110), (200), 

(211), (220) 
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BCC 

W nanowires [69] Im-3m _ (110), (200), 

(211), (220) 

Fe spherical 

nanoparticles [96] 

Im-3m 𝑎 = 𝑏 = 𝑐 = 

2.8650 

(110), (200), 

(211) 

 

 

 

 

HCP 

 

Co nanocubes [73] P63/mmc _ (100), (002), 

(101), (102), 

(110), (112) 

Co nanotubes [95, 97] P63/mmc 𝑎 = 𝑏 = 2.5140 

𝑐 = 4.1050 

(100), (101), 

(110) 

Zn 

Nanocables/nanowires 

[98] 

P63/mmc 𝑎 = 𝑏 =2.6620 

𝑐 = 4.9450 

(100), (101), 

(110) 

 

 

2.2.2 Some protein species molecules 

Animal based biological molecules or specifically protein species which have been 

found in literature to interact or even adsorb onto surfaces of metal nanoparticles 

includes but not limited to fibrinogen [99], proline [100, 101] and cysteine [102]. 

Proline (C5H9NO2) and cysteine (C3H7NO2S) protein species contain functional group 

atoms which are related closely with those found in the fibrinogen and fibrin protein 

molecules [103, 104]. Their functional groups involve hydrogen, nitrogen, oxygen, and 

sulphur. Typical chemical formula structures are presented courtesy of 

https://pubchem.ncb.nlm.nih.gov/compound in Figure 2.3. In the same order, 

molecular weights are 115.13 g/mol and 121.16 g/mol respectively [103, 104]. Proline 

species has hydrogen bond donor and acceptor counts of 2 and 3 respectively, whilst 

https://pubchem.ncb.nlm.nih.gov/compound%20in%20Figure%202.5


15 
 

those of the cysteine species being 3 and 4 in turn [103, 104]. Table 2.2 further shows 

a comparison of some basic measured bond lengths within the structure of proline 

(C5H9NO2) and cysteine (C3H7NO2S) for C-H, C-C, C-S, C-N, N-H and C-O bonds 

obtained in the literature [105, 106], in comparison with those obtained from the fibrin 

(C5H11N3O2) in the current study (to be emphasised again in later chapter 4), hence 

there is no known literature of the fibrin bond lengths currently reported. The fibrin 

bond lengths are in accordance with the bond stretching of proline and cysteine. 

 

 

Figure 2.2: (a) Proline [103], Functional atoms: Carbon (C), nitrogen (N), oxygen (O), 
and hydrogen (H). (b) Cysteine [104], Functional atoms: Carbon (C), nitrogen (N), 
oxygen (O), hydrogen (H) and sulphur (S). Courtesy of 
https://pubchem.ncb.nlm.nih.gov/compound.  

 

 

 

 

 

 

 

 

 

(a) (b) 

https://pubchem.ncb.nlm.nih.gov/compound
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Table 2.2: A comparison of some basic measured bond lengths in Angstroms (Å) 
within the structure of proline (C5H9NO2) and cysteine for C-H, C-C, C-S, C-N, N-H 
and C-O bonds attained as per the literature with that of fibrin (C5H11N3O2) protein in 
this study. 

 Bond Lengths (Å) 

 Fibrin (This work) Cysteine [105] Proline [106] 

C-H 1.0903 1.080 1.090, 1.100 

C-O 1.2385 1.239, 1.254 1.210, 1.360 

C-C 1.5345 1.578, 1.531 1.540, 1.530 

C-N 1.4168 1.500, 1.484 1.470, 1.480 

N-H 1.0210 1.00, 0.990 1.010, 1.020 

S-H _ 1.325, 1.340 _ 

C-S _ 1.834, 1.819 _ 

 

A study based on electronic structure theory of proline protein species binding onto 

gold nano-clusters was conducted by Rai et al. [100]. In the study, effective interaction 

between proline and gold nano-clusters occurs through Au-N and Au-O bonding as 

well as the noncovalent Au and O-H or N-H reaction. In this scenario, a natural bond 

orbital interpretation suggests a charge distribution which occurs in the interaction of 

proline as a donor and the gold nano-cluster as an acceptor. In anyway, the entire 

proline + gold nano-cluster interaction is partially covalent. Karmakar et al. [101] have 

also reported how proline functionalised gold nanoparticles (Pro-AuNPs) affect the 

strength of electric signals in kinetics of egg albumin lysozymes. 
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Moreover, theoretical investigation on the attachment of thiol-containing cysteine 

amino acids on the surfaces of silver nano-clusters via cluster model was performed 

by Nhat et al. [107]. Cysteine protein molecules interact with Ag nano-clusters 

preferably through their thiol (-SH), carboxylic (-COOH), and amine (-NH2) electron 

rich functional groups. In acidic and gaseous conditions, cysteine species prefers 

attaching on Ag nano-clusters through the nitrogen (N) atom of the associated amine 

functional group. In a watery solution, cysteine exist in deprotonated form, as such the 

sulphur (S) atom of the thiol group end up being the favoured attachment spot. 

Literature studies by Adnan et al. [102] have identified cysteine functionalised Ag-

nanoparticles as potential colorimetric probes for enzyme free detection of blood 

glucose levels. 

Fibrin protein molecule species are regarded as insoluble type of protein species 

which are produced in response to bleeding and are major components of blood clots. 

Fibrin protein molecules (later referred to as just fibrin(s)) are tough protein-based 

substance arranged in long fibrous chains. These protein species materialise from 

fibrinogens, some soluble protein species that exist within blood plasma while being 

fabricated by the liver, as their main source of production [108-111]. Structural 

information of protein molecules with fibrin(s) in particular are of interest when 

exploring the interfacial interactions of Au- and Ag-nanoparticles with protein 

molecules. The molecular formula of the basic fibrin is C5H11N3O2. A simple basic fibrin 

molecule chain is presented in Figure 2.4. 
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Figure 2.3: Chemical structure of fibrin molecule [112]. 

A simple fibrin molecule (Figure 2.4) is made up of five carbon (C), three nitrogen (N), 

two oxygen (O), and eleven hydrogen atoms. Breaking the structure into functional 

groups formations, it consists of one –CH3, two –CH2, two –CO, two –NH, and one –

NH2. As such, the molecular weight of the basic fibrin molecule is 145.16 g/mol with 

hydrogen bond acceptor count of three (3) and hydrogen bond donor count of three 

(3) [112]. The functional groups contained in the fibrin molecule are suitable for the 

interaction with a variety of metal nanoparticles surface atoms. Fibrin molecules are 

also classified as peptides [112], meaning their chains or concentration can be 

replicated into more chains or specifically two (2), three (3), and four (4) fibrin 

molecules chains and more. 

For further insight, protein molecules (proteins are a string/chain of amino acids) are 

regarded as organic materials composed of hydrogen (H), nitrogen (N), carbon (C), 
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oxygen (O) and in some other cases sulphur (S) atoms [113]. Protein molecular 

species behaviour which includes interactions and dynamics depend on the specified 

protein’s physico-chemical characteristics, even while executing intense and elegant 

functions in vivo [113]. Hence, knowledge of diverse protein molecular features is 

generally contemplated to be quite helpful when analysing and trying to understand 

protein species. 

Some of the basic properties of protein molecules includes molecular weight (MW), 

hydrophobicity, and isoelectric point (pI) as stated in the literature [113, 114]. Tomii 

[113] and independently Wang and Tang [114] emphasise a particular protein species 

molecular weight as the total of the constituent protein’s amino acids molecular 

weights. A knowledge of a protein species molecular weight is vital when preparing 

and choosing techniques used in classifying and purifying processes. An isoelectric 

point refers to the pH value attained when a protein species exhibits a zero net charge. 

Different protein species display different pl values regulated by the kind and quantity 

of constituent amino acids. As the last point, protein species also demonstrate 

hydrophobic and polar charged residues. The quantity of hydrophobic residues assists 

when classifying protein species, as membrane protein species usually have more 

hydrophobic residues compared to other protein species. 

It is also known that fibrin individually or coupled with other associated biomaterials, 

has been utilised essentially as a biological scaffold for stem or primary cells to 

regenerate ocular tissue, ligaments, skin, liver, tendons, nervous tissue, bone, and 

cardiac tissue [108, 115]. As such, interaction of gold (Au)- and silver (Ag)-

nanomaterials with fibrin protein molecules are of interest, particularly the interface 

region may hold the key on how the Au-nanoparticle+fibrin and Ag-nanoparticle+fibrin 

coronas materialise or do not materialise. 
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2.3. Impact of precious metal nanoparticles in nanomedicine 

Even though metal nanoparticles exhibit auspicious characteristics as potential 

therapeutic candidates for biomedical administration, so far, the quantity of 

nanoparticles which have been recognised for clinical implementation is still quite 

small. This is mostly because there is inadequate comprehension and management 

of the nanoparticle’s interaction with biological environments [116-118]. Nowadays 

due to different available industries, exploration mining goes with the release of toxic 

chemicals which contain small amounts of precious elemental Au, Ag, Ni, or even Pt 

residues into the environment. Chances of living organisms being exposed to or being 

in contact with gold (Au) and silver (Au) nanoparticles either directly or indirectly is 

greatly exacerbated [119-121]. Such human practices have resulted in major health 

and safety concerns [119-121].  

On the other hand, the potential biomedical benefits of gold and silver nanoparticles 

have led to the toxicological study being of significant attraction from the clinical 

viewpoint [118, 120, 121]. Over the years, many studies have accomplished better 

comprehension into Au/Ag nanoparticles-protein complexes, and endlessly trying to 

improve and comprehend the characteristics of bio-nanoconjugates and the outcomes 

of Au- and Ag-nanoparticles in biological systems [122-125, 121, 126]. Most 

biomedical employment of Au- and Ag-nanoparticles depend on protein molecular 

species which covalently adsorb on their surfaces [126, 127]. As already emphasised, 

the overall character of Au/Ag nanoparticle+protein complexes may rely on the kind of 

the protein molecular species and most importantly the features of the Au/Ag 

nanoparticles which includes size, the surface charge and the nanoparticle 

morphology [126, 128].  
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Precious gold (Au) and silver (Ag) nanomaterials under certain given conditions may 

serve as excellent candidates for protein molecules immobilisation [129-133]. Through 

immobilisation, some cell based toxic reaction which may lead to tumors or cell death 

may be overcome. So, these nanoparticles can easily react with the amino and thiol 

groups of some protein species leading to the creation of the nanoparticle+protein 

corona. Furthermore, these nanomaterials synthesis methods can be manipulated 

through shapes and sizes in order to conform to a preferred protein molecular species 

adsorption. 

Protein immobilisation is regarded as the attachment of protein species onto the facet 

of nanoparticles, which may result in the reduction or loss of mobility in the cellular 

system [134]. The manner in which protein molecules are immobilised will dictate or 

govern the properties of the nanoparticles. Immobilisation of proteins onto the surface 

of nanoparticles could occur through physical or covalent immobilisation. In the case 

of physical immobilisation, protein molecules can get attached on surfaces through 

polar interactions, hydrophobic interactions, ionic bonds and intermolecular forces. On 

the other hand, covalent immobilisation involves protein molecules binding covalently 

by means of valence electrons to the surface of the nanoparticles via reachable 

functional groups of vulnerable amino acid molecules [134]. As such, a comparatively 

stable method of protein immobilisation is to conjugate a protein to the nanoparticles 

surface through covalent bonding [134]. 

The atomic composition and chemical response at the surface of these Au- and Ag-

nanoparticles contributes a lot in the fabrication, fate, as well as the modulation of the 

nanoparticle+protein coronas. These dynamic processes affect the nanoparticle’s 

structure and activity, profoundly [135]. Adsorption of protein molecules in their native 

configuration or compelling them to alter their configuration after attachment onto 
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nanoparticles could result in an effective nanomedicine product or a toxic nanoparticle. 

Existing data [136 –141] indicates that the acknowledged kinds of nanoparticles for 

nanomedicine application is quite low, which implies that more investigations aligned 

with biomedical applications need to be carried out. This is blamed on the lack of 

comprehension and regulation of the nanoparticle’s interactions with physiological 

environments.  This only proves that a better understanding of how metal 

nanoparticles react when subjected to biological molecules is required to fulfil the ever-

growing need of nanoparticles in the biomedical field. 

However, only few of the metal nanoparticles under development have been 

processed into successful nano-medicinal applications [142]. Ethical issues involving 

in vivo may be associated with experiential delays towards successful applications 

[142]. When administered through in vivo, metal nanoparticles come into contact with 

complex and peculiar biological fluids (possessing different pH levels), plentiful 

biomolecules and immune cells, which in turn impacts the bio-distribution, metabolism, 

cellular internalisation, as well as toxicity of administrated nanoparticles [142]. 

2.4. Formation of the metal nanoparticle + protein corona complexes 

Conventionally, metal nanoparticles are introduced into the human blood system by 

injection [143-146]. In the blood system, such nanoparticles find themselves in the 

pool of various protein molecule species. As such a possible competing interaction 

among protein molecule species and the nanoparticles ensues. Upon this competition, 

any possible ‘nanoparticle+protein corona’ complex may materialise. Such probable 

nanoparticle+protein corona depends on the surface charge, shape, density, size, and 

surface atomic distribution of the primary nanomaterial. On the protein molecule side, 

the helix chain length, type and number of the functional groups involved contributes 

a lot to the nanoparticle+protein corona complex formation. A possibility of the 
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dissociation of the nanoparticle into constituent atoms or ions due to this interaction 

must also not be ruled out. Such interactions may lead to the creation of the 

nanoparticle+protein corona or just dissociation of metal nanoparticles [147, 148]. 

Another objective in this study is a clarified injection of nanoparticles into the human 

blood environment (in vitro) process. Such enlightenment could limit the direct 

experimental analysis on live animals (i.e., in vivo). 

A review by Bal et al. [149] has shown that human serum albumin (HSA) is a 

predominant physiological transporter of the precious metal ions  such as Cu2+ and 

Zn2+ in the associated bloodstream. It was also stated that its attachment to metals 

such as Ni2+, Co2+, or Cd2+ can take place in vivo, but is only of toxicological 

importance. In this moment, human serum albumin is classified as one of the dominant 

targets as well as the widely studied binding protein species for metallo-drugs based 

on complexes with Au, Pt and V. In the review of Bal et al. [149] , it has been shown 

that metals which include Cu, Zn, Co, Cd, Pt, Hg, Fe, Ni, Au, and V can successfully 

interact with human serum albumin  (HAS) which could result easily in the potential 

metal nanoparticle+protein corona complexes. 

The significance of metal ions in the behaviour of bovine serum albumin (BSA) in the 

biological systems has been illustrated by Jing et al. [150], focusing on comprehending 

the interactions between the metal ions which include Fe2+, Fe3+ and Cu2+ with bovine 

serum albumin (BSA) molecules. The results divulged that the incorporation of Fe3+, 

Fe2+, and Cu2+ ions alter the tertiary structure of BSA molecules and exposes the 

aromatic heterocyclic hydrophobic group of BSA amino acid residues. The 

incorporation of Fe3+ and Cu2+ ions result in increased viscosity and decreased 

intensity of the water peak in the BSA solution. Also, Fe3+ and Cu2+ ions were found 

to visibly enhance the 𝛼-helix to 𝛽-sheet transfiguration of bovine serum albumin 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/human-serum-albumin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/metal-ion
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/human-serum-albumin
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molecules because of the lowered disulphide bond sturdiness. The introduction of 

Cu2+ ions promote the assemblage of bovine serum albumin molecules. The overall 

research study suggests that different metal ions can successfully interact with protein 

molecules in a peculiar manner resulting in nanoparticle+protein corona complexes. 

One peculiar process is followed in the generation of the nanoparticle+protein corona, 

where the nanoparticles are usually introduced into a protein source medium such as 

human blood plasma (HBP). Metal nanoparticles are first synthesised by any preferred 

method and thereafter introduced into a particular protein source medium. This is 

followed by incubation for a certain amount of time, and eventually regained through 

centrifugation, magnetic force or chromatographic techniques [148, 151-153]. Several 

washing procedures may be considered to remove excessive unbound protein 

molecules. In turn, the nanoparticles of focus might be covered with tightly bound 

protein molecules in what is referred to as ‘hard corona’. In addition to this a so called 

‘soft corona’ is also present as the secondary layer of protein molecules which are 

loosely bound to the nanoparticle’s surfaces [148, 152, 153]. 

Consequently, the character of the soft corona is however receiving scrutiny as it is 

still considered to be very complex and may be governed by some factors which 

includes shear force in a breathing life form [151]. Otherwise, reports suggests that 

hard corona proteins command the biological behaviour of a nanoparticle [148, 151, 

153]. It is basically clear that the hard corona signifies a tightly bound layer of protein 

molecules, driven by high affinity toward the surface of the nanoparticles. While, the 

soft corona, signifies a less tightly bound layer of proteins, exhibiting low affinity to the 

nanoparticles surface and simply a high exchange rate with other protein molecules 

[148, 153, 154]. 
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A standard analysis on time reliant adsorption mechanism and separate protein 

corona foundation was pursued by Sasidharan et al. [155], in which 40 nm sized Au- 

and Ag-nanoparticles were coated with citrate and lipoic acid. Such Au- and Ag-

nanoparticles were exposed to three major protein species, which include human 

serum albumin (I), fibrinogen and immunoglobulin G (IgG) at their physiological 

concentrations for 24 hours. In this case, time evaluation data in the range of 0 hours, 

6 hours, 12 hours including 24 hours indicate that regardless of the surface chemistry, 

instant and eminent attachment of I and IgG created coronas on citrate as well as 

lipoic acid decorated gold (Au)- and silver (Ag)-nanoparticles bringing about an 

enlargement in size, with no aggregation/agglomeration over the cause of 24 hours at 

a body temperature of 37°C. Fibrinogen invoked agglomeration instantaneously upon 

contact with the nanoparticles. Such interesting discoveries points out that regardless 

of the nanoparticle surface chemistry, corona protein molecules at their physiological 

concentrations tend to interact differently. In this case, nanoparticle+I and 

nanoparticle+IgG coronas adsorbed strongly while keeping both individual Au- and 

Ag-nanoparticles well dispersed, whilst fibrinogen caused what could be classified as 

rapid, strong and irreversible nanoparticles cluster agglomeration.  

Researchers such as Casals et al. [156] established that the size enlargement of Au 

nanoparticles was reversible upon incubation for a brief duration of time, particularly 

in complete cell culture medium. Whilst prolonged incubation (approximately 48 hours) 

established hard corona as the nanoparticle size gets bigger from 10 nm to 16 nm. 

Whereas Maiorano et al. [157] as well highlighted that the enlargement of hydrokinetic 

diameters of 3 Au nanoparticles differed in size after incubation with 10% fetal bovine 

serum. Correspondingly, a contemporary study presented an in-depth run-through of 

size enlargement and charge lowering of Au nanoparticles decorated with citrate in 
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dissimilar sizes, subsequent their subjection to cell culture medium until 48 hours 

[158]. 

Likewise, Tomak et al. [50] has investigated the development of the silver nanoparticle 

protein corona upon subjection to cell culture media comprising of 10 % fetal bovine 

serum (FBS). In this manner, different parameters that could affect nanoparticle-

protein corona complex were probed, this includes incubation time, cell culture 

medium, and incubation temperature. Their findings revealed that the physiological 

environment directly affects protein corona formation on nanoparticle. To be specific, 

incubation condition-dependent differences in the amounts of bound proteins were 

noted. Further on, the mean diameter of Ag-nanoparticles was found to increase from 

50 nm to 75 nm after 24 h incubation in FBS supplemented cell culture medium. As a 

results, it was concluded that the average increase in the particle size affirmed the 

existence of a protein layer circulating Ag-nanoparticles. In this instance, more 

proteins were adsorbed on Ag-nanoparticles when the incubation time was prolonged. 

In anyway, protein corona encrusted Ag-nanoparticles were established to have more 

negative charge values as distinguished to pure Ag-nanoparticles. Prolonged 

incubation time emanated in more negative charge values at neutral pH (7.3), 

highlighting the significance of protein exposure in modulating electrostatic 

interactions. 

The properties of metal nanoparticles due to their synthetic procedure such as size 

[157-160], surface charge [161, 162], and hydrophobicity [163, 164] influence the 

overall resultant of the protein corona. As such, nanoparticles with higher 

hydrophobicity adsorb more proteins with higher affinity [163]. On the contrary, the 

shape of the nanoparticles also influences protein corona formation, and it is 
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recommended that highly complex surfaces exhibit the adsorption of large amount of 

proteins [165].   

Different nanoparticles shapes such as nanospheres, nanorods and nanostars tend to 

adsorb different amounts of proteins. Although it is not clear on how this comes about, 

a study showed that the amount of the protein adsorbed by the Au nanorods was the 

highest as compared to Au nanospheres and Au nanostars [166]. It is clear that 

different morphologies adsorb different number/amount of proteins. In any case, Wang 

et al. [167], emphasised that a positively charged Au nanorods adsorbed more serum 

species type of protein molecules than negatively charged Au nanospheres.  

Moreover, Ashkarran et al. [168] conducted a study on hard and soft corona 

repercussions, with the aid of probing the interrelation of 4 various Ag nanomaterials 

morphologies (which includes nanotriangle, nanosphere, nano-cube and nanowire) 

with fetal bovine serum (FBS). Their results revealed that the protein coronas possess 

dissimilar concentrations and configurations relying on the nanoparticle morphology, 

signifying the fact that nanoparticle-protein interrelations are morphology reliant. In 

anyway, it is important to state that not only the curvature effects vary for different 

nanoparticle shapes, but also the arrangement of the atoms on the associated 

surfaces, resulting in various surface energies for every unique morphology, that may 

contribute to the protein adsorption. 

Interestingly, the size of Au-and Ag-nanoparticles can also influence the amount of 

protein molecules adsorbed onto the nanoparticle surface. As such, it has been shown 

that Au-nanoparticles with large surface areas have greater capability of binding to 

plasma type protein molecules. Meanwhile, Au-nanoparticles with compromised 

surface areas tend to adsorb fewer protein molecules on their surfaces [167, 169]. 
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Correspondingly, in some interesting study [148], it was validated that the interaction 

of Au-nanoparticles (10.02±0.91 nm), Ag-nanoparticles (9.73±1.70 nm) and Pt-

nanoparticles (2.40 ± 0.30 nm) with human serum endure the resultant of a protein 

corona surrounding the nanoparticle, this was observed in all the cases. The resultant 

of this protein corona depends on the configuration of the nanoparticle as well as its 

size. As a result, it was noted that smaller nanoparticles (2.40± 0.30 nm Pt-

nanoparticles) exhibit lower protein adsorption (198 proteins) as compared to larger 

nanoparticles which exhibit more protein adsorption (10.02±0.91 nm Au-nanoparticles 

and 9.73±1.70 nm Ag-nanoparticles) (215 proteins). 

Larceda et al. [170] studies observed that for some species, adsorbed protein 

molecules undergo conformational changes which is followed by continued 

enrichment of the adsorbed protein molecule layers. It was further shown that the 

binding capacity of Au-nanoparticles to some protein, specifically fibrinogen, becomes 

greater when the size of Au-nanoparticles increases [171]. Deng et.al [171] suggested 

that larger Au-nanoparticles have higher protein adsorption than smaller Au-

nanoparticles, and this is due to the fact that smaller Au-nanoparticles have elevated 

curvature that lessens the protein binding affinity [169]. 

In most cases, research studies include nanoparticles that are mainly bigger than the 

size of the corresponding proteins, in which the nanoparticles can be observed as the 

carrier of protein cargo. As such, Glancy et al. [172] showed that when human serum 

proteins are incubated with nanoparticles of an average diameter of 10 nm, the 

nanoparticles start to behave as the cargo instead of the carrier in the nanoparticle-

protein corona formation process. In other words, if the nanoparticle is larger than the 

protein, then the nanoparticle will behave as the protein carrier. Meanwhile, if the 
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protein is larger than the nanoparticle, then the protein will act as the carrier of the 

nanoparticle. 

Hydrophobicity of Au- and Ag-nanoparticles are important characteristics to control the 

configuration and amount of protein adsorption [173]. Hydrophobicity usually 

describes the ability of a surface to repel water molecules. Studies also shows that 

hydrophobic nanoparticles can also adsorb more proteins from plasma [174, 175]. 

Therefore, lower surface hydrophobicity can reduce plasma protein adsorption. As a 

results, protein corona formation may change the hydrophobicity of nanoparticles. In 

the meantime, hydrophobicity of nanoparticles may determine the nature of protein 

corona [175, 176]. A review by Fratoddi et al. [173] has emphasised that hydrophobic 

ligands happen to be appropriate for bio-medical functions, usually in amalgamation 

with hydrophilic ligands, particularly in the occasion of Au-nanoparticles, providing the 

Au-nanoparticles with that satisfying potential theragnostic features. Also, Ag-

nanoparticles stabilised with hydrophobic ligands have been broadly explored for their 

existence as effectual growth inhibitors against several micro-organisms and after to 

be utilised in nanomedicine.  

The other important aspect is the surface charge to mediate cytotoxicity of Au- and 

Ag-nanoparticles. In this instance, charge is often tangled when it comes to toxicity as 

exhibited through research conducted by Goodman et al. [177]. Their findings 

illustrated and concluded that positively charged nanoparticles were found to be 

extremely toxic than negatively charged nanoparticles. This can be due to the 

factuality that positively charged nanoparticles are less biocompatible within cells as 

compared to negatively charged particles which are more biocompatible within cells. 

However, in other cases, the smaller nanoparticles which are negatively charged 

seems to have the greatest adsorption pace and the broadest organ dissemination 
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[178,179]. Onwards, the cytotoxicity of the Au and Ag nanorods were found to depend 

on the polarity of the surface charge as outlined by Kuo et al. [180]. As such, the 

nanorod surface with the positively charged amino end group was established to be 

the slightest toxic whilst the nanorod surface with the negatively charged carboxylic 

acid end group established the greatest cell death. For emphasis, the functionalised 

nanorods proved to be much toxic as compared to the serum decorated nanorods. 

Reports also shows that refinement of nanoparticle surface's charge can also affect 

protein binding capabilities [181,182]. Hence, it has been highlighted that the surface 

of a nanoparticles possessing zero charge binds fewer proteins as compared to the 

surfaces of positively charged nanoparticles (NH2 functionalised), and negatively 

charged nanoparticles (COOH functionalised) [176-179, 181-183]. In this way, the 

surface refinement could provide sufficient total charges on the Au- and Ag-

nanoparticles surfaces, which in this case cause electrostatic attraction to the 

differently charged functionalities in protein molecules. 

Some recent report exhibited that the configurational change of fibrinogen can 

intentionally be influenced by the surface characteristics of Au-nanoparticles [181]. 

Consequently, negatively charged Au-nanoparticles, as compared to the 

neutral/positively charged Au-nanoparticles, were demonstrated to attach fibrinogen 

in a position that caused cytokine discharge in human monocytic THP-1 cells in vitro 

[181]. From physics point of view, it can be concluded that negative charges in Au-

nanoparticles were attracted to positive charges in fibrinogen, which can be regarded 

as electrostatic attraction where like charges repel one another and unlike charges or 

opposite charges attracts one another. 
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Interestingly, the interaction mechanism of Au-nanoparticles with proteins may results 

in the alteration of the native features of both nanoparticles and proteins. Importantly, 

the interactivity can influence several biological variations, inclusive of the structure of 

adsorbed proteins as well as aggregation of proteins. As such, in a process whereby 

fibrinogen interrelate with Au-nanoparticles decorated with poly (acrylic acid), the 

fibrinogen tends to unravel and reveal its corresponding cryptic peptide [184], which 

can be classified as electrostatic attraction where fibrinogen charges become attracted 

to Au-nanoparticles charges or charges in the Au-nanoparticles. 

Still on electrostatics interaction, Eigenheer et al. [185] highlighted a technique 

whereby mass spectrometry proteomics was initiated to regulate protein corona 

inhabitants as well as quantification of protein enhancement on the surfaces of various 

Ag-nanoparticle [this includes negatively charged nanoparticles covered with citrate 

(10 and 100 nm) and positively charged nanoparticles covered with polyethyleneimine 

(100 nm)] in the physiological systems or conditions. Onwards, the protein coronas of 

negatively charged nanoparticles covered with citrate (10 nm) were differentiated to 

positively charged nanoparticles covered with polyethyleneimine (10 nm) and 

negatively charged nanoparticles covered with citrate (100 nm) in order to investigate 

the significant of size and surface charge. On the bright sight, the findings from the 

protein corona concentration experimentations plainly demonstrated that the charge 

on the surface of the Ag-nanoparticles contributed more to corona fabrication as 

compared to their size. Therefore, there was an elevation in the majority of negatively 

charged proteins that attached to positively charged Ag-nanoparticles as compared to 

the 10 and 100 nm negatively charged Ag-nanoparticles. In the meantime, there was 

a twofold reduction in the anionic proteins that were attached to 10 nm (34 %) and 

100 nm negatively charged Ag-nanoparticles (20 %), as compared to positively 
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charged Ag-nanoparticles (71 %). Such informative findings clearly shows that 

electrostatics is one of the main determinant factors involved in the regulation of 

protein molecules affinity for Ag-nanoparticles or any other associated metallic 

nanoparticles. 

2.5. Interface interaction of gold (Au) and silver (Ag) nanoparticles with protein 
molecules 
 

Studies suggest that the nanoparticle+protein corona can be categorised via two 

forms: soft and hard nanoparticle+protein corona depending on how the protein 

molecules respond to the nanoparticle surface area [186]. As discussed earlier in 

section 2.4, the soft nanoparticle+protein corona is generated when the low affinity 

protein molecules interact positively with the metal nanoparticle of interest. Such low 

affinity protein molecules are naturally loosely bound amongst one another but have 

the possibility of engaging in exchange interactions with other biomolecules within a 

given plasma solution spontaneously. On the other hand, the hard 

nanoparticle+protein corona materialises from the high affinity protein molecules 

which become strongly adsorbed on the metal nanoparticles surface as can be seen 

in Figure 2.5 [11, 163].  Plainly, the high affinity protein molecules provide a primary 

layer around the metal nanoparticle, whilst the low affinity protein molecules wrap up 

a second layer above the high affinity hard corona protein molecules. This implies, the 

high affinity protein molecules interact more easily with the nanoparticle surface as 

compared to low affinity protein molecules, hence they are primary and strongly 

adsorbed onto the surface.  It must be noted that the most abundant protein species 

are readily attached onto the surface of the metal nanoparticles at the early stages of 

the creation of the nanoparticle+protein corona, but as time goes, they get replaced 

by high affinity protein molecules. This phenomenon in which a pool of different protein 
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molecular species compete for interaction with the exposed metal nanoparticles is 

classified as the Vroman effect [187]. 

Processes which include physical and chemical adsorptions come into play during the 

creation of this nanoparticle+protein coronas. In the meantime, coordination, 

electrostatic interactions, hydrogen bonding, hydrophobic interactions and van der 

Waals forces tend to contribute a lot when it comes to initiating the attachment of 

protein molecules on to nanoparticle’s surfaces [188-191]. For example, when protein 

molecular species such as BSA encounters Au- and Ag-nanoparticles, the disulphide 

bonds of BSA binds on the surface of Au- and Ag-nanoparticles through Au-S and Ag-

S bonds respectively [189, 192]. 

Initial findings on the interrelation of metal nanoparticles and plasma protein molecules 

were started in the years: 1996 to 2000 [193-195]. But the research group of Cedervall 

[196] was the first to introduce the nanoparticle+protein corona complex concept. 

Figure 2.5 provides a visual demonstration of the nanoparticle+protein corona 

complex notion. It can be seen how the hard and soft nanoparticle+protein coronas 

constitute a primary layer of protein molecules followed by a secondary layer 

dispersed around the nanoparticle surface. 
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Figure 2.4: Visual demonstration of the nanoparticle+protein corona complex [186]. 

With reference to the gold nanoparticles, some experiments have shown that the 

protein species: fibrinogen, immunoglobulin G (Ig-G), human serum albumin (HAS), 

and apolipoprotein A1 (ApoA1) give rise to hard nanoparticle+protein coronas. The 

order of affinity for the hard corona on these protein species is ApoA1 > fibrinogen = 

HAS > Ig-G [197, 198]. This suggest the strength of fibrinogen and human serum 

binding on the Au-nanoparticles is equal. Apolipoprotein A1 acquire highest binding 

strength whilst immunoglobulin possess the lowest. 

Literature studies of Duran et al. [199] have illustrated some possible interactions 

between Ag-nanoparticles and different protein species to explain how Ag-

nanoparticle+protein corona complexes might get formed. Ag-nanoparticles could 

interact easily with protein molecules of bovine and human serum albumin, tubulin and 

ubiquitin type, resulting in single molecule Ag-nanoparticle+protein coronas. In other 

instances, Ag-nanoparticles could also interact with protein molecules of yeast extract 

as well as fetal bovine serum resulting in complex Ag-nanoparticle+protein coronas. 

Hence, it is evident that dissimilar protein species may generate a 
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nanoparticle+protein corona complex which correlates to the surface curvature and 

size of the Ag-nanoparticles. 

To better understand the distribution of the protein molecules onto the surface of 

nanoparticles, Lu et al. [14] investigated apolipoprotein and human serum albumin that 

were attached on Au nanosheets and graphene surfaces. Their results of the 

investigation showed that the secondary structures and bondable stability of protein 

molecules can be moderated by the quantity and positions of hydroxyl (-OH) groups 

attached on the nanosheets surfaces. Depending on the environment, reports further 

suggest that the methyl (-CH3) groups may strengthen the binding between the peptide 

chains and the Au nanoclusters [200]. 

In other cases, ubiquitin which is consider as a smaller cysteine-free protein species 

binds to citrate-decorated gold-nanoparticles mostly through small domains of the non-

electrostatic interactions, like hydrogen bonds, in which the -NH group attaches to the 

carboxyl (-COOH) group of the citrate surface on the nanoparticles. In this way, the -

NH group is basically bonded the carboxylate group of the citrate through the hydrogen 

bond. In other words, the H and N directly interact with the Au-nanoparticles as well 

as the citrate. This interaction is further revealed and evaluated in detail by 

experimental (i.e. nuclear magnetic resonance and circular dichroism) and 

computational techniques such as Brownian dynamics, ab initio quantum mechanics 

and classical molecular dynamics [201]. The entire configuration of ubiquitin is highly 

close-packed and strongly hydrogen-bonded. On the experimental point of view, 

research findings have deduced that ubiquitin institute a hard corona onto the Au-

nanoparticles surfaces [201]. 
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Buglak et al. [202] have also shown that biological molecules such as cysteine, 

aspartic acid, glutamic acid, arginine and tyrosine can effortlessly get attached to the 

facets of Ag nanomaterials. In such reactions, tyrosine, aspartic acid, and cysteine 

possessing deprotonated side chains display the greatest binding energy out of all 

other associated biomolecules. The study has shown that binding could occur through 

Ag-O, Ag-N, Ag-H and Ag-S bonds, depending on the type of biological molecule or 

protein/ammino acids. This simply confirms that different protein species or biological 

molecules bind differently to the nanoparticle’s surfaces, depending on the various 

atoms or functional groups possessed by a given protein species. 

In some peculiar cases, the amide I region (i.e. NH3) resulting from a C=O stretching 

mode has been broadly utilised for the recognition of protein secondary structure [203]. 

Hence, the average shape and maximum of the amide I band can be utilised to attain 

the disorganisation of the protein after its attachment onto the nanoparticle surfaces. 

Whereas the binding of protein molecules to plane surfaces frequently instigates 

crucial modifications in secondary structure, the higher curvature of nanomaterials can 

assist protein molecules to maintain their primary structure. Even though the protein 

molecules can maintain majority of their original structure subsequent to adsorption 

onto the nanomaterial surface, in other situations, the thermodynamic sturdiness of 

the protein molecule may be lowered, influencing the protein molecule to be quite 

sensitive to chemical denaturants like urea [204]. It was also shown that in the 

existence of gold nanoparticles, bovine serum albumin (BSA) exhibits a decrease in 

α-helical structure as well as major enlargement in sheet and turn structures [205]. 

Structural alterations come about because of the inherent features of the protein 

molecules merged with the characteristics of the nanoparticles, which includes surface 

curvature as well as surface chemistry [204]. Research findings on the interrelation 
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between colloidal Ag-nanoparticles with bovine serum albumin have been recently 

reported [206]. The results showed that the bovine serum albumin binding on the 

surface averted the Ag-nanoparticles from agglomerating in solutions of pH higher 

than 5. Otherwise, modifications in bovine serum albumin configurational structure 

after its interrelation with Ag-nanoparticles was evident at a basic pH level. 

Consequently, extra observations were that the agglomeration of the Ag-nanoparticles 

hindered their intake in cellular environment which also limits their applicability as bio-

probes.  

A study by Nhat et al. [107] illustrated that in extreme acidic environments and vacuum, 

cysteine molecules like to bind on silver nano-clusters through the amine functional 

group (-NH2). However, the thiolate functional group (-SH) appears to be the best 

favourable and active binding position, in an aqueous solution. Cysteine compatibility 

of silver nano-clusters is highly affected in various conditions, as such the following 

trend is suggested; aqueous solution> vacuum> acidic solution, which is also greatly 

reliant on the cluster size. 

Adsorption of amino acids such as cysteine and glycine onto Au and Ag nano-clusters 

was also investigated and validated by Pakiari et al. [207].  The work demonstrates 

that the interrelation of amino acids (the building block of proteins) with Au and Ag 

nanoclusters is ruled by 2 main bonding features: (i) conventional S-Au/Ag, O-Au/Ag, 

and N-Au/Ag bonds and (ii) nonconventional O-H…..Au/Ag and N-H…..Au/Ag 

hydrogen bonds. Similar bond types have been seen in complexes containing anionic, 

cationic, and neutral amino acids. In other studies, Li et al. [208] further showed the 

possibility of the emergence of an Ag-nanoparticles+apolipoprotein bio-corona at low-

lying ion concentrations, in which citrate-decorated Ag nanoparticles (negatively 

charged) were interacting with 15 apolipoproteins. 
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The importance of examining adsorption energies involved when protein molecules 

adsorbed onto the nanoparticles have been emphasised in the literature [202, 209]. In 

this manner, the adsorption/binding energies were further investigated for the protein 

molecules adsorbed onto Au-nanoparticles [209]. Correspondingly so, the binding 

energies were calculated for a variety of plasma protein molecules and amino acids, 

which includes immunoglobulin A, E, and G (IgA, IgE, and IgG), HSA, hemoglobin, 

transferrin (TF), and myoglobin, which in this case assist with the prediction of their 

adsorption capabilities to various sized Au-nanoparticles [209]. Even in the case of 

Ag-nanoparticles, adsorption energies were further investigated for the adsorption of 

deprotonated glutamic acid, aspartic acid, tyrosine, and cysteine onto Ag-

nanoparticles to assess their binding affinity [202].  

Until this point, nanoparticle composition [210, 211], hydrophobicity [212], 

temperature, pH extent, and existence of functional groups [213] have been 

demonstrated to perturb protein molecules binding capabilities onto the surface of the 

nanoparticles. Deposition of nanoparticles specifically in an in vitro subjection 

environment has also been suggested in some way to impact cellular interrelations 

[214]. In addition, HSA is recognised as the superabundant protein species for 

nanoparticles with unique morphologies such as star shapes, rod shapes and 

spherical shapes [156, 165]. Specifically, protein molecules that could be identified 

within the nanoparticle+protein corona with different abundance includes proteins of 

the complement system, vitronectin, and albumin.  

Researchers Piella et al. [215] examined the interrelation of citrate-stabilised Au-

nanoparticles with protein molecules in the size trend: 3.5 - 150 nm and discovered 

that the broadness and compactness of the nanoparticle+protein coronas formed were 

highly reliant on the size of the nanoparticles. As a result, the nanoparticle size can be 
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controlled by a variety of methods of transfiguration. This includes generation of an 

imperfect corona, development of an almost single-density nanoparticle+protein 

corona coating, and generation of a multicoating (hard and soft) corona. As a final 

point, the transportation of protein molecules in a nanoparticle+protein corona 

configuration could be regarded as safe and could also lead into reduction of potential 

nanoparticle toxicity. 

Likewise, Shannahan et al. [216] discovered that citrate decorated silver nanoparticles 

can easily establish nanoparticle+protein coronas when interacting with high-density 

lipoprotein (HDL), bovine serum albumin (BSA), and human serum albumin (HSA). In 

this way, the formation of nanoparticle+protein coronas with HDL, BSA, and HSA 

resulted in the increase of the hydrokinetic sizes of the Ag-nanoparticles. The 

incorporation of BSA and HSA decreased the disintegration of Ag-nanoparticles. 

Meanwhile, the incorporation of HDL increased the disintegration of Ag-nanoparticles. 

The researchers (Shannahan et al. [216]) highlighted that this took place due to the 

decrease in the zeta potential of the high-density lipoprotein+Ag-nanoparticles in 

contrast to bovine serum albumin and human serum albumin. 

2.6. Characterisation techniques used on metal nanoparticle+protein corona 
complexes 
 

As of to date, different and unique techniques that could be initiated for an in-depth 

analysis of metal nanoparticle+protein corona have been explored, with some 

techniques rendered somehow complicated. Hence, it is recommended that choosing 

a suitable technique is very significant and vital for a specific nanoparticle+protein 

corona analysis. In this regard, several unique and interesting techniques for analysing 

nanoparticle+protein corona have been reported and reviewed in several publications 

[217-220]. Some structural evolution analysis of protein molecules adsorbed onto 
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metal nanoparticles surfaces can be scrutinised via methodological approaches which 

includes Fourier transform infrared (FTIR) [221], Raman spectroscopy, nuclear 

magnetic resonance (NMR), and X-ray crystallography (XRD) [222]. 

But experimental techniques such as NMR and XRD are generally not preferred even 

though being utilised in the study of nanoparticles and protein molecules as the 

preparation of nanoparticle+protein complexes are somehow complicated and such 

techniques have limitations [189, 217]. Parameter measurements from these methods 

are also time consuming and expensive to carry out [189, 217]. To overcome such 

limitations, some improved and recommended approaches involve X-Ray absorption 

near-edge structure (XANES) [189, 223] and surface-enhanced Raman scattering 

(SERS) [217, 224]. SERS is mainly utilised progressively for molecular imaging of 

animal and plant cells. In any case, SERS evaluates the enhanced Raman scattering 

of molecules attached on metal surfaces. Hence, SERS is responsive enough to trace 

and observe individual nanoparticles. XANES can provide the chemical composition 

of the protein molecules. In this way, physical and chemical adsorption of protein 

molecules onto precious metal nanoparticles surfaces can be investigated 

satisfactorily [189, 223]. 

FTIR [221] and Raman spectroscopy [222] have been considered for the monitoring 

of the secondary structure of protein molecules bonded onto nanoparticles. Atomic 

structures of nanoparticle+protein corona can be analysed using XRD crystallography 

technique. Ultraviolet-visible (UV-vis) spectroscopy [225, 226] can provide rapid 

measurements for the establishment of the quantity of adsorbed protein molecules. 

NMR provides surface chemistry characterisation. However, as already highlighted, 

appropriate nanoparticle+protein samples suitable for NMR and XRD characterisation 

are complex, expensive, and take time to prepare [217]. 
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Other utilised techniques, includes dynamic light scattering (DLS) which has been 

openly initiated to characterise general nanoparticle+protein interrelations. The 

technique could divulge possible variations on nanoparticle surface charges and size 

distribution [227]. The process of adsorption of protein molecules onto nanoparticle 

surfaces may influence dimensional increase of the nanoparticle's size. As such, 

researchers have demonstrated DLS as a dominant technique for detecting and 

observing the adsorption of protein molecules onto metal nanoparticles [228-233]. 

Information on nanoparticle+protein corona in aqueous solution indistinguishable to 

biological environment can be attained via NMR techniques [234, 235]. However, NMR 

has protein molecules size restrictions [236]. Even better, techniques such as X-ray 

photoelectron spectroscopy (XPS) have been adopted to resolve such limitations. XPS 

is regarded as a spectroscopic technique with surface susceptibility that could 

quantifiably evaluate surface composition of any metal nanoparticle and give an 

approximate on the denseness of nanoparticle+proteins as well as the quantity of 

protein molecules on the surface of the nanoparticles [237, 238]. In this manner, XPS 

can give an approximation of thickness of protein molecular layers around a given 

nanoparticle. Konduru et al. [239] achieved the relative quantification of different 

protein molecules forming Au-nanoparticle+protein corona by using gel-based 

densitometry. In addition, Cui et al. [240] employed DLS for quantification, however, 

this technique possesses insufficient sensitivity for low-lying quantity of protein 

molecules being adsorbed onto the Au-nanoparticles. 

Some of the standard methodological procedures that could reveal data about 

variations in hydrodynamic sizes of Au- and Ag-nanoparticles after corona fabrication 

involves differential centrifugal sedimentation (DCS) [242], ultracentrifugation [241], 

and flow field flow fractionation (AF4) and others [243, 244]. As a result, AF4 
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assembles a wide dynamic range of size separation that is specifically crucial for 

isolating big protein molecules from nanoparticle+protein conjugates by size [245]. 

Basically, amalgamation of this technique alongside DLS could provide further precise 

size quantification of possible Au- and Ag-nanoparticle+protein corona complexes. 

Methodological approaches which include scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are of major interest in the characterisation 

of nanoparticle+protein coronas. SEM can be used to examine the shape, length and 

composition of the protein molecules adsorbed on the surface of the metal 

nanomaterials [133]. The matrix morphology and possible agglomerations of 

nanoparticle+protein complexes can be investigated using the TEM [246]. 

2.6.1. Enhanced stability of protein molecules 

The toxicity of nanoparticle+protein corona may be related with the protein helices loss 

of its functional group form which may also lead to the possible change in the expected 

activity of the protein molecule species upon binding with the nanoparticle. However, 

potential constructive processes with rewarding outcomes which involve extended life 

span may be expected from this upshot. Envisaged stabilising of certain enzymes for 

extended life span can be directly linked to them binding to the nanoparticles. Studies 

by Palocci et al. [247] have found that such enzymes binding to nanoparticles 

enhances activity and selection compared to those attached to ordinary carriers. 

Another fact to note; nanoparticles adsorption may also increase thermal, pH stability 

as well as well-defined enantiomers on a particular certain protein molecule species. 

Asuri et al. [248] have further demonstrated that a spherical C60 fullerene surface 

enhances the half-life of the enzyme, soybean peroxidase by 2.5-fold higher than 

when adsorbed on the flat pristine graphite flakes. When compared to the ordinary 
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free enzyme, the one adsorbed on the spherical carbon become 13-fold higher on the 

half-life. Such observations of elongating the life span have been recorded with silica 

and Au-nanoparticles. 

2.7. Interaction energy involved on the nanoparticle + protein corona generation 

When metal nanoparticles interact with protein molecules to form a 

nanoparticle+protein corona complex, the following interaction energies are assumed: 

(a) Van der Waals site-site Lennard Jones energy (𝐸𝐿𝐽) 

(b) Metal-adsorbate Coulomb interaction energy (𝐸𝐶𝐼) 

(c) Delsovation energy of the metal (𝐸𝐷𝐸
𝑚 ) 

(d) Desolvation energy of the protein (𝐸𝐷𝐸
𝑝

) 

The Coulomb electrostatic term arises from the surface metal electron density and the 

polarisation of the functional groups in the vicinity of the metal surface. For example: 

-CH covalently bonded functional group will be polarised such that the H atom adopt 

the positive charge, and the C base adopt the negative charge. A situation manifests 

such that the strongest binding energy is associated with the number of functional 

groups bonded to the metal nanoparticle surface. Studies by Brancolini et al. [249] 

argue that the bonding locations on the nanoparticle surface are not necessarily 

created as a result of some functional groups having high affinity to some precious 

metal bonding. Nonetheless, any functional group within the precious metal electron 

charge density field acquire induced polarisation which facilitate the nanoparticle and 

protein molecule bonding.  

The assumption is that the metal nanoparticles (MNPs) are very large when compared 

to the interacting protein molecules. Consider a scenario of Au-nanoparticles (AuNPs) 

with 12 nm diameter interacting with a protein molecule of 3 nm length. To a good 
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approximation: AuNP >> protein molecule. As such it is quite convincing to further 

approximate the AuNP surface to a flat surface with reference to the tiny protein 

molecule. 

So, at a face value, such AuNPs and protein molecules interactions could be grouped 

into two portions: Physical and Chemical adsorptions. The physical adsorptions could 

be described using the van der Waals, Lennard-Jones and metal-adsorbate Coulomb 

energies. The chemical adsorptions are described based on the metal and protein 

molecule valence electrons sharing dissolvation energies. 

2.7.1. Physical adsorption  

Physical adsorption is contemplated as the easiest immobilisation method, in which 

biomolecules are attached to the metal nanoparticles surfaces through weak van der 

Waals forces [240, 250, 251]. In simple terms, physical adsorption refers to the 

consequences of a proportionally infirm solid-gas interaction [251]. Such physical 

affinity results from non-specific, proportionally weak van der Waal's forces [251]. 

Physically adsorbed biomolecules can easily diffuse through the surface of the 

adsorbent without being bound to a particular position on the surface [251], in this 

case, being only weakly bound. As such, metal nanoparticles surfaces are often 

enhanced with electrolytes, like sodium citrate, to improve their dispersibility. In the 

process, the surface adjustment produces sufficient net charges on the metal 

nanoparticles, which in turn generates electrostatic attraction to the oppositely charged 

functional groups in protein molecules [250, 252]. 

It is in this regard that, recognition of the forces presiding over the binding of metal 

nanoparticle surfaces and protein molecules is vital for better comprehension and 
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forecasting a given metal nanoparticle to protein/biological molecules adsorption 

selectivity as well as for estimating protein binding propensities [250, 253]. 

In other studies, a ProMetCS model [253-255] was initiated to enumerate the Au metal 

nanoparticle - protein molecule interaction forces. In such model, the energy function 

is made up of 2 significant terms: the electrostatic interaction energy (because of metal 

polarisation) and the non-polar interaction energy. The electrostatic interaction energy 

consists of the Coulombic interaction, the electrostatic protein and metal dissipation 

terms. Meanwhile, the non-polar interaction energy consists of Lennard-Jones (van 

der Waals and weak chemical interactions) and non-polar dissipation terms. 

The metal nanoparticle-protein interaction energy function, 𝐸, which includes solvent 

effects, is described in the ProMetCS model as the summation of three separate 

contributions [254, 255], as shown in equation 2.1: 

𝐸 = 𝐸LJ  + 𝐸EP + 𝐸dissip                                            (2.1) 

Herein, the 𝐸LJ energy term describes non-polar, Lennard-Jones (LJ), van der Waals, 

and weak chemical interactions between a metal nanoparticle surface and a protein 

molecule. So, 𝐸LJ is parametrised to reproduce experimental binding properties of gold 

nanoparticles and small organic molecules [254]. Also, 𝐸EP is the metal nanoparticle-

protein molecule electrostatic potential (EP) interaction free energy in an aqueous 

solvent. In special cases, 𝐸EP also includes the energy due to the electrostatic 

interaction between the charges in the protein binding site and the interfacial water 

potential on the metal nanoparticle surface. 
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Lastly, 𝐸dissip describes dissipation effects (dissip). Therefore, the free energy change 

arises from protein – water molecules, solid nanoparticle surface – water molecules, 

and water – water molecules interactions. 

As a result, the dissipation effects can be further split into two separate components 

as shown in equation 2.2, which includes the dissipation energy of the protein 

molecules, 𝐸dissip
p

 and the dissipation energy of the metal nanoparticle surface, 𝐸dissip
m   

𝐸dissip =  𝐸dissip
p

 + 𝐸dissip
m                                        (2.2) 

The first expression on the right, 𝐸dissip,
p

 the non-polar (or hydrophobic) protein 

molecule dissipation energy, is the free energy change of the protein – water 

molecules system that arises from the replacement of the protein – water molecule 

interface in the region of the adsorption site by a protein - vacuum interface. The 

second term, 𝐸dissip
m , represents effects arising from the partial replacement of the 

metal hydration shell by a protein molecule adsorption site [254]. 

In the case of Ag-nanoparticles – protein molecules interaction, a novel Coarse-

Grained Nanoparticle-Protein Hamiltonian was considered by Li et al. [208] for the 

modelling of AgNPs with apolipoprotein molecules. In addition to natural contact 

interaction, each AgNP and apolipoprotein molecule interaction consisted of two (2) 

additional sets of interactions: (a) excluded volume (EV) and (b) electrostatic 

interactions (elec): 

                                        𝐻𝑙𝑜𝑛𝑔 = 𝐻𝑁𝐶 +  𝐻𝐸𝑉 + 𝐻𝑒𝑙𝑒𝑐                                 (2.3) 

where 𝐻𝑁𝐶  represents the native structure. In this representation, each AgNP bead 

has excluded volume interactions with each apolipoprotein bead: 
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                                   𝐻𝐸𝑉= ∑ (
𝜎

𝑟𝑖,𝑗
)

12
𝑃𝑟𝑜𝑡𝑒𝑖𝑛−𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑖,𝑗                       (2.4) 

where 𝑟𝑖𝑗 is the distance between two interacting beads and 𝜎 is set to 3.8 Å. 

Also, the negatively charged Ag-nanoparticle bead, which models a citrate-coated Ag-

nanoparticle, has electrostatic interactions (𝐻𝑒𝑙𝑒𝑐) with the charged apolipoprotein 

residues. To maximize the bio-corona formation, only electrostatic interactions which 

involve positively charged residues are considered. The electrostatic interactions 

between the protein and nanoparticle beads are represented by the Debye-Huckel 

potential: 

                              𝐻𝑒𝑙𝑒𝑐 = ∑
𝑧𝑖𝑧𝑗𝑒2

4𝜋𝜖0𝜀𝑟𝑟

𝑃𝑟𝑜𝑡𝑒𝑖𝑛−𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑖,𝑗 𝑒

−
𝑟

𝑙𝐷               (2.5) 

The Debye length, 𝑙𝐷, is tuned to reflect the changes in ion concentration, 𝑧 is the 

charge between interacting beads, and 𝑟 is the distance between them. 

2.7.1.1. Dynamic binding – Vroman effect 

A dynamic binding occurs when a nanoparticle immersed in a biological or 

physiological fluid is in contact with a complex mixture of protein molecules, lipids and 

salts [256]. In this situation a number of protein molecules species will be competing 

in the early binding interaction process. As the time progresses, certain protein 

molecular species with less concentration but higher binding probability emerge and 

come into the picture. As such, the overall process is not an equilibrium one, but a 

dynamic competitive process [257, 258]. 

Due to the dynamic nature of the nanoparticle – protein molecule interaction, a protein 

species that was bound earlier on may still be displaced by the latter competing protein 

molecule. The assumption that protein molecules with longer helices will have several 
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functional groups which interact independently with the nanoparticles is also 

considered. In such a situation, protein species may end up binding irreversibly onto 

the nanoparticle’s surfaces. The opposite is also true, that protein species with shorter 

chains will have fewer functional groups which suggest a possible adsorption and 

desorption as single unit [257]. 

2.7.2. Chemical adsorption  

On chemical adsorption, the aim is to discuss borders on how peripheral atoms of the 

protein molecules functional groups interact with the surface atoms of the metal 

nanoparticles. Such interactions may be described by strong covalent, ionic, or 

hydrogen bonding depending on the actual nature of factors contributing to the bond 

[259]. 

Interestingly, with regard to better understanding the dispersion of the protein 

molecules onto the surface of various nanoparticles, Lu et al. [14] investigated HSA 

and apolipoprotein (APO) that were attached to graphene and Au nanosheets. The 

results show the binding sturdiness and secondary structures of protein molecules 

could be regulated by the number and positions of hydroxyl (-OH) groups that were 

attached on the nanosheet surface.  

It is also highlighted that in some instances, the methyl (-CH3) groups tend to intensify 

the binding between peptides and Au clusters [200].  A study also showed that the 

surface chemistry of laser-ablated metal nanoparticles such as Ag-nanoparticles can 

be governed by negatively charged functionalities like OH− and O− [260]. Furthermore, 

the surface of the modelled carbon nanotubes (CNTs) was reportedly modified into -

COOH, -OH, and -NH2. Hence, the -OH modification was intended to examine the 

effect of the hydrogen bonding donor or acceptor [261]. 



49 
 

For further illustration, a hydrogen bond can be described as bringing an acceptor and 

a donor group together. Specifically, depending on a given environment the functional 

groups –COOH or –NH2 may act as acceptors whilst the Au atoms with π electrons 

on the surface of the nanoparticles act as donors. A possible interaction can be given 

by: 

−COOH+ + Au− ⟶  −COOH ⋯ Au 

and 

−NH2
+  +   Au−   ⟶ −NH2 ⋯ Au 

Such bonding between protein molecules and nanoparticles may provide answers to 

the origins of the hard nanoparticle+protein coronas [261]. 

Lastly, the gold-cysteine bond formation has been extensively studied and as a result, 

the effects of infirm interactions on AuNP – protein molecule binding are thus far vague 

and inadequately perceived due to experimental restrictions in disclosing the binding 

dynamics, the adsorption configurations and positioning of a protein/peptide molecule 

[253, 262]. 

On the contrary, full theoretical research was conducted on a narrative bioactive 

molecule 2-(3-bromobenzoyl)-N-methylhydrazine-1-carboxamide (BMC), whereby its 

adsorption onto Ag6 was deeply investigated [263]. Subsequent adsorption with Ag6, 

the bond lengths of BMC molecule exhibit distinctions. Majority of the other bond 

lengths also illustrate variations following adsorption with Ag6 and all these reveal 

interaction with metal and adsorption mechanism classified as chemisorption. The 

binding points are greater for Ag6 - BMC and hence the Ag6 configuration an optimistic 

possible nanomedicine constituent. Subsequent to the adsorption with Ag6 cluster, the 

Mulliken charges of BMC molecule exhibit variations which confirms the charge 

transfer which leads to chemisorption of BMC with Ag6. Most of the atoms show 
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notable charge variations due to interaction with Ag6 cluster. In simple terms, the 

Mulliken charges of BMC becomes less negative subsequent to adsorption, in the 

process validating, charge distribution interaction, enhanced bioactivity of BMC-Ag3 

complex and chemisorption activity. 

2.8. Potential challenges and projections on nanoparticle+protein corona 
 

Apparently, metal nanoparticles toxicity or non-toxicity may be aligned with the 

possible form of the nanoparticle+protein corona. Some studies [199, 215], suggest 

toxicity of nanoparticle+protein corona originating from the protein molecules loss of 

helicity, which in turn could lead to change in expected activity of a given protein 

molecules species upon binding with the nanoparticles. Other studies [205, 206], 

suggest the formation of nanoparticle+protein coronas leads to extended life span of 

some protein species. Nanoparticle sizes and shapes may also affect activity and life 

span of some protein species. 

The ultimate objective on successful nanomedicinal drug delivery is the ability to 

identify particular protein species adsorbed on the precious metal nanoparticles, the 

life span of the protein species attached on the metal nanoparticles, the possible 

evolution of the attached protein molecules. Such research information is quite vital 

with useful implications in the design of safe biomedical applications nanomedicine. A 

good information on nanoparticle – protein interface interaction could pave the way to 

a clarified knowledge on nanoparticle – cell as well as cell membrane interactions 

which in turn may lead to administering safe nanomedicines. 

How hard and soft nanoparticle+protein corona complex materialise is another 

research avenue which still require further interrogation. 

 

https://www.sciencedirect.com/topics/chemistry/charge-transfer-interaction
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CHAPTER 3 

Methodology, characterisation and analytical procedures 

Both computational and experimental approaches have been utilised to comprehend 

the stability of the Au- and Ag-nanoparticles, fibrin protein molecules, and the possible 

nanoparticle+protein corona interactions. Computational approaches assisted with the 

understanding of atomistic and electronic level interactions between the nanoparticles 

and the fibrin protein molecules. Experimental based blending and measurements 

were further used to compare and contrast for possible formation of 

nanoparticle+protein corona complexes. 

 3.1. Computational method 

 

3.1.1. Molecular dynamics (MD) 

The classical molecular dynamics (MD) approach, employing Leapfrog Verlet (LF) 

algorithm to integrate the equations of motion was chosen in this study. Specifically, 

MD is the most favoured computational technique which explore the physical mobility 

of atoms and molecules [264, 265]. This computational technique can can simulate 

nanoparticles in sheets or aggregates, in the process revealing various significant 

details such as optical, electrical, and sensing capabilities that may not be accessible 

experimentally [264, 265]. Particularly, DL_POLY [266] software was utilised to 

execute the MD simulations because of its effectiveness in handling the potentials and 

structural models expended in this work. Gold (Au) and silver (Ag) bulk supercells with 

4000 atoms each were explored at 0 K and 100 K in an NVT Evans ensemble, in which 

N denotes the number of particles, the volume of the system is represented by V at a 

specific temperature T. The equilibrium structures of the supercells with 4000 atoms 

were attained at known equilibrium lattice parameters for bulk Au and Ag systems 
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respectively. The Au- and Ag-nanoparticles each of 2067 atoms were then extracted 

from the equilibrated bulk supercells for ultimate nano-level stability analysis. 

Classical molecular dynamics emanate from Newton’s equations of motion applied on 

the particles of a given system according to [267]: 

𝐹 =  𝑚𝑖𝑎.                                                          (3.1) 

In equation 3.1, 𝑖 denotes a specific atom relative to a system of 𝑁 atoms, 𝑚𝑖 is 

representation of the mass of the 𝑖𝑡ℎ atom, meanwhile, 𝑎 is the rate of change of 

velocity whilst 𝐹 is the force being employed on 𝑖 atoms. Classical molecular dynamics 

is regarded as a deterministic method, whereby if a preliminary set of positions and 

velocities are recognised, at that moment the overall time evolution of a certain specific 

system is completely determined [264, 265].  

Making use of the potential energy 𝑈, forces acting on the atoms can be expressed as 

the gradient of the potential energy function [267]: 

𝐹𝑖 = −∇𝑈.                                                        (3.2) 

At equilibrium, equations (3.1) and (3.2) become: 

−
𝑑𝑈

𝑑𝑟
 = 𝑚𝑖

𝑑2𝑟

𝑑𝑡2
.                                                   (3.3)                                                                                                            

Because of this, Newton’s equation of motion correlates the derivative of the potential 

energy to the variations in position as a function of time [268, 269]. 

On this account, the Leapfrog Verlet (LF) algorithm is considered when configuring the 

atomic trajectories by integrating Newton’s equations of motion [270, 271]. 

Consequently, the Leapfrog Verlet is regarded as being one staged as it requires the 

values of position (𝑟) and force (𝑓) at a certain time (𝑡), and velocity (𝑣) at half a time-
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step behind: 𝑡 −
1

2
∆𝑡. The initial approach involves setting or advancing the velocities 

to 𝑡 +
1

2
∆𝑡. Integration of the force function is also considered to yield: 

𝑣(𝑡+ 
1

2
 )∆𝑡 ← 𝑣(𝑡- 

1

2
 )∆𝑡 + ∆𝑡

𝑓(𝑡)

𝑚
.                                   (3.4) 

Based on equation 3.4, 𝑚 is the mass of a site for every particle in the matrix and ∆𝑡 

denotes the time step. Correspondingly, the representation of the updated positions 

as a consequence of the new velocities are as follows:  

𝑟(𝑡+∆𝑡) ← 𝑟(𝑡) + ∆𝑡𝑣(𝑡+ 
1

2
 ∆𝑡).                                 (3.5) 

Molecular dynamics simulations tend to desire properties that are time and velocity 

dependent simultaneously. In the LF algorithm, the velocity at time 𝑡 is attained from 

the mean of the velocities at half a time-step on any side of time 𝑡: 

𝑣(𝑡) ←
1

2
[𝑣(𝑡- 

1

2
 ∆𝑡) + 𝑣(𝑡+ 

1

2
 ∆𝑡)].                                 (3.6) 

In this manner, distribution of velocities or initial velocities are often ascertained from 

their casual distribution with their magnitudes abiding to the entailed temperature, 

corrected in such a way that there is no overall momentum [268, 269].  

The propagation of positions and velocities enclosed in the leapfrog algorithm as a 

function of time are highlighted in Figure 3.1, further elaborating the notion that the 

positions and velocities in LF are attained at various time steps: 
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Figure 3.1: Evaluation of time, position, and velocities in Leapfrog Verlet integration 

method [271]. 

In Gromacs MD simulations, the LF algorithm is regarded as the conventional MD 

integrator [272, 273]. Otherwise, this algorithm tends to be stable and works without 

fault in the matter of short and long-time steps [274]. it is also commended that the 

time in LF is wonderfully variable and precise [274].  On the interesting part, LF 

algorithm has the upper hand of being symmetric, in the process, possessing the 

ability of being time reversible, and avoiding the initialisation problem [275]. In this 

manner, Leapfrog algorithm can be set in motion at any specific time, at any position, 

along with any velocities and forces. 

Based on the certainty that Leapfrog algorithm is essentially numerical, the validity of 

this algorithm is usually influenced by variation of the time and spatial steps of this 

algorithm.  Correspondingly, with regard to a situation whereby analytical solutions 

can be taken into consideration, the reliability of LF can be superb even in the occasion 

of larger time steps [276]. Lastly, with the LF algorithm, temperature variability is 

attainable via velocity variation [277]. 
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In summary and for further emphasis, Figure 3.2 illustrates the schematic process 

followed in MD algorithm [267]. Before initiating a molecular dynamic simulation, a 

molecular system which consists of all interacting components (such as atoms or 

molecules) is built. The results of a molecular dynamic simulation provide 

orientation/path of all 𝑛 atoms as a function of time, based on which the system's 

thermodynamic properties, correlation functions, transport properties and so on can 

be determined. 

 

Figure 3.2: Basic schematic representation of MD algorithm steps [267]. 

 



56 
 

3.1.2. Sutton-Chen potential 

The many-body Sutton-Chen potentials [278] were employed to model the interactions 

between Au and Ag bulk and nanoparticle systems. Variation of total energy as a 

function of temperature were then investigated in both materials’ systems. Radial 

distribution functions (RDFs) were utilised to predict the probable crystal forms of Au 

and Ag systems at both bulk and nanoscale. While mean square displacements 

(MSDs) were considered to study the mobility of Au and Ag atoms within their 

structures. 

 
The Sutton-Chen potential (SC) as proposed by Sutton and Chen [278, 279], can also 

be regarded as Finnis-Sinclair potentials (FS) with long-range interactions. As a result, 

this potential combines the perfect description of short-range interactions of the Finnis-

Sinclair potential with the van der Waals correction to give more precise narration of 

the long- range order. 

The Sutton-Chen potential energy is described using the expression [278, 279]: 

                                 𝐸= 𝜀[
1

2
∑ ∑ 𝑉(𝑟𝑖𝑗)𝑗<𝑖𝑖 -𝑐 ∑ √𝜌𝑖𝑖 ]                               (3.7) 

where, 

                                       𝑉(𝑟𝑖𝑗)= (
𝑎

𝑟𝑖𝑗
)𝑛                                                                               (3.8) 

and  

                                           𝜌𝑖=∑ (
𝑎

𝑟𝑖𝑗
)𝑚

𝑗≠𝑖 .                                            (3.9) 

Regarding equations 3.7 to 3.9, 𝑉(𝑟) describes the repulsive pair interactions, 𝑟𝑖𝑗 is 

the distance between atoms 𝑖 and 𝑗, 𝜌𝑖 is the coordination of 𝑖 atoms, and 𝜀, 𝐶, 𝑎, 𝑚, 
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and 𝑛 all are fitting parameters. These parameters are determined by fitting known 

experimental values of cohesive energy and crystal lattice parameters. 

To be precise, 𝐶 is a dimensionless parameter, 𝜀 is a parameter with the dimensions 

of energy, 𝑎 has the dimensions of length, whilst 𝑛 and 𝑚 are positive integers such 

that 𝑛 > 𝑚 [278, 279]. The parameters 𝜀, 𝐶 and 𝑎 are not independent and can be 

calculated conveniently using the face-centred cubic lattice symmetry. Exponents 𝑛 

and 𝑚 are set for simulating various metals by fitting the elastic constants as closely 

as achievable. For a certain crystal structure, the Sutton-Chen potential is determined 

by 𝑛 and 𝑚. This is to allow the equilibrium conditions of a given crystal structure to 

be able to produce a unique 𝐶 parameter [278, 279]. 

In this thesis, similar potential parameters as suggested by Sutton and Chen [279] 

have been considered for both gold and silver metals. Such potential parameters have 

been shown to produce bulk and surface properties quite accurately as reported in the 

literature [280-282]. Table 3.1 display such extracted Au and Ag potential parameters 

used in this write up [279]. 

Table 3.1: Au and Ag potential parameters as derived by Sutton and Chen [279]. 

Metal  𝜀 (eV) 𝑛 ;  𝑚 𝑎 (Å) 𝐶 

Au 0.012793        10 ; 8 4.08 34.408 

Ag 0.002542        12 ; 6 4.09 144.41 
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The simplicity of the analytic formula of the Sutton-Chen potential makes the potential 

versatile so that many variants with different sets of parameters have been proposed 

and have proved to provide correct interpretation of numerous properties of metals as 

well as their associated alloys [283, 284].  

The force on every atom can be noted as the summation of pairwise contributions 

[279]: 

 

                                                     𝐹𝑖 = ∑ 𝐹𝑖𝑗𝑗                                                          (3.10) 

hence,  

                     𝐹𝑖𝑗   =  𝜀[𝑛(
𝑎

𝑟𝑖𝑗
)𝑛 −

𝐶𝑚

2
 (𝜌

𝑖

−
1

2 + 𝜌
𝑗

−
1

2 )(
𝑎

𝑟𝑖𝑗
)𝑚]

𝑟𝑖𝑗

𝑟𝑖𝑗
2                          (3.11) 

 

Similar to equations 3.7, 3.8, and 3.9, herein,  𝑟𝑖𝑗, 𝐶, 𝜀, 𝑚, and 𝑛 constants hold the 

same descriptions.   

3.1.3. Density functional theory (DFT) 

Density functional theory (DFT) was also explored through the Material Studio® 2020 

(MS) software package to quantify computational investigations [285]. DFT involves 

ab initio electronic structure calculations on crystals, surfaces, molecules, and atoms, 

including their interactions [286]. A DMol3 code [287, 288] enclosed in MS software, 

was considered for DFT related geometry optimisation calculations. In this approach, 

fast accurate results whilst maintaining low computational memory and cost is 

instrumental. DMoL3 (DFT-based DMol3 code) is a modelling program or code that 

utilise density functional theory to model chemical systems and estimate properties of 

materials both swiftly and precisely [289]. On the bright sight, DMol3 correlates to a 
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conventional academic software package which practices DFT method grounded on a 

numerical basis set. 

 
 DMol3 can be used to study a wide spectrum of systems which include organic and 

inorganic molecules, also covalent and metallic solids, molecular and ionic crystals, 

etc by predicting their structural formations, interaction energies, barrier potentials, 

thermodynamic, dynamic, and optical properties [289]. Most importantly, DMol3 is 

appropriate for molecules and 3D periodic solids, but may not function or operate for 

1D or 2D periodic structures. In order to simulate such systems, periodic replicas of 

3D formations partitioned with vacuum must be created [289]. The code has the 

capability to perform different tasks which comprise: single-point energy, geometry 

optimisation, molecular dynamics, transition-state search, transition-state optimisation, 

reaction path, elastic constants, reaction kinetics, and electron transport calculations 

[289]. 

 
DFT was made possible by Hohenberg and Kohn [290].  As such, Hohenberg and 

Kohn stated two interesting theorems that paved the way for the implementation of 

DFT. The two theorems as outlined by Hohenberg and Kohn are [291]: 

Theorem 1  

The external potential, 𝑉𝑒𝑥𝑡(𝑟) is a peculiar functional of electron density 𝑛(𝑟), 

possessing a specific association among potential and electron density for a many 

body system; 𝑉𝑒𝑥𝑡(𝑟) ≫ 𝑛(𝑟), whereas this electron density can be initiated to narrate 

the whole data of the system. 

To generate a mathematical analogy, it is assumed that the exterior potentials are 𝑉(𝑟)  

and 𝑉(𝑟′).  The change among these potentials is always the same since the ground 
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state electron density is comparable in every part of the crystal, specifically, 𝑉(𝑟) −

 𝑉(𝑟′)  = constant. Based on this theory, electrons move in a field produced by exterior 

potential 𝑉𝑒𝑥𝑡 and interact with one another in addition to their external potential, and 

the corresponding Hamiltonian can be expressed as:  

                                    𝐻 =  𝑇 +  𝑉𝑒𝑥𝑡  +  𝑈,                                                         (3.12) 

where 𝑇 is the kinetic energy of electrons, 𝑉𝑒𝑥𝑡 the external potential and  𝑈 the 

Coulomb interaction energy. 

Theorem 2 

The true ground state density of an electron correlates to the electron density that 

minimises the overall energy of the functional.  

To establish mathematical analogy, let us consider, 𝑛(𝑟) the density which 

corresponds to ground state while 𝑛′(𝑟) any other density state of a many-body 

system. The total energy functional is then given by: 𝐸[𝑛′]   > 𝐸[𝑛]. 

Onwards, assume that 𝐹[𝑛(𝑟)] is a general functional that is valid for fixed electrons 

at all external potentials. Mathematically this can be expressed as: 

                                   𝐹[𝑛(𝑟)]  =  𝑇[(𝑛(𝑟)] +  𝑈[(𝑛(𝑟)]                                          (3.13) 

Even though Hohenberg-Kohn theorems are exact, some shortcomings are noted 

when applied to real calculations [290]. A many electrons interaction in an external 

potential (𝑉𝑒𝑥𝑡) problem is simplified into a set of self-consistent single particle problem 

in an external potential (𝑉𝑒𝑥𝑡). The total energy functional of the ground state 

interacting electrons in a fixed potential 𝑣(𝑟) is given by: 

                                      𝐸[𝑛(𝑟)]  =  𝑉[𝑛]  +  𝑈[𝑛]  +  𝐺[𝑛]                                           (3.14) 
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The universal density functional 𝐺[𝑛] holds exchange-correlation functional which is: 

                                           𝐺[𝑛(𝑟)]  =  𝑇𝑠[𝑛]  +  𝐸𝑥𝑐[𝑛] .                                          (3.15) 

 

𝑇𝑠[𝑛] is the kinetic energy of a non-interacting many-body system,  𝑉[𝑛] the external 

potential produced by core electrons having a positive charge, 𝑈[𝑛] the Coulomb 

potential as a result of electron-electron interactions, and finally, 𝐸𝑥𝑐[𝑛] is the energy 

due to exchange-correlation effects [291].  

For further clarification, a schematic diagram illustrating the Kohn-Sham mapping of 

interacting and non-interacting system is shown in Figure 3.3. 

 

 

Figure 3.3: Kohn-Sham mapping of interacting and non-interacting system [291]. 
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3.1.4. Local density approximation (LDA) and generalized gradient 
approximation (GGA). 
 

Common main approximations for the exchange-correlation interactions include local 

density approximation (LDA) and generalised gradient approximation (GGA). LDA is 

referred to as one of the first and common approximation for the exchange-correlation 

interaction [292]. Such approximation assumes that the exchange-correlation energy 

of the system is equal to the one of a homogeneous electron gas with the density 𝑛(𝒓). 

The accurate expression of the exchange-correlation energy functional of such a 

homogeneous electron gas is: 

                                                       𝐸𝑥𝑐[𝑛] =  ∫  𝑛(𝒓) 𝜖𝑥𝑐
ℎ𝑜𝑚[𝑛(𝒓)]𝑑𝒓,                                                             (3.16) 

Here, 𝜖𝑥𝑐
ℎ𝑜𝑚

  is the exchange-correlation energy per electron in a homogeneous 

electron gas of density 𝑛. 

The drawbacks of the LDA were amended using the GGA. The GGA takes into 

account the non-uniform character of the electron density by replacing the 𝜖𝑥𝑐
ℎ𝑜𝑚  with 

a semi-local function which depends on the electron density and the magnitude of the 

electron density gradient [292]: 

                                                             𝐸𝑋𝐶[𝑛] =  ∫  𝑓(𝑛(𝒓), | ▽ 𝑛(𝑟)|,)𝑑𝑟,                                       (3.17)                     

where the function 𝑓 is chosen using a set of relevant criteria. Different types of 

function 𝑓 have been proposed, but consensus is beginning to develop around several 

which are qualitatively similar for systems of physical interest.  

Accordingly, 𝑓 is an analytical function which can also be parameterised in different 

ways, with the most common ones being Perdew-Burke-Ernzerhof (PBE) [293] and 

the Perdew-Wang (PW) [294] parametrisations. 
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The GGA was considered during the optimisation of the structures as it has been found 

to improve the quality of total energies, atomisation energies, energy barriers including 

structural energy differences [292, 293, 295, 296]. As such, GGA tends to expand and 

soften the bonds, which is a peculiar effect that leads to the correction and in other 

cases overcorrection of the LDA prediction [293, 295].  

These GGA's have been particularly successful in chemical applications, where they 

tend to reduce the LDA overestimation of molecular binding energies. In atomic 

applications, GGA's greatly improve upon the LDA total energy, but improve the first 

ionisation energy and electron affinity only marginally [296]. In the solid state, the 

(expanded) GGA lattice constants are sometimes more and sometimes less accurate 

than those of LDA [295]. 

On the other hand, with reference to LDA and GGA, which are explicit functionals of 

the density, meta-GGAs also depend on the Kohn-Sham orbitals [297]. Specifically, 

meta-GGA functionals depend on the kinetic energy density of the Kohn-Sham orbitals 

[291]. It is vital to note that one is still in the realm of DFT, since through the Kohn-

Sham equations [298], the orbitals are functionals of the Kohn-Sham potential and 

therefore by virtue of the Hohenberg-Kohn theorem, also functionals of the density. 

Such orbital functionals or implicit density functionals tend to contribute vastly to a 

wide field of current dynamic research. The most popular orbital functional is the exact 

exchange energy functional (𝐸𝑥
𝐸𝑋𝑋) [297]: 

               𝐸𝑥
𝐸𝑋𝑋[𝑛] = −

1

2
  ∑ ∫ 𝑑3𝑟 ∫ 𝑑3𝑟′ × ∑

𝜑𝑖𝜎(𝑟)𝜑𝑖𝜎(𝑟′)∗ 𝜑𝑗𝜎(𝑟′)𝜑𝑗𝜎(𝑟)∗ 

𝑟−𝑟′

𝑂𝐶𝐶
𝑖𝑗  .              (3.18) 
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The exact exchange Kohn-Sham orbitals are acquired by minimising this same 

functional (3.18) under the additional constraint that the single particle orbitals arise 

from a local potential [297]. 

In addition, another final category of approximations to the exchange-correlation 

energy are classified or known as hybrid functionals which mix a fraction or portion of 

exact exchange (𝐸𝑥
𝐸𝑋𝑋) with GGA exchange (𝐸𝑥

𝐺𝐺𝐴) [297], 

                             𝐸𝑥
𝐻𝑌𝐵[𝑛] = 𝑎𝐸𝑥

𝐸𝑋𝑋[𝑛] + (1 − 𝑎)𝐸𝑥
𝐺𝐺𝐴[𝑛].                                    (3.19) 

 

Here, 𝑎 is the mixing parameter. Onwards, this exchange functional is then combined 

with some GGA for correlation. These hybrid functionals are amazingly popular and 

successfully applied in quantum chemistry with much less success in solid state 

physics. As a final point, when considering the addition of an orbital-dependent 

correlation, this may be reliant on the virtual Kohn-Sham orbitals (double-hybrids) 

[299]. 

3.1.5. Monte Carlo adsorption study 

Monte Carlo (MC) computations depend on recurrent arbitrary sampling and statistical 

interpretation to calculate necessary results. These methods are adopted from 

arbitrary experimental research; these involves the experimental research in which 

certain outcomes are not clear in particular [300, 301]. As such, each MC simulation 

begin by establishing a deterministic simulation which strongly imitate the actual 

situation in any field of research [300, 301]. These simulations are employed to 

numerically resolve unique multi-dimensional partial differentiation and integration 

issues. Such methods are also initiated when solving optimisation complications in 

Operations Research (such optimisation techniques are classified as simulation 

optimisation) [300, 302-305]. In an attempt to solve integration problems, MC methods 
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are used to simulate quantum problems that permits a straightforward depiction of 

many-body effects in the quantum realm, at the consequence of statistical unreliability 

that can be lowered with prolonged simulation time [300-305]. 

Such computations usually rely on the total of input variables, which when sort through 

or integrated through the mathematical equations/expressions in the model, tend to 

result in a single or multiple outputs. A dramatic scenario of the operation procedure 

is validated in Figure 3.4. 

 

Figure 3.4: Schematic arithmetic model applied in Monte Carlo simulations [300]. 

On modelling adsorption of fibrin protein molecules onto Au- and Ag-nanospheres, 

fibrin molecules were considered as adsorbate and Au- and Ag-nanospheres as 

substrates. By using the adsorption locator module, single molecule of adsorbate was 

simultaneously adsorbed onto the Au- and Ag-nanospheres surfaces.  In addition, 2, 

3 and 4 molecules of fibrin were also applied with respect to imitate the increasing 

concentration of adsorbates.  The adsorption studies were carried out using the 

Universal Force Field (UFF) along with fine convergence tolerance [306, 307]. Such 

force fields are considered to be reliably applied in structures containing metal systems 

[308]. With regard to the energy parameters, group-based and atom-based summation 

methods were applied to compute the non-bonding electrostatic and van der Waals 

interactions throughout the Monte Carlo simulations. 

Upon adsorption, the structures for Au nanosphere+fibrin molecule and Ag 

nanosphere+fibrin molecule matrix complexes were then optimised via Dmol3 code in 

order to reach their most stable total energy structures. In this content, the single-point 
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energy of the optimised structures using GGA as parametrised by PBE [293] functional 

have been calculated, hence, this functionals have been proven to be used in previous 

DFT studies of gold nanoparticles with biological molecules attached [309]. Double 

numerical atomic orbital augmented by a polarisation 𝑝-function (DNP) basis set [287] 

were employed to rely on the spin unrestricted calculations. As such, the 0.005 Ha of 

smearing value was employed in orbital occupation to accelerate the convergence. 

The maximum iteration for optimisation steps was set at 1000 in order to reach the 

satisfied convergence level for each complex of Au-nanoparticle and Ag-nanoparticle 

with fibrin molecules interactions. 

3.1.6. Universal force field (UFF) 

The UFF is inherently established on the atomic elements, associated hybridisation, 

together with connectivity. The angular distortion functional configurations in universal 

force field are selected to be phenomenally practical for enormous amplitude 

displacements [310]. Universal force field were successfully applied to organic, and 

inorganic molecules as well as transition metal complexes [310]. 

Universal force fields describe the bond stretching interactions as either harmonic 

oscillator [310]: 

                                     𝐸𝑅 = 1 2⁄ 𝑘𝐼𝐽 (𝑟 − 𝑟𝐼𝐽)2                                                                                   (3.20) 

or Morse functions: 

                                𝐸𝑅 = 𝐷𝐼𝐽 [𝑒−𝛼(𝑟−𝑟𝐼𝐽) − 1]2.                                                                               (3.21) 
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Here,  𝑘𝐼𝐽  denotes the force constant in units of (kcal/mol)/Ȧ2,  𝑟𝐼𝐽  represent the 

conventional or native bond length in angstroms (Å), 𝐷𝐼𝐽  signifies the bond 

dissociation energy (kcal/mol).  

Morse functions are greatly errorless in their descriptions as they implicitly include 

harmonic term around equilibrium separation (𝑟𝐼𝐽) which leads to the finite energy (𝐷𝐼𝐽) 

associated with bond breaking [310]. 

3.1.7.  Forcite code  

Molecular structures generated using the MC adsorptions were initially optimised 

using the Forcite code. In this code, COMPASS [311, 312] force fields are considered 

in order to reach sufficient stability in the preferred conformational forms. COMPASS 

are well known reliable force fields preferred for most small biological molecules. A 

self-consistent field iteration for such calculations were set at 10000 cycles. This is to 

ensure that Au-/Ag-nanoparticles + n-fibrin molecules interactions are able to acquire 

sufficient, accurate convergence. 

Forcite is a code accessible in BIOVIA Materials Studio software [313], a modern and 

sophisticated standard molecular mechanics (MM) technique, which allows fast 

computation of energy and dependable geometry optimisation of non-periodic and 

also periodic molecular systems [314, 315]. A Forcite code can execute a broad 

spectrum of tasks through classical calculation methods, which includes but not limited 

to geometry optimisation, dynamical structure evolution etc. The geometry 

optimisation task of Forcite enables the computation or processing of the structural 

geometry until it comes to a certain stipulated criteria known as the convergence level 

[313, 314]. 
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Forcite-Geometry optimisation calculations are based around the force fields type and 

parameters instituted before running the calculations [314, 315]. In this stance, 

selecting an acceptable force field is considered as the most significant parts of the 

calculations. The dynamic structural evolution studies were also employed to 

investigate molecular interaction between nanoparticles and fibrin molecules. 

So far, the Compass Force fields have a wide extent or consideration in covalent 

molecules which includes many regular organic molecules, small inorganic molecules 

as well as polymers. The most recent evolution in COMPASS achieved the 

representation to incorporate inorganic materials such as metals, metal oxides, and 

metal halides utilising a variety of non-covalent models. The parameterisation of some 

of these inorganic materials has been achieved [313, 314]. 

In particular, with regard to organic molecules, the functional configuration of the 

COMPASS energy proclamation and the valence term parameterisation procedure is 

[312]: 

𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ [𝑏   𝑘2((𝑏 − 𝑏0)2  +  𝑘3((𝑏 − 𝑏0)3  +  𝑘4((𝑏 − 𝑏0)4] +

 ∑ [𝜃   𝑘2(𝜃 − 𝜃0)2  +  𝑘3(𝜃 −  𝜃0)3  +  𝑘4(𝜃 − 𝜃0)4] + ∑ [𝑘1(1 – cos 𝜑) +𝜑

𝑘2(1 – cos 2𝜑) + 𝑘3(1 – cos 3𝜑)] + ∑ 𝑘2(𝜒 − 𝜒0) 2𝜒 + ∑ 𝑘(𝑏 −𝑏,𝑏′

 𝑏0)(𝑏′  −  𝑏0
′)   + ∑ 𝑘(𝑏 −  𝑏0)(𝜃 − 𝜃0)𝑏,𝜃   + ∑ (𝑏 − 𝑏0) 𝑏,𝜑  [𝑘1 𝑐𝑜𝑠𝜑 +

 𝑘2 𝑐𝑜𝑠 2𝜑 + 𝑘3 𝑐𝑜𝑠 3𝜑]  + ∑ (𝜃 − 𝜃0)[𝑘1 𝑐𝑜𝑠 𝜑 + 𝑘2 𝑐𝑜𝑠 2𝜑 +𝜃,𝜑
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 𝑘3 𝑐𝑜𝑠 3𝜑] + ∑ 𝑘(𝑏 −  𝑏0)(𝜃 − 𝜃0) 𝑏,𝜃  +  ∑ 𝑘(𝜃 −  𝜃0)(𝜃′  −𝜃,𝜃′ ,𝜑 

 𝜃0
′)(𝜑 − 𝜑0)  + ∑

𝑞𝑖𝑞𝑗 

𝑟𝑖𝑗
𝑖𝑗  + ∑ 𝜀𝑖𝑗𝑖𝑗 [2(

𝑟𝑖𝑗
0

𝑟𝑖𝑗
)9 − 3(

𝑟𝑖𝑗
0

𝑟𝑖𝑗
)6].                              (3.22) 

In equation 3.22, 𝑏, 𝜃, 𝜑, and 𝜒 represent bond lengths, valence angles, dihedral 

angles, and Wilson out-of-plane displacements in that order, and the subscript zero is 

initiated to designate the reference unperturbed values, with the remaining force field 

parameters designated   𝑘𝑖. The nonbonded interactions are detailed by the last two 

terms, in which 𝑟𝑖𝑗 indicates the inter-atomic length, 𝑞𝑖 and 𝑞𝑗 designates the atomic 

charges, and 𝑟𝑖𝑗
0 and  𝜀𝑖𝑗  are Lennard-Jones parameters. 

Simulation procedures are constructed with material software (MS) Amorphous cell. 

Amorphous cell can be described as a chamber of computational instruments that 

permit one to establish typical models of complex amorphous systems and to forecast 

key attributes. As such, the attributes of interest that can be predicted and investigated 

includes but not limited to chain packing, equation-of-state behaviour, localised chain 

motions and cohesive energy density [313, 314]. 

3.2. Experimental method 

3.2.1. Reagents used for the synthesis of Au- and Ag-nanoparticles.  

Chemical reagents used in this study were purchased from Sigma Aldrich. Such 

reagents include chloroauric acid (HAuCl4), silver nitrate (AgNO3), and sodium citrate 

(C6H5Na3O7) as well as protein fibrin powders to implement conjugation process with 

the synthesised Au- and Ag-nanoparticles. 
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3.2.2. Synthesis of Au- and Ag-nanoparticles 

Gold nanoparticles (AuNPs) were synthesised via seeded growth method [316, 317]. 

In this method, 150 mL of 2.2 mM sodium citrate was brought to boiling in an 

Erlenmeyer flask. When the solution was boiling, 1 mL of HAuCl4 25 mM was 

introduced in the solution. After a certain period (approximately 1-2 min), the color of 

the solution turned pink, indicating the formation of AuNPs with average diameter of 

11±3.26 nm. Thereafter, the temperature of the solution was decreased to 90 °C. 

Furthermore, for appropriate growth steps of the nanoparticles, 1 mL of sodium citrate 

60 mM and 1 mL of HAuCl4 25 mM were vigorously added to increase the size of the 

nanoparticles with each addition leading to an increased size of the nanoparticles. The 

process of the addition of both sodium citrate and HAuCl4 was repeated after every 30 

min, which led to the formation of new nanoparticles with increased average diameter 

sizes of 18±3.15, 45±12.8 and 50±17.4 nm. The high standard deviation was observed 

for 45 and 50 nm due to the presence of some few small nanoparticles in the 

background as the size was increased. This is expected as the capping agent (sodium 

citrate) attempt to bring smaller nanoparticles together to form larger nanoparticles. 

Correspondingly, Ag-nanoparticles (AgNPs) were also synthesised via sodium citrate 

induced method [318]. In this case, 50 mL of 1 mM AgNO3 was heated to boiling in an 

Erlenmeyer flask. Subsequently, 5 mL of 1% sodium citrate was then introduced into 

the solution. In the course of this process, the solution was also periodically heated 

until a series of color changes were observed; from yellow, brown, until pale brown. 

The process yielded Ag-nanoparticles with different average diameter sizes of 

12±3.49, 14±7.52 and 26±5.83 nm with each phase of color change respectively. 
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3.2.3. Fibrin protein preparation or dissolution and adsorption 

1 gram of fibrin protein was acquired in powdered form from Sigma Aldrich. A 

concentration of 0193 mg/mL was then prepared by dissolving 0.005 g of this 

powdered fibrin protein into 25 mL of phosphate buffer saline (PBS) of pH 7.4. The 

dissolution of fibrin powder into PBS took over 48 hours at 37 °C. Upon preparation of 

the fibrin concentration solution, the Au- and Ag-nanoparticles were then incubated 

with fibrin proteins for 12 hours. Prior to incubation processes, the behavior of the 

nanoparticles in the absence of fibrin was investigated and then adsorption of fibrin 

onto the nanoparticles was also studied. 

3.2.4. Characterisation of Au- and Ag-nanoparticles 

For lack of access to advanced XANES, SERS, DCS, AF4, and XPS characterisation 

equipment, ordinary characterisation machines accessible were resorted to. 

Characterisation of Au- and Ag-nanoparticles are considered somehow complicated 

since these nanoparticles were synthesised via citrate induced method. Given that 

citrate has been used as a capping agent, some citrate related signals maybe noted 

in the spectroscopic signals analysis. Below, a couple of spectroscopic techniques 

which assisted on verification and validation of investigated samples are discussed. 

3.2.4.1. X-ray diffraction (XRD) 

XRD was used to determine the crystal structure of acquired Au- and Ag-

nanoparticles. It must be mentioned that nanoparticle+protein corona based XRD 

characterisation were not made due to alluded limitations highlighted in sub-section 

2.6. A unique diffraction pattern gets formed whenever incident X-rays interact with a 

material of interest [319, 320]. In this way, an ordered atomic arrangement obtained 

from the scattered X-rays provide the required crystalline structure of a material under 
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investigation. Specifically, X-ray diffraction pattern of Au- and Ag-nanoparticles were 

conducted using Empyrean X-Ray diffractometer (Malvern Panalytical). 

The crystalline sizes of these Au- and Ag-nanoparticles are calculated using the 

Debye-Scherrer’s equation [321, 322]: 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
 ,                                              (3.23) 

where  𝐷 is the crystallite size, 𝜆 denotes the X-ray wavelength, 𝛽  is the full width at 

half maximum (FWHM) of the diffraction peak, 𝐾 is the constant (0.9), 𝜃 is the 

diffraction angle at the maximum. 

3.2.4.2. Transmission Electron Microscopy (TEM)  

A transmission electron microscope (TEM) is a technique with capabilities of atomic-

scale chemical and structural characterisation of solid-state material samples [323, 

324]. A FEI Tecnai F20 Transmission Electron Microscope (TEM) (Thermo-Fisher 

Scientific) was used to analyse Au- and Ag-nanoparticles before and after conjugation 

with the fibrin protein (i.e. conjugated nanoparticle+fibrin corona samples) at a voltage 

of 200 kV. The Au- and Ag-nanoparticles before and after conjugation with the fibrin 

protein were further explored potentially at an acceptable scan size. This instrument 

was used to characterise Au- and Ag-nanoparticles before and after conjugation with 

the fibrin protein due to its capabilities to be able to view nanomaterials or 

nanoparticles at an atomistic level. With its advantage of being an atomistic level 

analyser, the TEM can also be employed for the detection of defects, vacancies and 

dislocations in some nanomaterials [325, 326]. Interest on the surface morphology and 

possible atomic distributions of Au- and Ag-nanoparticles before and after mixing with 
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the fibrin protein was considered. Figure 3.5 below exhibit the conceptual working 

principle of TEM. 

 

Figure 3.5: Schematic diagram indicating how the TEM produces images [327]. 

Based on Figure 3.5, electron gun/source is responsible for the release of electrons, 

which are then allowed to pass through a variety of magnified lenses and apertures. 

During this process, the electrons wave packets are transmitted through the sample 

[328]. In any case, the un-scattered electron waves, are also transmitted through the 

sample, in the process colliding with the fluorescent screen at the bottom of the 

microscope. Such collisions lead to the generation of the real image of the sample on 

the screen. Interestingly, regarding image resolution improvement, the voltage of the 

electron gun can be manipulated in a way that the velocity of the electrons is modified 

and monitored which in turn results in the improve resolution of the obtained image 

[329].  For appreciable results concerning resolution of the image in TEM, the samples 
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are expected to be extremely thin, as this will allow electrons to be transported 

successfully through the sample. TEM tend to operate at high voltages, approximately 

50 to 1000 kV [329, 330]. A voltage of 200 kV which has been used in this research 

fall within this approximated range. 

TEM is based on the gathering of the transferred electrons throughout the sample to 

reveal valuable data and images regarding the sample under examination. TEM can 

be adjusted in such a way as to collect signals at the same level of the scanning 

electron microscopy (SEM) signal generation, depending on the model of TEM [331, 

332]. Nevertheless, it is also suggested that TEM can be used to complement 

crystallographic techniques (such X-ray diffraction), especially it comes to size of the 

material validations [333-335]. 

3.2.4.3. UV-vis spectroscopy (UV) 

UV-vis spectroscopy is considered as a peculiar mode of analysis that quantify the 

amount of distinct wavelengths of visible light being transferred through the sample or 

being adsorbed by the sample in comparison with a reference sample. The amount of 

visible light being adsorbed is regarded to be regulated by the chemical configuration 

of the sample. As such, the amount of visible light being adsorbed by the sample will 

provide information abouts its identity [336]. 

UV-vis spectroscopy spectrum was adopted to investigate the optical properties of Au- 

and Ag-nanoparticles and corresponding nanoparticle+fibrin coronas [336, 337]. An 

absorption spectrum in the range of 250 - 900 nm was adopted for Au- and Ag-

nanoparticles before and after conjugation with the fibrin protein to establish the 

absorption maxima as well as its corresponding plasmon resonance behaviour in 

relation to the morphology and dimensions of the nanoparticles. Thermo Scientific 
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Multiskan Go Spectroscopy was utilised to conduct all the quantifications via the 

cuvette mode (therefore, disposable cuvettes were used). 

Somehow, localised surface plasmon resonance of the precious metal nanoparticles 

is regarded as their valuable property. So, this property becomes apparent when 

photons of a particular frequency prompt the collective oscillation of conduction 

electrons on the precious metal nanoparticles’ surface, which lead to selective photon 

absorption, efficient scattering, as well as improved electromagnetic field strength in 

the vicinity of the nanoparticles [338]. 

The maximum wavelength (𝜆𝑚𝑎𝑥) of the nanoparticles in the UV-visible absorbance 

spectrum is dictated by the domains encircling the nanoparticles [338, 339]. In this 

instance, the movement in 𝜆𝑚𝑎𝑥 can be utilised to track modifications in the surface 

configuration of the nanoparticles. On the other hand, the shifting or the difference in 

maximum wavelength (𝜆𝑚𝑎𝑥), can be used to trace the attachment of biomolecules on 

the surface of nanoparticles in the UV-visible spectroscopy [338, 340, 341]. 

For better understanding of how the UV-vis spectroscopy components functions, the 

working principle of the UV-vis spectroscopy is highlighted in Figure 3.6. 
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Figure 3.6: A schematic presentation of how UV-Vis spectroscopy operates [342]. 

With reference to, this scheme, the visible light is always transmitted through the 

sample no matter which wavelength selector is initiated in the spectroscopy. With 

regard to sample analysis, a reference sample is quite important, and a cuvette 

encapsulated with a solvent is employed in the composition of such sample [329]. For 

clarity, in a situation where a buffered solution contains the sample of interest such as 

proteins, this simply means that a buffered solution alone without the sample of 

interest is used as the reference [342]. 

In general, following the transmission of visible light through the sample, a detector as 

in Figure 3.6 is utilised to transform the visible light into an interpretable electronic 

indicator via a digital computer [329, 341]. In this case, the interpretable data appears 

as the graph of absorbance as a function of wavelength in the UV-vis spectroscopy. 

Meaning that in the graph, absorbance is presented on the vertical 𝑦 axis meanwhile 

wavelength is distributed on the horizontal 𝑥 axis [329, 341]. At the end, the 

wavelength correlating to the greatest absorbance of the desired sample is considered 
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for evaluation [329, 341]. With the aid of ensuring highest sensitivity, since the highest 

response is achieved for a certain analyte concentration. 

3.2.4.4. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR, well-recognised and acceptable approach which characterises bulk and 

nanoscale materials through fluid medium by identifying relevant functional groups in 

the sample matrix has also been used. A Perkin Elmer FTIR TWO spectrometer was 

identified and utilised to probe functional groups available in the citrate immersed with 

Au- and Ag-nanoparticles as well as conjugated nanoparticle+fibrin corona samples. 

Consequently, associated structural properties of fibrin protein before and after 

conjugation with Au- and Ag-nanoparticles were also extracted. For good 

measurements, the spectral wavenumber range of 400 to 4000 cm-1 was initiated. In 

the process, a total of 1801 scans were achieved at a resolution wavenumber of 4 cm-

1. In any case, Figure 3.7 further validates the analytical procedure of the FTIR 

spectrum: 
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Figure 3.7: A schematic sketch illustrating how the FTIR emits its spectrum [343]. 

In particular, the FTIR spectroscopy utilises interferometer to monitor the broadband 

infrared (IR) source. The procedure makes use of the detector to measure the intensity 

of the reflected light as a function of the lights' wavelength, which becomes the 

interferogram. As a results, the interferogram is transformed into IR absorption 

spectrum by a digital computer utilising Fourier transform. Onwards, this spectrum is 

well noted with % transmittance plotted against wavenumber (cm-1) as illustrated in 

Figure 3.7 [343-347].  

Some studies show that FTIR monitors the absorption of infrared light to certain 

specific energies that contributes to the excitations of molecules by vibrations [343, 

344]. Therefore, this simply implies that FTIR spectra are characteristics of the bonds 

https://www.sciencedirect.com/topics/medicine-and-dentistry/excitation
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in molecules or specifically the quantum harmonic oscillators of bonded structures 

such as in solid lattices. Basically, this spectrum is applied as an identification or 

fingerprint which identifies possible impurities, changes, and quality of the associated 

molecules [348]. 

As a final point, FTIR spectroscopy specifically regulates the molecular vibrations in 

molecules. As such, functional groups in a certain material of interest may be linked 

with characteristic infrared absorption bands. Such bands are known to be associated 

with the fundamental vibrations of the functional groups in certain materials as outlined 

in some literature [343, 344, 348, 349]. 

3.2.4.5. Zeta potential (ZP) 

Zeta potential (ZP) measurements are simple, easy and reproducible when averaging 

or estimating and acquiring particle surface charge. Zeta potentials were examined to 

trace the charge distributions onto the surface of the nanoparticles before and after 

adsorption of the fibrin protein molecules [350-352]. Isolated nanoparticles exhibit the 

lowest negative charge before adsorption which then converts to a higher value after 

the fibrin protein adsorption.  

Au- and Ag-nanoparticles and corresponding nanoparticle+fibrin coronas zeta 

potentials were physically characterised using Zetasizer in disposable capillary zeta 

cells at a temperature of 25 °C. Attained zeta potential measurements were averaged 

from three repeated measurements for informed convincing results. 

The zeta potential, also known as electro-kinetic potential, is regarded as the potential 

at the slipping/shear plane of colloid particles moving in an electric field [353], as 

shown in Figure 3.8. As such, the electric potential at the surface amounts to work 

done required to bring a unit positive charge from infinity to the surface of the 

https://www.sciencedirect.com/topics/engineering/bonded-structure
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nanoparticle at constant speed. In essence, the zeta potential becomes the potential 

difference between the electric double layer (EDL) of electrophoretic mobile charges 

and the dispersant layer in the locale of the slipping plane [351]. 

A charged particle dispersion influences creation of the EDL on the surface [354]. The 

inner layer consists of ions whose charge opposes that of the primary nanoparticle 

(Stern layer). Beyond Stern layer, the electrostatic effects due to the surface charge 

on the particles decrease according to Debye’s law [355]. 

 

Figure 3.8: Conceptual analysis of the zeta potential [351]. 

Even though mathematically, electrostatic effects extend towards the infinity, 

experimentally such effects are only experienced a few nanometres from the 

nanoparticle surface. Due to the electrostatic field of the charged nanoparticles, a 

diffuse layer consisting of both same and opposite charged ions/molecules get 

generated beyond the Stern layer which along with the Stern layer form the EDL as 

clarified in Figure 3.8. The composition of this diffuse layer is dynamic and varies 

depending on a variety of factors such as pH, ionic strength, and concentration of the 

solution therein. In this instance, when an electric field is introduced to such dispersion, 
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the charged particles move towards the opposite electrode (the process known as 

electrophoresis) as Figure 3.8 demonstrates. In the diffuse layer there is a hypothetical 

plane which resonate as the interface between the moving particles and the layer of 

dispersant around it while electrophoresis continues. Such plane is the characteristic 

slipping/shear plane meanwhile zeta potential is regarded as potential at this particle-

fluid interface [351].  
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CHAPTER 4 

Interface interaction of Au-nanoparticles with fibrin protein molecules 

4.1.  Introduction  

Gold nanoparticles (Au-nanoparticles) are identified as possible metal-based 

substrates which can be used in some drug delivery processes into human systems 

[356].  However, there are some reported health-related issues with reference to gold 

(Au) metal and their related compounds. As such, over-exposure of some human 

tissues to Au and their related gold compounds may result in increased risk of 

cancerous and associated diseases damaging the liver, stomach, respiratory tract, 

and other human organs [357]. This treatise is driven by the fact that if precious metal 

nanoparticles, say gold could be sited in a cellular physiological fluid, spontaneous 

interaction with immediate biomolecules including proteins ensues [165, 236]. 

 
On the Physics point of view, the successful adsorption process, due to this 

spontaneous interaction between Au-nanoparticles and protein molecules will result in 

the reduction of the nanoparticle’s free energy. Eventually, this entire process will 

result in the formation of Au-nanoparticle+protein corona complexes [165, 236]. Au-

nanoparticle+protein corona can be described as a single or more layers of a certain 

protein species molecules around the nanoparticle’s spherical surface. Supposedly, 

upon entering the intercellular plasma environment, the nanoparticles surface simply 

induces the adsorption on the neighbouring biomolecules, specifically protein 

molecules, resulting in the formation of the nanoparticle+protein coronas.  

 
Taha et al. [358] conducted DFT studies of cyclic glycine-alanine dipeptide 

attaching/binding onto Au-nanoclusters in the quest of understanding possible 

interactions occurring between cyclic glycine-alanine dipeptide and gold nanoclusters. 
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Another investigation by Jahan et al. [359] used mesoscopic coarse-grained MD 

simulations to examine ovispirin-1 and lysozyme protein coronas on pristine Au 

nanomaterials. The outlined studies included some stability and reliability of the 

acquired nanoparticle+protein coronas. Such research studies have demonstrated to 

be quite helpful in describing the possible mechanism of interaction that could be 

occurring in the biological inter-cellular environment. Despite advancement in the 

applicability of the nanoparticle+ligands conjugates in health-related applications, their 

interactions remain not well understood, and it is unclear which amino acids or 

peptides groups are favoured for binding in a particular protein species. The findings 

of the DFT study by Buglak et al. [360] have exhibited that Au-nanoparticles can 

interact with the nitrogen, sulphur and oxygen atoms of the amino acid residues 

through Au-N, Au-S, and Au-O atomic bondings. In other studies, the interaction of 

proline which is an example of amino acid found in many proteins, with gold atomic 

clusters have been investigated through DFT, and the corresponding findings 

indicated that the interactions were sorely via the amide terminal [361]. This simply 

suggest that different protein species bind differently to the surface of some specific 

nanoparticles. 

Quantitatively, according to Hu et al. [362], at nanoscale, the gold samples adopt the 

face-centred cubic (FCC) phase. In this nano-phase, different thermodynamic 

properties can be studied well by variation of energy, temperature, and pressure.  In 

most instances, thermodynamic properties of nanoparticles, which includes melting 

point, Debye temperature and heat conductivity drops as the nanomaterial size 

decreases [363]. But in this context, the specific heat tends to rise when the size of 

nanomaterial is reduced. Correspondingly, lowering in melting point while the size of 
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nanoparticles decreases is associated with a greater quantity of surface atoms which 

are less bonded to the internal atoms.  

In this chapter, a model interaction was designed between different spherical sizes of 

Au-nanospheres and different chain lengths of fibrin protein molecules. It must also be 

stated now that for simplicity, Au-nanospheres are associated with experimentally 

observed Au-nanoparticles. The model made use of an amalgamation of DFT, MC 

methods, and MD simulations to aid in understanding the interface binding nature and 

mechanism of fibrin protein molecules onto Au-nanospheres towards Au-

nanosphere+fibrin corona formation. 

4.2. Modelling of Au-nanospheres and fibrin protein molecules 

4.2.1. Modelling of Au-nanospheres. 

Spherical Au-nanospheres of 19, 38, 55, and 79 atoms (later referred to 

chronologically as Au(19), Au(38), Au(55), and Au(79)) were constructed using 

Material Studio (MS) package [285]. Figure 4.1 (a) illustrates the initial Au(19) (Au-

nanosphere with 19 atoms). Triangular pyramidal bonds between adjacent Au atoms 

assist in tracing the original FCC symmetry of the nanosphere. A corresponding 

geometrically optimised Au(19) nanosphere is also presented in Figure 4.1 (b). 

 

A choice of 19, 38, 55, and 79 atomic spherical values fall within the structural surface 

and yet reactive magic numbers of generating stable, improved nanoparticles [364]. 

Advancing on, all Au-nanospheres models were constructed, thereafter geometrically 

optimised to obtain relaxed favourable configurational nanospheres for this project. 

Illustrations of Figure 4.1 (a) and (b) demonstrate how regular, straight lined pyramidal 

inter Au-Au adjacent bonds transform into curly Au-Au-Au in the middle extreme 

positioned atomic arrangements after geometric optimisation, depicting acceptable 
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circumference of spherical symmetry. A similar procedure was followed on the model 

construction and geometric optimisations of the subsequent Au(38), Au(55), and 

Au(79) nanospheres. 

 
DMol3 code as executed in Material Studio, was initiated to carry out all calculations 

associated with DFT-based geometry optimisations. The generalised gradient 

approximation (GGA) according to Perdew-Burke-Ernzerhof (PBE) exchange-

correlation energy functional was employed for the optimisations [293]. Double 

numerical atomic orbital augmented plane waves by a polarisation 𝑝-function (DNP) 

basis set [287] were engaged to depend on the spin unrestricted calculations. On the 

contrary, the maximum value of energy, gradient, and displacement tolerances were 

set at ‘customised’ quality which are 1 x 10−5 Ha, 2 x 10−3 Ha/Å, and 5 x 10−3 Å 

respectively. 
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Figure 4.1: (a) A typical initially modelled structure of Au(19)-nanosphere. Triangular 

dashed lines assist in tracing original conventional FCC character. (b) A typical 

geometrically optimised Au(19)-nanosphere. 

4.2.2 Modelling of fibrin protein molecules 

The basic 1-fibrin protein molecule chain has a molecular formula C5H11N3O2 [112] 

whose model is presented in Figure 4.2. As already stated, fibrin protein molecule 

which is a derivative of fibrinogen has been identified as an emerging and promising 

protein species suitable for biomedical applications [27]. 
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Figure 4.2: A typical structure of 1-fibrin molecule. 

A fibrin protein molecule (Figure 4.2) chemical structure consists of 5 carbon (C-grey), 

11 hydrogen (H-white), 3 nitrogen (N-blue), and 3 oxygen (O-red) atoms. Inherently, 

a basic fibrin (thereafter referred to as 1-fibrin) molecule has two -CH2, two -CO, two -

NH, one -NH2, and one -CH3 functional groups. Making use of the –NH2 or –CH3 side 

functional groups, extra chains can be added to generate 2, 3, 4, and more sequential 

fibrin chain molecules. Consequently, a fibrin protein molecule (thereafter will be 

referred to as just fibrin or fibrin molecule) can also be classified as a peptide [112], 

meaning a basic single chain can be replicated into more chains or specifically 2-, 3-, 

and 4-fibrin molecule chains which are considered in this study.  

Forging ahead, the structures of the fibrin molecules were firstly optimised individually 

using DMol3 code in order to reach their most stable energy conformational structures. 

The bond lengths of the atoms within the basic 1-fibrin molecule were further explored 

as displayed in Table 4.1 below with reference to their numbering in Figure 4.2. Hence 



88 
 

the measured bond lengths were found to be in good comparison with the expected 

available values in other different studies [105, 106, 366-368]. 

Table 4.1: Approximate bond lengths of some CH, CO, NH, CN, CC bonds in 
Angstroms (Å) within the basic 1-fibrin molecule as per referenced numbering in Figure 
4.2. 

 Average bond length (Å) 

(This work) 

Literature 

C-H 1.0903 1.080 [105], 1.090 [106], 

1.097 and 1.110 [366] 

C-O 1.2385 1.202 and 1.212 [367], 

1.210 [106], 1.239 [105] 

N-H 1.021 1.000 [105], 1.020 [368, 

106] 

C-N 1.4168 1.466 [367], 1.470 [106], 

1.484 [105] 

C-C 1.5345 1.530 [106], 1.531 [105], 

1.532 [367] 

 

With regard to fibrin protein molecules, dissimilar parameters were initiated as 

compared to the nanoparticles in order to attain correct prediction of the structural and 

electronic features of the molecules. As a result, dispersion corrected-DFT (DFT-D) 

was generally utilised to evaluate the molecular properties of fibrin molecules. DFT-D 

was implemented using DMol3 alongside generalised GGA functional by PBE and 

Grimme's empirical dispersion correction [369]. The DFT-D method of Grimme is 

recommended for modifying the performance of standard DFT, particularly for defining 

the non-covalent forces, which include van der Waals and hydrogen bonding [369, 
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370]. For better improvement of the calculations, fine quality of global orbital cut-off 

was adopted [371]. The maximum of energy, gradient, and displacement tolerances 

were chosen to be 1 x 10−5 Ha, 2 x 10−3 Ha/Å, and 5 x 10−3 Å, respectively. As such, 

the 0.005 Ha of smearing value was initiated in orbital occupation to accelerate the 

convergence. 

4.3. Results and discussion 

4.3.1. Au-nanosphere + fibrin protein corona complexes 

In order to understand the possible nature of interaction between Au-nanoparticles 

and fibrin molecules, a model interaction between Au(19), Au(38), Au(55), and Au(79) 

and 1, 2, 3, and 4-fibrin molecules was suggested and developed. In certain studies, 

such model interaction between nanoparticles and biological molecules, whereby 

biomolecules end up being attached to nanoparticles surfaces is referred to as docking 

[372, 373]. In this section, such modelled interaction analysis are discussed based on 

all possible identified permutations of Au and fibrin molecules.  

 

To further clarify the situation, for the Au-nanospheres, the following sixteen (16) 

model interactions with fibrin molecules were considered:  

Au(19) + 1-fibrin, Au(19) + 2-fibrin, Au(19) + 3-fibrin, and Au(19) + 4-fibrin 

Au(38) + 1-fibrin, Au(38) + 2-fibrin, Au(38) + 3-fibrin, and Au(38) + 4-fibrin 

Au(55) + 1-fibrin, Au(55) + 2-fibrin, Au(55) + 3-fibrin, and Au(55) + 4-fibrin 

Au(79) + 1-fibrin, Au(79) + 2-fibrin, Au(79) + 3-fibrin, and Au(79) + 4-fibrin 

 
Upon adsorption models, the complex structures of Au-nanospheres + n-fibrin 

molecules (n = 1, 2, 3, and 4) were further optimised via Dmol3 code to reach their 

most stable energy structures. Thereafter, single-point energies of the optimised 

structures using the same approaches discussed in sub-sections 4.2.1 and 4.2.2 were 
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calculated. Subsequently, the adsorption energies of Au-nanospheres + n-fibrin 

corona complexes were calculated. A focus was based on those models with the most 

stable Au-nanosphere+fibrin coronas. 

  
In the first setting, the simulation involved each of the Au(19), Au(38), Au(55), and 

Au(79) nanospheres interaction with each of the 1, 2, 3, and 4-fibrin molecules. Figure 

4.3 presents how Au(55) nanosphere adsorbs the 1, 2, 3, and 4-fibrin molecules 

respectively after geometrical optimisation. The same scenario was achieved for the 

Au(19), Au(38), and Au(79) nanospheres adsorption of one-on-one 1, 2, 3 and 4-fibrin 

molecules after geometrical optimisations. Such adsorption complexes can as well be 

referred to as nanosphere+fibrin corona complexes.   Sequentially, the total energies 

for the Au-nanospheres adsorption of 1, 2, 3 and 4-fibrin molecules after geometrical 

optimisations were explored as shown in Figure 4.4. In Figure 4.4, the total energies 

of the nanosphere+fibrin corona systems were found to decrease with the increasing 

number of the fibrin chains. Literature works by Carr et al. [309] further concurs that 

the same behaviour of energy was observed for Au-nanoparticles interaction with 

cysteine protein species. Besides, it is notable that Au(79) interaction with 1, 2, 3, and 

4-fibrin experiences the lowest total energies whereas, Au(19) versus 1, 2, 3, and 4-

fibrin experiences the highest. 



91 
 

 

Figure 4.3: 1, 2, 3, and 4-fibrin molecule chains adsorption onto Au(55) nanosphere. 
The yellow balls represent the Au atoms. The grey, blue, red, and white balls represent 
the C, N, O, and H atoms respectively in the 1, 2, 3, and 4-fibrin molecules. 
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Figure 4.4: Au-nanopshere + n-fibrin corona complex total energies versus n-fibrin 
molecules (n = 1, 2, 3, and 4). (a) Au(19) + 1, 2, 3, and 4-fibrin total energy versus 
1,2,3, and 4-fibrin, (b) Au(38) + 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-
fibrin, (c) Au(55) + 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-fibrin, and (d) 
Au(79)+ 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-fibrin. 
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4.3.2. Adsorption energies and bond lengths of Au-nanosphere + fibrin corona 
complexes. 
 

In order to predict possible formation of the nanoparticle+fibrin protein corona 

complex, the adsorption energy of the systems must also be calculated. The 

adsorption energy at the interface is given by [309, 358]: 

𝐸𝐴𝑑 = 𝐸(𝑛𝑠+𝑓𝑚) − 𝑛𝐸𝑓𝑚 − 𝐸𝑛𝑠.             (4.1) 

Here, 𝐸𝐴𝑑 is the adsorption energy of the fibrin protein molecules onto the nanosphere 

surface. 𝐸(𝑛𝑠+𝑓𝑚) is the total energy of the nanosphere+fibrin molecule (ns+fm) corona 

complex. 𝐸𝑛𝑠 and 𝐸𝑓𝑚 are total energies of the nanosphere (ns) and fibrin molecule 

(fm) respectively, whilst n stands for the number of fibrin molecules present in the 

nanosphere binding. Based on this equation, a negative adsorption energy indicates 

that the nanosphere adsorption of fibrin molecule(s) is exothermic resulting in an 

energetically stable and possible occurrence of the nanosphere+fibrin corona system 

[154, 309, 358, 374]. 

 
Adsorption energies of Au(19), Au(38), Au(55), and Au(79) nanospheres with 1, 2, 3, 

and 4-fibrin molecules were calculated, thereafter listed in Table 4.2. Negative 

adsorption energies were obtained for all the Au-nanosphere + n-fibrin protein 

molecules binding possible formations modelled. As per equation (4.1) this suggest 

that all the nanosphere+fibrin corona complexes presented in Table 4.2 are 

energetically stable. To quantify this, the energy values further indicate the possible 

strength of the nanosphere + fibrin corona binding. So, the lowest negative adsorption 

energy is associated with the most stable nanosphere+fibrin corona complex. Even 

better, model Au(55) nanosphere interaction with 1, 2, 3, and 4 fibrin molecules 

recorded the lowest adsorption energies implying the most stable nanosphere+fibrin 

corona complexes. Surprisingly, a zero adsorption energies were also recorded on the 



94 
 

Au(19) nanosphere interaction with 3 and 4-fibrin species. This could quantify the 

suggestion that the Au(19) nanosphere may have far smaller surface area due to very 

few clustered atoms spherical size for possible binding with the 3 and 4-fibrin molecule 

chains. 

 
To corroborate the adsorption energies, bond lengths were also explored for possible 

Au-H, Au-O, Au-N and Au-C atomic bonding as itemised in Table 4.3. The 

arrangement is for Au(19), Au(38), Au(55), and Au(79) nanospheres possible bonding 

permutations with 1, 2, 3, 4-fibrin molecules. The permutations of the possible bonding 

assist in recognising which of the bond lengths have the smallest values. Such bond 

lengths would then suggest the most probable bonding between the Au-nanospheres 

and the fibrin molecules. Excessively large bond lengths would also suggest unlikely 

occurrence of the bonding between the specified atomic species. Stable and 

exothermic energies along with acceptable bond lengths interactions signify that 

specified nanospheres can successfully transport associated fibrin protein species into 

cellular environment. 

Table 4.2: Adsorption energies (𝐸𝐴𝑑) of 1, 2, 3, and 4-fibrin molecules onto Au(19), 
Au(38), Au(55), and Au(79) nanospheres. 
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1-fibrin 2-fibrin   3-fibrin   4-fibrin 

Au(19) + -0.27 -0.28   0.0   0.0 

Au(38) + -0.54 -0.28  -0.81  -0.28 

Au(55) + -2.99 -2.73  -3.00  -2.73 

Au(79) + -1.63 -1.37  -1.09  -1.37 
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For every nanosphere + fibrin possible bonding, as the number of fibrin molecules 

increase from 1 to 4, bond lengths appear to contract as indicated in Table 4.3. In 

addition, certain bond lengths decrease with nano spherical size from Au(19) to 

Au(79). 
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Table 4.3: Predicted bond lengths in Angstroms (Å) between Au-atoms and specified fibrin molecules atoms. All the nanospheres, 
Au(19), Au(38), Au(55), and Au(79) against 1, 2, 3, and 4-fibrin molecules have been considered. 

  Au(19) + Au(38) + Au(55) + Au(79) + 
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3.175 3.434 3.012 2.883 3.317 3.093 3.353 3.003 3.443 2.690 2.979 2.924 2.808 2.799 2.976 3.031 

A
u

-C
  

3.893 3.395 3.597 3.144 4.040 3.400 3.334 3.583 4.112 3.546 3.414 3.559 3.427 3.527 3.693 3.692 

A
u

-N
  

3.880 3.550 2.778 2.653 3.888 3.862 2.556 3.980 4.059 3.719 2.587 2.697 3.836 2.611 2.873 3.382 

A
u

-O
  

4.145 2.525 3.372 2.766 3.737 2.566 3.455 2.706 3.875 2.739 2.768 3.475 2.890 2.643 2.978 2.948 
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4.3.3. Molecular dynamics (MD) geometrically optimised structure of 1-fibrin 
molecule adsorbed onto Au-nanospheres 
 

Molecular dynamics (MD); Forcite code [314] was firstly used to geometrically optimise 

the complex models of Au(19), Au(38), Au(55), and Au(79) nanospheres with 1-fibrin 

protein species. For a proper representation, a rectangular slab was created around 

each of the Au-nanosphere + 1-fibrin complexes (i.e. Au(19) + 1-fibrin, Au(38) + 1-

fibrin, Au(55) + 1-fibrin, and Au(79) + 1-fibrin). In this way, relaxed minimum energy 

systems with less uncertainty were attained. The slabs were modelled at room 

temperature (298 K) under NVT ensemble. A time step of 1.0 fs and total dynamic time 

of 100.0 ps was set for all the simulation runs. With regard to the thermostat, a Nose 

technique was applied and the number of simulation steps were 100000. A random 

value temperature-dependent Gaussian distribution was used to initiate velocities. 

The slabs of the simulated geometry optimised Au(19), Au(38), Au(55), and Au(79) 

nanospheres interactions with 1-fibrin molecule species are presented in Figure 4.5.  
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Figure 4.5: MD geometrically optimised models of (a) Au(19) + 1-fibrin, (b) Au(38) + 
1-fibrin, (c) Au(55) + 1-fibrin, and (d) Au(79) + 1-fibrin. 
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4.3.3.1 Radial distribution functions of Au(19) + 1-fibrin, Au(38) + 1-fibrin, Au(55) 
+ 1-fibrin, and Au(79) + 1-fibrin 
 

Radial distribution function (RDF) in each system of particles (atoms) present how 

density tends to vary as a function of distance with regard to a reference particle 

(atom). The RDF provide an evaluation of the probability that, if there is an atom at the 

origin of an arbitrary reference frame, then there will be an atom with its centre located 

in a spherical shell of infinitesimal thickness at a distance, 𝑟, from the reference atom 

[314]. This simply suggests that the atom at the origin and the atom at distance 𝑟 may 

be of different chemical types, such as 𝛼 and 𝛽 [314]. In this order, the resulting 

function can be represented by 𝑔𝛼𝛽(𝑟). In the nanosphere + fibrin corona complexes, 

the radial distribution functions (RDFs) which entails the Au-nanosphere surface 

atoms as reference frame atoms with respect to atoms on the functional groups of the 

fibrin molecules were plotted. Figures 4.6 – 4.9 displays the said Au(19) + 1-fibrin, 

Au(38) + 1-fibrin, Au(55) + 1-fibrin, and Au(79) + 1-fibrin RDFs based on reference Au-

nanosphere’s surface atoms. Intrinsically, making use of the first and second nearest 

neighbour distances, the most probable Au-H, Au-C, Au-N, and Au-O bonds on the 

Au-nanosphere + fibrin molecule can be predicted. In this aspect, Table 4.4 sets out 

the RDFs on the proposed Au-H, Au-C, Au-N, and Au-O first and second nearest 

neighbour atom bond lengths on the modelled Au(19) + 1-fibrin, Au(38) + 1-fibrin, 

Au(55) + 1-fibrin, and Au(79) + 1-fibrin corona complexes respectively. 

Comparing Au-H, Au-C, Au-N, and Au-O suggested bond lengths, the Au-H bond 

displays the lowest value in all modelled Au-nanosphere + 1-fibrin corona complexes 

(Table 4.4). Additionally, Table 4.4 also displays Au-H bonds of 2.37, 2.47, 2.57, and 

2.35 Å respectively for Au(19) + 1-fibrin, Au(38) + 1-fibrin, Au(55) + 1-fibrin, and Au(79) 

+ 1-fibrin coronas. These values are also in good agreement with the literature [375]. 
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Figure 4.6: Radial distribution functions based on Au(19) +1-fibrin corona.  

Figure 4.7: Radial distribution functions based on Au(38) + 1-fibrin corona.  
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Figure 4.8: Radial distribution functions based on Au(55) + 1-fibrin corona.  

Figure 4.9: Radial distribution functions based on Au(79) + 1-fibrin corona.  
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Table 4.4: 1st (r1) and 2nd (r2) nearest neighbour atom distances as per RDFs on 
Au(19) + 1-fibrin, Au(38) + 1-fibrin, Au(55) + 1-fibrin, Au(79) + 1-fibrin corona 
complexes.  

 

4.3.3.2 Mean square displacement of Au(19) + 1-fibrin, Au(38) + 1-fibrin, Au(55) 
+ 1-fibrin, and Au(79) + 1-fibrin corona complexes relative to Au, H, C, N and O 
atoms 
 

Describing the behaviour of the system is of one of the key quantities in MD, hence 

the greatest valuable execution of molecular dynamics simulation is to compute the 

dynamic features of the molecules and atoms in their systems. So, the mean square 

displacement (MSD) is initiated to probe the variation of particle’s mobility in a 

particular simulation system. Therefore, if 𝑟𝑖(𝑡) is the position of atom 𝑖 at a particular 

time 𝑡, then the mean square displacement of atoms in a particular simulation can be 

enumerated by [314]: 

 

                          MSD = 𝑅 (𝑡) = ⟨| r(𝑡) − 𝑟 (0) |2⟩                                            (4.2) 

 

In this case,  ⟨⟩ designates totalling across all the atoms, whilst 𝑟(0) and 𝑟(𝑡) denotes 

relative distances at initial (0) and later time (𝑡) [314]. Basically, atoms of a particular 

simulation system are known to be in continuous motion and their positions change 

  Au(19) + 1-fibrin Au(38) + 1-fibrin Au(55) + 1-fibrin  Au(79) + 1-fibrin  

  r1 (Å) r2(Å) r1(Å) r2 (Å) r1 (Å) r2(Å) r1(Å) r2 (Å) 

Au-O  2.95 3.21 2.81 3.01 2.75 3.21 3.17 3.47 

Au-C 3.21 3.25 3.33 3.13 3.47 3.53 3.39 4.71 

Au-H 2.37 3.15 2.47 2.57 2.57 3.99 2.35 3.59 

Au-N 4.01 4.19 3.49 3.07 3.09 3.47 3.27 3.59 
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with changing moments. So, the variation of particle’s mobility in simulation system 

can be attained by monitoring the change of mean square displacement curve slope.  

To probe the possible mobility of the Au, H, C, N, and O atoms within a given corona 

complex, the mean square displacement (MSD) graphs relative to Au(19) + 1-fibrin, 

Au(38) + 1-fibrin, Au(55) + 1-fibrin, and Au(79) + 1-fibrin coronas were plotted, as 

elaborated in Figure 4.10. The mobility is investigated to observe the possible diffusion 

of the H, C, N, and O atoms into the Au-nanospheres matrices. Gao and Qu [376] 

reported that for possible diffusion of ions into solids, the MSDs increase linearly with 

time. Hence, the MSD in Figure 4.10 suggests that all the H, C, N, and O atoms may 

diffuse easily into the Au-nanospheres. The diffusion coefficient constants (D) were 

also calculated from the slopes of the MSD graphs and presented in Table 4.5. Still 

notable, the Au(55) + 1-fibrin corona matrix demonstrates the highest possible mobility 

of H, C, N, and O atoms as compared to other Au-nanospheres. 

 
In relation to H, C, N, and O atoms in the Au-nanosphere + n-fibrin coronas, their 

diffusion coefficient constants are observed to be greater than that of Au atoms. As 

such, all H, C, N, and O atoms have a good probability of diffusing through the Au-

nanospheres. Suggestion according to Figure 4.10; H, C, N, and O atoms may diffuse 

through the Au(19), Au(38), and Au(55) nanospheres after 10 ps. In the Au(79) 

nanosphere, the atoms may diffuse through the matrix immediately. Further on, such 

diffusion probabilities may signify the origin of non-toxicity of the Au-nanospheres. 
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Figure 4.10: Mean Square Displacement (MSD) plots of (a) Au(19) + 1-fibrin, (b) 
Au(38) + 1-fibrin, (c) Au(55) + 1-fibrin, (d) Au(79) + 1-fibrin coronas relative to Au, H, 
C, N, and O atoms. 
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Table 4.5: Diffusion constants (D) for 1-fibrin molecule adsorbed onto Au(19), Au(38), 
Au(55), and Au(79) nanospheres. 

  D of 1-fibrin + 

  Au(19) 

(Å2/ps) 

Au(38) 

(Å2/ps) 

Au(55) 

(Å2/ps) 

Au(79) 

(Å2/ps) 

A
to

m
s
 

H 0.5707 0.6549 0.7295 0.4121 

C 0.5898 0.6929 0.7036 0.3509 

N 0.5598 0.6568 0.6929 0.3653 

O 0.5923 0.8162 0.7017 0.3169 

Au 0.1743 0.2505 0.1794 0.3021 

 

 

4.3.4. Mulliken charges analysis on Au(55) + fibrin corona complex 

Beside energetics and diffusivities, electronic structure of the bonding modes can also 

assist in understanding the interface interactions in nanosphere+fibrin corona 

complexes. The electronic structure at the bonding sites can provide insight on how 

charge transfer occurs between Au(55) and 1, 2, 3, and 4-fibrin molecules respectively, 

when a nanosphere+protein corona complex get formed. This can be achieved by 

comparing Mulliken charges of 1, 2, 3, and 4-fibrin before adsorption to Au(55) + 1-

fibrin, Au(55) + 2-fibrin, Au(55) + 3-fibrin, and Au(55) + 4-fibrin coronas after adsorption 

processes. Mulliken charge population analysis will be applied and quantified through 

acquired atomic charge values. Au(55) + n-fibrin coronas relative to isolated 1, 2, 3, 

and 4-fibrins were identified for the intended Mülliken charges calculations and 

analysis. In particular, 1, 2, 3, and 4-fibrins will provide data values before and Au(55) 

+ n-fibrin (n = 1, 2, 3, 4) coronas data values after adsorption processes. This was 
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motivated by the fact that the Au(55) had the most energetically stable configuration 

out of all studied Au-nanospheres. 

 
Mülliken charge populations are useful when analysing the nature of atomic charge 

distributions in molecules through bonding of atomic orbitals in a neighborhood of 

atomic clusters [377]. For this reason, Mülliken charges were computed for carbon 

atoms in n-fibrin (n = 1, 2, 3, 4) molecules before and after adsorption as the carbon 

atoms outline the spine of these fibrin protein chains. Mülliken charge distribution of 

each carbon atom on a particular n-fibrin molecule with reference to Au-nanospheres 

are listed in Table 4.6 respectively. 

 
Table 4.6 data suggest that negative charges of n-fibrin carbon atoms before 

adsorption acquire more negativity after adsorption once they materialise as Au(55) + 

n-fibrin coronas. Extra negativity can be assigned to their secondary attachment with 

acceptor atoms like H in -CH2 or -CH3 functional groups. In contrast, positively charged 

carbon atoms in n-fibrins reduce their positive values after adsorption as they now 

materialise as Au(55) + n-fibrin coronas. Such loss is associated with further bonding 

with donor atoms like O and N in -C=O and -NH2 or -NH3 functional groups. 

 
During the adsorption reaction, some negative charges on the surface atoms of Au-

nanospheres are transferred through the fibrin bonding atom and charge conservation 

to the first carbon (C1) of the fibrin molecule, enhancing the negativity value of the C1 

atom. Considering the elementary Coulomb’s law of charges, this leads to second (C2) 

and third (C3) carbon atoms of the fibrin also acquiring less positive and extra negative 

charges sequentially. The same behaviour of charge transfer through the carbon and 

sulphur atoms was observed in the findings of Carr et al. [309]. So, it can be concluded 

that extra electrons are gained through the Au-H bond, where H is associated with the 
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-CH2 or -CH3 functional groups as accumulated in Table 4.6. Conversely, some 

electrons get lost through the Au-O/Au-N bonding’s, where O and N atoms belong to 

-C=O and -NH2 or -NH3 functional groups respectively. 

 

Table 4.6: Carbon (C) atoms Mulliken charges (in Units of  𝒆) for 1, 2, 3, and 4-fibrin 
molecules before and after adsorption onto Au-nanosphere with 55 atoms. 

 1-fibrin 2-fibrin 3-fibrin 4-fibrin 

 Before After Before After Before After Before After 

C1 -0.173 -0.233 -0.171 -0.234 -0.169 -0.230 -0.166 -0.226 

C2 0.401 0.385 0.428 0.426 0.426 0.416 0.406 0.383 

C3 -0.153 -0.200 -0.160 -0.224 -0.170 -0.216 -0.156 -0.223 

 

4.3.5 Radius of gyration for Au-nanospheres + fibrin protein corona complexes 

 

Calculation of the radius of gyration (𝑅𝑔) relative to some atomic clustering is a 

significant indicator used when predicting structural activities of macromolecules [378]. 

When a ligand compound or protein molecule gets attached to the nanoparticle 

surfaces, there exist a possible configurational change associated with the radius of 

gyration of the protein molecule [379]. After binding, protein molecules tend to not 

exhibit major changes in their secondary structure, instead undergo slight 

readjustment because of their interaction with the nanoparticles. Understanding the 

radius of gyration of these protein molecules or drug molecules relative to the 
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nanoparticles assist in forecasting the tightness and attachment criteria of drugs and 

protein molecules onto the nanoparticle’s surfaces [380]. 

The stability and change in average molecular configuration of the fibrin molecules 

adsorbed onto Au-nanospheres or in every Au(m)-nanosphere + n-fibrin corona {(m = 

19, 38, 55, and 79) and (n = 1, 2, 3, and 4)} complex can also be monitored by making 

use of the radius of gyration approach [381]. However, based on the fact that radius 

of gyration is indirectly related with how fibrin protein functional group atoms bond with 

nanoparticles surface atoms, only 1-fibrin adsorption onto Au-nanospheres corona 

complexes will be considered.  

To analyse the distribution of the fibrin molecules around the Au-nanosphere surface, 

radius of gyrations were analysed for  Au(19) + 1-fibrin, Au(38) + 1-fibrin, Au(55) + 1-

fibrin and Au(79) + 1-fibrin corona complexes, whereby 1-fibrin molecule are adsorbed 

onto Au(19), Au(38), Au(55) and Au(79) as shown in Figure 4.11. In view of that, 

Au(19) +1-fibrin corona possesses the largest radius of gyration followed by Au(38) + 

1-fibrin. Au(79) + 1-fibrin complex acquired the lowest radius of gyration of all the 

complexes analysed. Accordingly, a small radius of gyration for Au(79) + 1-fibrin 

complex may be attributed to its large spherical radius with 79 atoms. On the other 

side, the largest radius of gyration for Au(19) +1-fibrin corona may be attributed to its 

smallest spherical radius with 19 atoms.  

Focusing on Au(19) + 1-fibrin, serious fluctuations of the radius of gyration about 0.125 

Å can be seen as the time spans 0 - 100 ps. Au(38) + 1-fibrin and Au(55) + 1-fibrin 

have quite less fluctuations, but their radius of gyration are decreasing gradually from 

about 0.07 and 0.05 Å respectively towards about 0.06 and 0.04 Å, as the time spans 
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0 - 100 ps. To conclude, Au(79) + 1-fibrin corona produces an almost non-fluctuating 

radius of gyration about 0.033 Å throughout the time span 0 - 100 ps. 

Studies by Kharazian et al. [382] suggest that a larger radius of gyration corresponds 

to less tight packing while a smaller radius of gyration suggests a tighter packing. With 

reference to Figure 4.11, a larger radius of gyration is observed for Au(19) + 1-fibrin 

corona complex while a smaller radius of gyration is observed for Au(79) + 1-fibrin 

corona complexes. Such behaviour suggest that chronologically, hard corona can be 

obtained on Au(79)+1-fibrin > Au(55) + 1-fibrin > Au(38) + 1-fibrin. Au(19) + 1-fibrin 

would signify a soft corona binding. 
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Figure 4.11: Radius of gyration (𝑅𝑔) based on Au(19) + 1-fibrin, Au(38) + 1-fibrin, 

Au(55) + 1-fibrin, and Au(79) + 1-fibrin corona complexes.  

 

 4.4. Conclusion  

All the 1, 2, 3 and 4-fibrin molecules interactions with Au-nanospheres modelled 

provide a possible formation of the Au-nanosphere + fibrin corona complex. This is 
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have been found to be more energetically stable as compared to all other 

nanospheres. The concerning exception are the Au(19) + 3-fibrin and Au(19) + 4-fibrin 

coronas. Such anomaly was attributed to the compromised nanosphere size relative 

to the fibrin chain length. 

 
To validate, mean square displacement graphs and corresponding diffusion coefficient 

constants suggests that upon adsorption, all the atoms of the fibrin molecules may 

diffuse easily into the Au-nanospheres. H, C, N, and O functional group atoms of fibrin 

tends to exhibit different diffusion coefficient constants into the different sizes of both 

Au-nanospheres. Explored possible bond lengths through the RDFs complement one 

another, hence, the Au-H bond appears to be the shortest for all the Au(m) + 1-fibrin 

coronas. This suggest that the fibrin molecules may prefer hydrogen bonding as their 

mode of Au-nanosphere + fibrin interface binding. 

 
The enhanced negative and positive charges experienced through the Mülliken charge 

distributions before and after adsorption is attributed to the charge transfers which 

originate from the surface atoms of the Au-nanospheres onto the fibrin molecules.  

Such charge transfers may alter the original molecules functionality or be the source 

of immobilisation. The radius of gyration further suggest that a tighter packing is 

observed for the adsorption of fibrin molecules onto Au(38), Au(55), and Au(79) 

nanospheres with a sequence of Au(79) > Au(55) > Au(38). Less tight packing of 

Au(19) signifies soft Au(19) + 1-fibrin corona. Most probable Au-nanosphere sizes to 

transport fibrin species may be suggested from these outcomes.  
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CHAPTER 5 

Interface interaction of Ag-nanoparticles with fibrin protein molecules 

5.1 Introduction  

As both gold (Au) and silver (Ag) belong in group IB precious metals, similar to Au-

nanospheres interactions with fibrin protein species modelling procedures presented 

in the preceding chapter 4 could be expected in this chapter. 

However, Ag nanomaterials present peculiar physical and chemical properties 

differing to those experienced by Au nanomaterials. Such unusual properties have 

attracted utilisation of silver in various medical based research processes [28, 383]. 

Ag-nanoparticles expose unique optical, electrical, thermal, conductive, and 

absorption properties [28, 383, 384]. In addition to this, some health and biological 

issues related to silver and its derivative compounds have been reported [385]. Drake 

and Hazelwood [386], have reported on how over-exposure of human tissues to silver 

and its related compounds may lead to suppressed blood pressure, diarrhoea, 

stomach irritation as well as respiratory problems. 

Various types of Ag nanomaterials are known to be used in different biomedical 

applications such as biosensing and antimicrobial [387]. Such nanomaterials include 

but not limited to nanocubes, nanoplates, nanorods, nanodisks and nanospheres [387, 

388]. Similar to gold (Au), silver (Ag), as a precious metal crystal also has a face-

centred cubic (FCC) unit cell [389]. In this FCC symmetry, lattices of these metals are 

bound by low index crystal planes which have high atomic stacking in (100) and (111) 

faces [390]. In certainty, (111) plane possess highest atomic stacking in the Ag metal, 

which in turn leads to experiencing the lowest surface tension, yet being the most 

stable plane [390]. 
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In this manner, silver has been identified as one of the precious metals that could be 

utilised for drug delivery process [391]. Interestingly, when silver nanoparticles are 

introduced into a biological environment, they simply induce the adsorption of various 

biological molecules such as proteins onto their surfaces leading to nanoparticle-

protein corona [392]. Such mechanism can be imitated with the aid of computer-based 

simulation techniques. Sarker et al. [393] has conducted a multiscale simulation of 

protein corona formation on silver nanoparticles, which involves adsorption study of 

Ovispirin-1 Peptide onto the Ag nanoparticles, with the aid of mimicking the biological 

environment. 

Correspondingly, according to Davey [389], at nanoscale the silver samples adopt the 

face-centred cubic (FCC) phase. In this FCC phase, thermodynamic properties of the 

nanomaterials can be studied well by variation of energy, temperature, and pressure.  

In this Chapter, a model interaction was also made between 19, 38, 55, and 79 atomic 

sizes of Ag-nanospheres and different chain lengths of fibrin protein molecules. In this 

regard, a combination of density functional theory (DFT), Monte Carlo (MC) methods, 

and classical molecular dynamics (MD) simulations has been used. Optimisation of 

several Ag-nanospheres – fibrin molecules complexes were carried out. 

Subsequently, the adsorption energies of Ag-nanospheres + fibrin molecules 

complexes were calculated. A focus was based on those models with the most stable 

Ag-nanospheres with fibrin molecules.  
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5.2 Modelling of Ag-nanospheres and fibrin. 

5.2.1 Modelling of Ag-nanospheres 

Making use of the similar procedure exercised in sub-section 4.2.1 in chapter 4, Ag-

nanospheres were modelled making use of the Material Studio (MS) package. Each 

separately, Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres were constructed into a 

spherical form and ultimately optimised to obtain the relaxed configurations. Figure 5.1 

(a) presents the acquired Ag(19)-nanospheres before optimisation processes. 

Systematically, Figure 5.1 (b) also presents the acquired Ag(19)-nanosphere after 

optimisation processes. Changes in the immediate Ag - Ag bond lengths from the initial 

2.889 (Figure 5.1 (a)) to 3.007 Å (Figure 5.1 (b)) was observed after optimisation. In 

this manner, in Figure 5.1 (b), the bulging of the atoms to form a more accurate 

nanosphere could be observed after geometrical optimisation. Same analogical 

procedure was followed when constructing the corresponding Ag(38), Ag(55), and 

Ag(79) nanospheres. 

 
Consequently, as in chapter 4, sub-section 4.2.1 of Au-nanospheres, herein DMol3 

code as implemented in MS software, was also utilised to perform all calculations 

related to DFT-based geometry optimisations. 

 
Modelling and optimisation procedures of the fibrin protein species have already been 

detailed in chapter 4, sub-section 4.2.2.  
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Figure 5.1: (a) The initial structure of Ag-nanosphere with 19 atoms with the triangle 
labelled as the FCC-structural character. (b) A typical geometrically optimised Ag(19)-
nanosphere. 
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5.3 Results and Discussion 

5.3.1. Ag-nanosphere + fibrin protein corona complexes 

Procedures similar to those applied when modelling different Au-nanospheres and n-

fibrin molecules have been considered as well in this section. As a result, Ag(19), 

Ag(38), Ag(55), and Ag(79) nanospheres as well as 1, 2, 3, and 4-fibrin molecules 

were generated and further optimised before modelling the ultimate Ag-nanospheres 

+ n-fibrin corresponding corona complexes. 

In the case of Ag-nanospheres, the following 16 model interactions with fibrin 

molecules were considered:  

Ag(19) + 1-fibrin, Ag(19) + 2-fibrin, Ag(19) + 3-fibrin, and Ag(19) + 4-fibrin 

Ag(38) + 1-fibrin, Ag(38) + 2-fibrin, Ag(38) + 3-fibrin, and Ag(38) + 4-fibrin 

Ag(55) + 1-fibrin, Ag(55) + 2-fibrin, Ag(55) + 3-fibrin, and Ag(55) + 4-fibrin 

Ag(79) + 1-fibrin, Ag(79) + 2-fibrin, Ag(79) + 3-fibrin, and Ag(79) + 4-fibrin 

 

Figure 5.2 further demonstrates how the modelled adsorption of 1, 2, 3, and 4-fibrin 

chains onto Ag(55) nanosphere may occur. A similar procedure can be expected for 

the 1, 2, 3, and 4-fibrin chains adsorption onto other nanosphere geometries; Ag(19), 

Ag(38), and Ag(79). 

 
For better comprehension of the interaction of Ag-nanoparticles with biological 

molecules, the study by Wasukan et al. [394] has illustrated the possible docking of 

enzymes onto Ag3 cluster. In the study, the docking outcomes indicated that the Ag3 

cluster interconnected with crucial amino acids (building blocks of protein) of the CYP 

enzymes. Such amino acid residues of these CYP enzymes were found to have 

vigorously interacted with the Ag3 cluster, giving further apprehension into the 
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mechanism of interaction between Ag3 and CYP enzymes. The study also shows that 

the Ag3 cluster interacted with the oxygen atom belonging to carbonyl group of some 

of the amino acid residues. Basically, silver nanoparticles can successfully interact 

with biological molecules or proteins through various chains of amino acids functional 

groups or atoms.   

 
Advancing on, Figure 5.3 illustrates the total energies acquired when 1, 2, 3, and 4-

fibrin molecules get adsorbed onto Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres 

after geometrical optimisations. Accumulated results suggest that the total energy of 

the Ag-nanosphere + n-fibrin corona decreases as the number of fibrin (n-fibrin) 

molecules increases around the Ag-nanospheres. Similarly, some studies on the 

interaction energy of some silver nanoparticles with biological molecules such as 

serum albumin have also been explored in the literature [3]. The results concur that a 

negative value of the interaction energy corresponds to a stable non-toxic effect of Ag-

nanoparticles interaction with human serum albumin protein. Also, similar to the Au 

related complexes, as the nanosphere sizes increase from Ag(19) to Ag(79), the total 

energies of the corresponding coronas are lowering in value, as Figure 5.3 

demonstrates. 
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Figure 5.2: 1, 2, 3, and 4-fibrin molecule chains adsorption on the Ag(55) nanosphere. 
The purple balls represent the Ag atoms. The grey, blue, red, and white balls represent 
the C, N, O, and H atoms respectively in the 1, 2, 3, and 4-fibrin molecules. 
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Figure 5.3: Ag-nanopshere + n-fibrin corona complex total energies versus n-fibrin 
molecules (n = 1, 2, 3, and 4). (a) Ag(19) + 1, 2, 3, and 4-fibrin total energy versus 
1,2,3, and 4-fibrin, (b) Ag(38) + 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-
fibrin, (c) Ag(55) + 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-fibrin, and (d) 
Ag(79)+ 1, 2, 3, and 4-fibrin total energy versus 1,2,3, and 4-fibrin. 
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5.3.2. Energetics and bond lengths of Ag-nanospheres + fibrin protein corona 
complexes 
 

Making use of the adsorption energy equation 4.1 of chapter 4 subsection 4.3.2, the 

adsorption energies of n-fibrin molecules onto different Ag-nanospheres can be 

calculated. Acquired adsorption energy values will assist in predicting possible 

formation of Ag-nanospheres + n-fibrin corona complexes. 

 
A similar equation (i.e. equation 4.1) was utilised by Chakroborty et al. [395] to 

examine the adsorption energy of the most favourable Ag6+tyramine complex, 

whereby a negative adsorption energy signifies thermodynamic stability of the attained 

complex. In the process, recommending the empirical applications of tyramine-AgNPs 

biomolecular complexes in various fields such as bio-imaging, drug delivery, and bio-

sensing. Wasukan et al. [394] have also considered the same equation (i.e. equation 

4.1) when examining the adsorption of some enzymes onto Ag3 clusters. In that study, 

enzymes were reported to have strong correlation with the Ag3 clusters. In 

augmentation, acquired negative adsorption energies signify possible occurrence of 

Ag-nanosphere + fibrin corona systems. 

 
Calculated adsorption energies of Ag(19), Ag(38), Ag(55), and Ag(79) possible 

permutations with 1, 2, 3, and 4-fibrin molecules are listed in Table 5.1. In a similar 

manner, Table 5.1 arrange negative adsorption energies which signify possible, stable 

formation of associated Ag(19), Ag(38), Ag(55), and Ag(79) with n-fibrin molecules. In 

particular, a trend similar to the one of the Au-nanospheres + 1, 2, 3, and 4-fibrins is 

observed. Also, a more energetically stable corona system still favours the Ag(55) 

interaction with 1, 2, 3, and 4-fibrin molecules. Zero adsorption energies recorded on 

Ag(19) + 3-fibrin and Ag(19) + 4-fibrin suggest improbable adsorption occurrence of 
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Ag(19) with 3 and 4-fibrin molecules, which is based on incompatible nanospherical 

size relative to the fibrin chain length. Similar behaviour was also noticed for Au(19) 

nanosphere in Chapter 4. 

 
Further confirmation of possible Ag-nanosphere + n-fibrin corona formation, bond 

lengths of Ag-H, Ag-C, Ag-N, and Ag-O after n-fibrin docking onto Ag-nanospheres 

were extracted. Table 5.2 lay out all possible Ag-nanosphere + 1, 2, 3, and 4-fibrin 

bond length values extracted after docking. Smallest values will be the one in which 

fibrin will dock onto Ag-nanospheres using, while largest values would also suggest 

unlikely occurrence of the fibrin docking onto the Ag-nanospheres. 

 

Table 5.1: Calculated adsorption energies (𝐸𝐴𝑑)  of 1, 2, 3, and 4-fibrin molecules onto 
Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres.  

 

 

Basically, with reference to Table 5.2, as the number of the fibrin molecule chains is 

increased from 1-fibrin to 4-fibrin, some of the bond lengths tend to decrease gradually 

for fibrin molecules adsorbed onto Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres. 

In the similar manner, the bond lengths become shorter with the increasing 

nanosphere sizes. 

 

𝐸
𝐴

𝑑
 (

e
V

) 

 
1-fibrin 2-fibrin  3-fibrin  4-fibrin 

Ag(19) + -0.27 -0.27   0.0   0.0 

Ag(38) + -0.54 -0.28  -0.27  -0.28 

Ag(55) + -2.99 -2.99  -2.72  -3.27 

Ag(79) + -1.36 -1.37  -1.64  -1.10 
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Table 5.2: Predicted bond lengths in Angstroms (Å) between Ag-atoms and specified fibrin molecules atoms. All the nanospheres, 
Ag(19), Ag(38), Ag(55), and Ag(79) against 1, 2, 3, and 4-fibrin molecules have been considered. 
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3.171 2.966 3.070 2.996 3.187 3.479 2.775 2.817 3.217 3.024 2.713 2.736 3.262 2.885 2.877 2.920 

A
g

-C
  

3.864 3.289 3.243 3.504 4.090 3.316 3.248 3.254 3.475 3.490 3.376 3.307 3.880 3.385 3.310 3.256 

A
g

-N
  

3.753 2.898 3.897 2.785 3.816 3.884 3.619 3.582 3.479 3.387 2.798 2.467 3.717 2.484 2.538 2.821 

A
g

-O
 

4.138 2.422 2.459 2.730 4.070 2.460 2.465 2.495 3.687 2.603 2.717 3.504 3.759 2.468 3.529 2.606 
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5.3.3. Molecular dynamics (MD) geometrically optimised Ag-nanospheres + 
fibrin protein corona complexes 
 

Geometrically optimised structures of Ag(19)+1-fibrin, Ag(38)+1-fibrin, Ag(55)+1-

fibrin, and Ag(79)+1-fibrin corona complexes were generated using the same 

procedure described in sub-section 4.3.3, for Au-nanosphere related corona 

complexes. Subsequently, all considered models are displayed sequentially in Figure 

5.4. 

 

Figure 5.4: The MD simulated geometrically optimised structure of 1-fibrin molecule 
adsorbed onto Ag(19), Ag(38), Ag(55), and Ag(79) nanospheres. 
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5.3.3.1. Radial distribution functions of Ag(19) + 1-fibrin, Ag(38) + 1-fibrin, Ag(55) 
+ 1-fibrin, and Ag(79) + 1-fibrin corona complexes 
 

Plotted RDFs of Ag(19) + 1-fibrin, Ag(38) + 1-fibrin, Ag(55) + 1-fibrin, and Ag(79) + 1-

fibrin coronas are shown in Figures 5.5 – 5.8. From the peak positions of the radial 

pair distribution functions, the most probable distances among the atoms can be 

accumulated. Such distances could be quantified into possible bond lengths between 

fibrin functional groups atoms and the Ag-nanospheres. Table 5.3 displays the 1st (r1) 

and 2nd (r2) nearest neighbour atom distances for Ag(19)+1-fibrin, Ag(38)+1-fibrin, 

Ag(55) )+1-fibrin and Ag(79) )+1-fibrin corona complexes. 

 
With great contention, in all the Ag-H, Ag-C, Ag-N, and Ag-O possible bonding pairs, 

the Ag-H bonds are still having the shortest distances. The Ag-H predicted bond 

lengths with respect to Ag(19)+1-fibrin, Ag(38)+1-fibrin, Ag(55)+1-fibrin and Ag(79)+1-

fibrin coronas are 2.11, 2.45, 2.57, and 2.47 Å respectively. These values are in good 

agreement with the literature-based values on the studies by Chakroborty et al. [395].  

 

Figure 5.5: Radial distribution functions based on Ag(19) +1-fibrin corona.  
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Figure 5.6: Radial distribution functions based on Ag(38) +1-fibrin corona.  

Figure 5.7: Radial distribution functions based on Ag(55) +1-fibrin corona.  
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Figure 5.8: Radial distribution functions based on Ag(79) +1-fibrin corona.  

Table 5.3: The 1
st
 (𝑟1) and 2

nd
 (𝑟2) nearest neighbour atom distances as per RDFs on 

Ag(19) + 1-fibrin, Ag(38) + 1-fibrin, Ag(55) + 1-fibrin, Ag(79) + 1-fibrin corona 
complexes. 

  Ag(19) + 1-fibrin Ag(38) + 1-fibrin Ag(55) + 1-fibrin Ag(79) + 1-fibrin 

  r1 (Å) r2(Å) r1(Å) r2 (Å) r1 (Å) r2(Å) r1(Å) r2 (Å) 

Ag-O  3.01 3.11 3.31 3.45 3.11 3.05 3.05 4.69 

Ag-C 3.11 3.27 3.43 3.57 3.19 3.53 3.05 5.77 

Ag-H 2.11 2.39 2.45 2.57 2.57 2.95 2.470 3.45 

Ag-N 3.27 3.73 3.17 3.19 3.07 3.11 3.15 3.83 

 

 

 

0

100

200

300

400

500

600

700

800

900

1000

2 3 4 5 6 7 8 9

g
(r

)

r(Å

Ag-H Ag-N Ag-C Ag-O



127 
 

5.3.3.2. Mean square displacement of Ag(19) + 1-fibrin, Ag(38) + 1-fibrin, Ag(55) 
+ 1-fibrin, and Ag(79) + 1-fibrin corona complexes relative to Ag, H, C, N and O 
atoms. 
 

In a similar manner to the one subjected to the Au-nanospheres in chapter 4, possible 

mobility of the Ag, H, C, N, and O atoms in the Ag(19)+1-fibrin, Ag(38)+1-fibrin, 

Ag(55)+1-fibrin and Ag(79)+1-fibrin coronas was also modelled using the mean square 

displacement (MSD) graphs. Such acquired results are elaborated in Figure 5.9. The 

plots provide linear relation on the MSD against time. The calculated diffusion 

coefficient constants (D) are listed in Table 5.4. According to Figure 5.9, the diffusion 

of H, C, N, and O atoms in the Ag(19), Ag(38), Ag(55) and Ag(79) nanospheres is 

spontaneous as the diffusion constants of  all these atoms are greater than that of Ag 

atoms within a given Ag-nanosphere. Specifically, the N atoms exhibits the highest 

mobility in the Ag(19)+1-fibrin with reference to other atoms. Also, for Ag(38)+1-fibrin, 

the H atoms exhibits the highest mobility. Moreover, in the case of Ag(55) )+1-fibrin 

and Ag(79) )+1-fibrin, the O atoms tend to exhibit highest mobility as compared to 

other atoms (i.e. H, C, and N).  

Table 5.4: Diffusion constants (D) on 1-fibrin molecule adsorbed onto Ag(19), Ag(38), 
Ag(55), and Ag(79) nanospheres. 

  D of 1-fibrin + 

  Ag(19) 

(Å2/ps) 

Ag(38) 

(Å2/ps) 

Ag(55) 

(Å2/ps) 

Ag(79) 

(Å2/ps) 

A
to

m
s
 

H 0.0338 0.4139 0.3639 0.5968 

C 0.0249 0.3836 0.3716 0.6206 

N 0.0552 0.3893 0.3387 0.5669 

O 0.0352 0.3520 0.3798 0.7124 

Ag 0.0108 0.1061 0.2088 0.2789 
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Figure 5.9: Mean Square Displacement (MSD) plots of (a) Ag(19) + 1-fibrin, (b) Ag(38) 
+ 1-fibrin, (c) Ag(55) + 1-fibrin, (d) Ag(79) + 1-fibrin coronas relative to Ag, H, C, N, 
and O atoms. 
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5.3.4. Mulliken charges analysis on Ag(55)-nanosphere + fibrin protein corona 
complexes. 
 

Mulliken charges with respect to carbon atoms of 1-, 2-, 3-, and 4-fibrin molecules 

before and those of Ag(55)+1-fibrin, Ag(55)+2-fibrin, Ag(55)+3-fibrin, and Ag(55)+4-

fibrin coronas after adsorption/docking were also computed. All collected data is laid 

out in Table 5.5. A choice of Ag(55) relies on what was observed with the Au-

nanospheres + n-fibrin in the preceding chapter. Detailed discussion on this choice of 

population analysis and how charge transfer is assumed can be found in sub-section 

4.3.4 of the preceding chapter 4. The negative charge values of 1-, 2-, 3-, and 4-fibrin 

carbon atoms before adsorption enhances their negative values after adsorption due 

to their secondary interaction with acceptor atoms such as H in the CH2 or CH3 group. 

In a similar way, the positively charged values before adsorption uphold less positive 

values after adsorption due to their secondary bonding with donor atoms such as O 

and N in the C=O and NH2 or NH3 group, respectively. 

 
For further validation with reference to Table 5.5 (focusing mainly on 1-fibrin since the 

same behaviour of charge is observed for all other 2, 3 and 4-fibrins), before 

adsorption a negative charge value of -0.173 (in Units of 𝒆) for C1 atom was observed 

and upon adsorption an enhanced or increased negative value of -0.243 was noted. It 

can be articulated that in the adsorption process, the negative charge of Ag-

nanospheres is transferred by the fibrin bonding atom and charge conservation to the 

first carbon (C1) of the fibrin molecule enhancing or increasing the negativity value of 

the C1 atom. As already stated in Chapter 4, considering the Coulomb’s law of 

charges, this leads to second (C2) and third (C3) carbon atoms of the fibrin also 

acquiring less positive and extra negative charges sequentially as observed in Table 

5.5.  For clarification, still on Table 5.5, the positive charge of 0.401 (in Units of 𝒆) was 
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observed for C2 atom before adsorption and later upon adsorption a less positive 

charge of 0.384 was observed. Onwards, a negative charge value of -0.153 (in Units 

of 𝒆) was observed for C3 atom before adsorption and upon adsorption an increased 

or enhanced negative charge of -0.200 was visible.  

 
Consequently, the same behaviour or distribution of charge before and after 

adsorption as in Table 5.5 for 1, 2, 3, and 4-fibrin molecules adsorption onto Ag-

nanosphere with 55 atoms was observed for 1, 2, 3, and 4-fibrin molecules before and 

after adsorption onto Au-nanosphere with 55 atoms as in Table 4.6. This is not 

surprising as both gold (Au) and silver (Ag) belong to the same group IB precious 

metals. 

 

Table 5.5: Carbon (C) atoms Mulliken charges (in Units of 𝒆) for 1, 2, 3, and 4-fibrin 
molecules before and after adsorption onto Ag-nanosphere with 55 atoms. 

 1-fibrin 2-fibrin 3-fibrin 4-fibrin 

 Before After Before After Before After Before After 

C1 -0.173 -0.243 -0.171 -0.233 -0.169 -0.230 -0.166 -0.217 

C2 0.401 0.384 0.428 0.417 0.426 0.422 0.406 0.384 

C3 -0.153 -0.200 -0.160 -0.206 -0.170 -0.224 -0.156 -0.202 
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5.3.5 Radius of gyration analysis of Ag-nanospheres + fibrin protein corona 
complexes. 
 

As in chapter 4, section 4.3.5, the stability and possible changes in average molecular 

configuration of the fibrin molecules adsorbed onto Ag-nanospheres were also 

monitored using the radius of gyration (𝑅𝑔) approach [378-380]. 

Similarly, to investigate the distribution of the fibrin molecules around the Ag-

nanospheres surface, the radius of gyration was also evaluated for Ag(19) + 1-fibrin, 

Ag(38) + 1-fibrin, Ag(55) + 1-fibrin and Ag(79) + 1-fibrin corona complexes as indicated 

in Figure 5.10. Built on sub-section 4.3.5 substantiation, only 1-fibrin strand onto Ag-

nanospheres coronas have been investigated. The same behaviour of radius of 

gyration for Au-nanospheres+1-fibrin molecules complexes as in Chapter 4, section 

4.3.5 was observed in this section whereby, Ag(19) +1-fibrin corona possesses the 

largest radius of gyration followed by Ag(38) + 1-fibrin. Meanwhile, Ag(79) + 1-fibrin 

complex acquired the lowest radius of gyration out of all the complexes analysed. 

Correspondingly, with reference to Ag(19) +1-fibrin, major fluctuations of the radius of 

gyration about 0.126 Å can be observed as the time spans 0 - 100 ps. Advancing on, 

Ag(38) + 1-fibrin and Ag(55) + 1-fibrin possesses some less fluctuations with a less 

decrease in their radius of gyration about 0.0695 and 0.0493 Å respectively towards 

about 0.0690 and 0.0464 Å, as the time spans 0 - 100 ps.  Lastly, Ag(79) + 1-fibrin 

corona exhibits an almost non-fluctuating radius of gyration at about 0.034 Å 

throughout the time span 0 - 100 ps. 

Taking into account that a higher 𝑅𝑔 corresponds to less tight packing while a lower 

𝑅𝑔 suggests a tighter packing [382]. In this moment, a tighter packing is observed for 

Ag(38) + 1-fibrin, Ag(55) + 1-fibrin and Ag(79) + 1-fibrin corona as compared to Ag(19) 
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+ 1-fibrin corona which shows a less tight packing with reference to Figure 5.10.  Less 

tight packing of Ag(19) + 1-fibrin signifies soft corona. Meanwhile, a tighter packing 

signifies hard corona in the sequences of Ag(79) + 1-fibrin > Ag(55) + 1-fibrin > Ag(38) 

+ 1-fibrin . 

 

Figure 5.10: Radius of gyration (𝑅𝑔) based on Ag(19) + 1-fibrin, Ag(38) + 1-fibrin, 

Ag(55) + 1-fibrin, and Ag(79) + 1-fibrin corona complexes.  

 

 

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0 10 20 30 40 50 60 70 80 90 100

R
g
(Å

)

Time(ps)

Ag(19)+1-fibrin Ag(38)+1-fibrin Ag(55)+1-fibrin Ag(79)+1-fibrin



133 
 

 5.4. Conclusion  

Interestingly, with regard to nanoparticle-protein corona formation, all the 1, 2, 3 and 

4-fibrin molecules interactions with Ag-nanospheres modelled provide a possible 

formation of the Ag-nanosphere – fibrin corona complex. This is additionally validated 

or verified by the negative adsorption energies acquired for all the modelled 

configurations. The complex interaction of Ag(55) nanospheres with fibrin molecules 

has been established to be more energetically stable as compared to all other 

nanospheres. The concerning exception are the Ag(19) nanospheres with 3 and 4-

fibrin chains. Such anomaly was attributed to the compromised nanosphere size 

relative to the fibrin chain length. Further suggesting that various protein type and size 

may be associated with a prescribed nanosphere sizes. 

 
The mean square displacement graphs and the calculated diffusion constants 

suggests that upon adsorption, all the atoms of the fibrin molecules will diffuse easily 

into the Ag-nanospheres. The H, C, N, and O atoms tends to exhibit different diffusion 

coefficient constants into the different sizes of Ag-nanospheres. The explored possible 

bond lengths and the RDFs complement one another, hence in both cases, the Ag-H 

bond appears to be the lowest or shortest for the structure of 1-fibrin molecule 

adsorbed onto all the Ag-nanospheres. So, this suggest that the fibrin molecules prefer 

hydrogen bonding onto the Ag-nanospheres. 

 
Advancing on, the enhanced negative and positive charges experienced through the 

Mülliken charge distributions before and after adsorption is attributed to the charge 

transfers which originate from the Ag-nanospheres onto the fibrin molecules.  Such 

charge transfers may alter the original molecules functionality or be the source of 

immobilisation. In anyway, the radius of gyration implies that a tighter packing 
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(signifying hard corona) is imminent for the adsorption of fibrin molecules onto Ag(38), 

Ag(55), and Ag(79) nanospheres with a sequence of Ag(79) > Ag(55) > Ag(38) as 

compared to Ag(19) which shows a less tight packing (signifying soft corona) due to 

its small nanosphere size. In all the cases, the overall results of this study also suggest 

Ag-nanospheres as potential transporters of fibrin protein species into cellular media.  
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CHAPTER 6 

Adsorption studies of fibrin proteins onto Au- and Ag-nanoparticles 

6.1. Introduction 

When metal nanoparticles infiltrate the physiological fluids environment, some protein 

molecular species get adsorbed on the nanoparticle’s surfaces. In due course, the 

‘nanoparticle+protein corona’ complex gets formed [10, 11]. The successful 

phenomena is accompanied by the loss of the depletion energy of the nanoparticles 

[12, 13]. Upon the nanoparticle+protein corona formation, possible alteration of the 

original structure and properties of the nanoparticles may be encountered. In certain 

instances, when the nanoparticle+protein corona complex reaches the intended inter-

cellular site, the nanoparticles and protein molecules detach. Now, depending on 

whether the original structure and properties of the nanoparticles have changed or not, 

the secondary nanoparticles may be beneficial or toxic at the target site. It is on this 

scenario that the actual mechanism of the interaction between the nanoparticles and 

protein molecules with emphasis on the interface functionality become crucial [14, 15].  

Biological activity of various molecules on the associated nanoparticles is highly 

controlled by the stability of the nanoparticle+protein corona complex. Hence, the 

binding of protein molecules onto the nanoparticle surface may result in some 

configurational readjustment, consequently, leading to the alteration of the conformal 

structure and the functioning of the said protein molecules. Research studies by 

Galloway, Karlsson and Li et al. [17-19] indicate that majority of nanoparticles have 

the ability of altering the conformational structure of some biological molecular 

species. This leads to the changed purpose or disordered form of the expected protein 
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species function. Such a disordered effect on a given species outcome can be 

classified as nano-toxicity [17-19].  

Zaved and Anupam’s [3] article points out that important determinants playing a role 

to configurational alteration in the protein molecules includes size, kind of the 

nanomaterial, surface charge as well as the shape of the nanomaterial involved. As 

the functionality of different protein molecular species is based on their conformational 

structure, notable changes in this may lead to resistant on expected functional purpose 

which may as well be referred to as toxicity [3]. The fact that the functionality (activity) 

of protein molecules is associated with its conformational structure is adopted. 

Subsequently, interaction of nanoparticles with protein molecules may not alter the 

protein molecule’s original conformational structure. Otherwise, the origins of toxicity 

on nanoparticle+protein corona complex remains unclarified. Recent studies by Zhang 

et al. [20] suggest oxidative stress as being the possible main source of nanoparticle’s 

toxicity. 

A limited understanding and astounding gap on the physio-chemical properties of 

metal nanoparticles in the physiological cell environment necessitates further related 

studies [25]. As such, clinical transferal and successfulness of nanoparticles might rely 

on essential interactions with protein molecules, and other biomolecules cells in the 

human or even other animal cells body. A study on the nanoparticle-protein 

interactions could assist in clarifying nanoparticle intercellular interactions, which in 

turn may lead to administering safe nanomedicines.  

In this chapter, different spherical sizes of Au- and Ag-nanoparticles have been 

synthesised and thereafter incubated with fibrin protein species samples to investigate 

a possible mechanism of how the fibrin protein molecules get adsorbed onto these 
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nanoparticles. Ultraviolet Visible (UV-vis), Fourier Transmittance Infrared (FTIR), 

Transmission Electron Microscopy (TEM), and Zeta Potential (ZP) spectroscopies 

were utilised to characterise these Au/Ag-nanoparticles – fibrin protein-based 

adsorption arrangements. 

6.2. Results and discussion 

6.2.1. XRD of Au- and Ag-nanoparticles 

XRD was used for the analysis of structural properties of Au- and Ag-nanoparticles. 

XRD plots of Au- and Ag-nanoparticles are shown in Figures 6.1 and 6.2 respectively. 

In both cases, XRD diffraction peaks exhibit face centred cubic (FCC) structured 

nanoparticles. Given that all studied Au-nanoparticles spherical diameter sizes were 

prepared using only the seeded growth method, only one XRD plot is considered here 

in Figure 6.1. The peak patterns correspond to the Bragg reflections which can only 

be indexed on the basis of FCC gold nanocrystals. Characterised samples possess 

diffraction peaks belonging to 2θ values of 38.184, 44.392, 64.576, and 77.547° which 

respectively correspond to (100), (200), (220), and (311) Bragg planes (JCPDS No. 

36-1451). Similar studies by Rattan et al. [396] where gold nanoparticles were 

synthesised using wet chemical and green chemistry approach revealed similar 

results. The particle diameter of the characterised Au-nanoparticles samples can be 

calculated using the Debye-Scherrer equation [318, 397]. A value of ±18.14 nm of the 

particle diameter which corresponds to the TEM average diameter presented in Figure 

6.4 was obtained. Such mode of analysis of results is relatable to the study conducted 

by Yang et al. [398] in which Au-nanoparticles were prepared through the utilisation of 

sodium citrate method or Turkevich method. 
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Figure 6.1: XRD spectral of Au-nanoparticles (AuNPs). 

In the case of Ag-nanoparticles, the XRD peak patterns in Figure 6.2 correspond to 

Bragg reflections that may be indexed on the basis of the face-centred cubic structure 

of silver. It can be confirmed that acquired Ag-nanoparticles were in nanocrystals form, 
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corresponding to (111), (200), (220), and (311) Bragg’s planes respectively. The 

results confirm that the synthesised Ag-nanoparticles are of FCC symmetry. Studies 

by Shameli et al. [397] where silver nanoparticles were synthesised through green 

biosynthesis using Curcuma longa tuber powder concurs with our results. Crystallite 

size calculation produced a nanoparticle diameter size of about ±24.34 nm.  This value 

endorses average diameter size acquired in Figure 6.9, in accordance with the TEM 
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Figure 6.2: XRD spectral of Ag-nanoparticles (AgNPs). 
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the corresponding TEM histogram data provides average spherical diameter sizes of 

11, 18, 45 and 50 nm respectively, as shown in Figures 6.3(c) – 6.6(c). Bastús et al. 

[317] has further shown the growth and possibility of different sizes of AuNPs through 

TEM in which crystalline spherical samples of Au-nanoparticles can be observed. TEM 

micrographs along with their histogram graphs by Torres-Díaz et al. [352] confirm that 

Au-nanoparticles are expected from the sodium citrate reduction method with a 

possible wide range of nanoparticle distribution, which concurs with our results. 

Similarly, average diameter sizes of 12, 14 and 26 nm of Ag-nanoparticles were 

obtained as displayed in Figures 6.7 (c) – 6.9 (c) respectively. The wide range 

distribution was observed for larger nanoparticles in some of the TEM images as 

shown in the histogram graphs. This is attributed to the increase in diameter of the 

nanoparticles with some few small nanoparticles in the background. Such a behaviour 

can be expected as the purpose of the capping agent (sodium citrate) is to congregate 

smaller nanoparticles into a consolidated larger sized nanoparticle. Intrinsically, the 

capping agent is necessary in synthesis process in order to promote enhanced 

nanoparticle sizes growth through aggregation. Ranoszek-Soliwoda et al. [400] further 

reported analogous TEM micrographs and histogram graphs which show that 

individual Ag-nanoparticles portray irregular scattered arrangement after seeded 

sodium citrate assisted synthesis.  
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Figure 6.3: TEM profiles, (a) 100 nm and (b) 20 nm resolutions and (c) histogram 
graph of Au-nanoparticles (AuNPs) with an average diameter of 11 nm. 
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Figure 6.4: TEM profiles, (a) 100 nm and (b) 20 nm resolutions and (c)  histogram 
graph of Au-nanoparticles (AuNPs) with an average diameter of 18 nm. 
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Figure 6.5: TEM profiles, (a) 50 nm and (b) 20 nm resolutions and (c)  histogram graph 
of Au-nanoparticles (AuNPs) with an average diameter of 45 nm. 
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Figure 6.6: TEM profiles, (a) 50 nm and (b) 20 nm resolutions and (c)  histogram graph 
of Au-nanoparticles (AuNPs) with an average diameter of 50 nm. 
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Figure 6.7: TEM profiles, (a) 100 nm and (b) 20 nm resolutions and (c) histogram 
graph of Ag-nanoparticles (AgNPs) with an average diameter of 12 nm. 
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Figure 6.8: TEM profiles, (a) 100 nm and (b) 20 nm resolutions and (c)  histogram 
graph of Ag-nanoparticles (AgNPs) with an average diameter of 14 nm. 
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Figure 6.9: TEM profiles, (a) 200 nm and (b) 50 nm resolutions and (c)  histogram 
graph of Ag-nanoparticles (AgNPs) with an average diameter of 26 nm. 
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6.2.3. UV-vis characterisation of Au- and Ag-nanoparticles 

The UV-vis absorption spectroscopy was initiated to examine the optical properties of 

the Au- and Ag-nanoparticles [336, 337]. The surface plasmon resonance of the UV 

peak shifts to greater wavelengths as the particle sizes grow [401]. Such a behaviour 

is in line with the observation of Devi et al. [401], on cysteine capped gold 

nanoparticles, showing single prominent peak in the wavelength region 500 - 600 nm. 

Acquired UV-vis spectra confirmed that the synthesised Au-nanoparticles are indeed 

spherical, whilst the peaks shifts reveal the existence of different sizes of synthesised 

samples [336, 337, 401]. A good demonstration of how different sizes of Au-

nanoparticles can be identified using UV-vis peak shifts appears in Figure 6.10(a).  

In a similar manner, spherical Ag-nanoparticles are also associated with single peaks 

in the wavelength range 400 – 500 nm [397].  In accordance with this resonant 

wavelength range, different Ag-nanoparticle sizes were synthesised, and their related 

UV-vis peaks are displayed in Figure 6.10(b). Zong et al. [402] further certify that well-

defined peaks which describe the expected different Ag-nanoparticle sizes can be 

observed. 
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Figure 6.10: UV-vis spectroscopy of (a) Au-nanoparticles (AuNPs); Au(11), Au(18), 
Au(45), and Au(50) corresponding to spherical diameter sizes 11, 18, 45, and 50 nm 
and (b) Ag-nanoparticles (AgNPs); Ag(12), Ag(14), and Ag(26) corresponding to 
spherical diameter sizes 12, 14, and 26 nm.  
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The FTIR peaks of AgNPs decorated with sodium citrate (Figure 3.4.1) shows 

vibrational bands features at 3284 cm−1 (aligned with H-OH stretching mode) and 2974 

cm−1, at 2845 cm−1 (corresponding to CH- asymmetric and symmetric stretching 

mode), 1571 cm−1 (aligned with COO- stretching mode) and 1384 cm−1 (corresponding 

to C-H bending). Segneanu et al. [405] reported similar vibrational peaks on Ag-

nanoparticles synthesised using sodium citrate capping agent. 

 

Figure 6.11: FTIR spectral of Sodium citrate, Au-nanoparticles (AuNPs) and Ag-
nanoparticles (AgNPs). 
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6.3. Conjugation of the nanoparticles with fibrin proteins 

6.3.1. Dissolution of fibrin protein in PBS 

FTIR of powdered fibrin was conducted to investigate traces of existing functional 

groups in fibrin molecules. Acquired FTIR spectra of this powdered fibrin shown in 

Figure 6.12 is found to be in satisfactory concurrence with reported studies as 

indicated by Braga et al. [406] and Deepthi et al. [407]. Peaks appearing at 1238, 

1514, and 1635 cm-1 are associated with the amide functional groups. Peak at 1238 

cm-1 is aligned with the amide III bond, peak at 1514 cm-1 corresponds to the amide II 

bond, and lastly peak at 1635 cm-1 is associated with amide I bond. The amide 

functional group is given as -CONH2. The amide I bond relates to the C=O stretching 

mode, amide II bond is due to the NH deformation, whilst the amide III bond, results 

from coupled C-N stretching and N-H bending motions [408]. Lastly, the peaks at 2855 

and 2920 cm-1 are associated with the -CH2 bonds. 

 

Figure 6.12: FTIR spectral of fibrin protein powders. 
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Onwards, a concentration of 0.193 mg/mL was prepared by dissolving 0.005 g of fibrin 

in a 25 mL of PBS with the pH of 7.4. The dissolution of fibrin in PBS took 48 hours at 

37 °C. Upon preparation of fibrin concentration, the Au and Ag-nanoparticles were 

incubated with fibrin for 12 hours. 

The UV-vis bands were also utilised to confirm the presence of the fibrin protein in 

PBS. UV-vis spectra of fibrin in PBS was attained as shown in Figure 6.13 and was 

found to be in good agreement with that of fibrinogen of which fibrin is extracted from 

[409]. Two peaks were found to be visible at 271 and 224 nm, which correspond to 

some functional groups’ peaks of protein molecules [409]. 

 

Figure 6.13: UV-vis spectroscopy of fibrin protein powders. 
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6.3.2. Adsorption studies of Au- and Ag-nanoparticles conjugation with fibrin 
proteins 
 

The conjugation process was achieved at a ratio of 1:1 between fibrin protein samples 

and Au-/Ag-nanoparticles solutions. 1 mL each of the prepared concentration of fibrin 

solution was poured into two separate containers. Thereafter, 1 mL of Au-

nanoparticles solution was introduced into one of the fibrin solution containers whilst 

1 mL of Ag-nanoparticles solution was introduced into the other fibrin solution 

container. The entire process of combining Au-/Ag-nanoparticles and fibrin protein 

samples is regarded as conjugation.  

UV-vis spectroscopy characterisation was later conducted in order to analyse possible 

shift on Au- and Ag-nanoparticles conjugated with fibrin proteins relative to the original 

Au- and Ag-nanoparticles samples before conjugation. Figures 6.14 (a - d) present 

Au-nanoparticles conjugated with fibrin protein samples (thereafter referred to as 

'AuNPs+fibrin' relative to the Au-nanoparticles before conjugation (referred to as 

‘AuNPs’) peaks at average spherical diameter sizes 11, 18, 45, and 50 nm in that 

order. Indeed, peak shifts of 'AuNPs+fibrin' relative to ‘AuNPs’ are observed, even 

though the absorbance is lower than that of the ‘AuNPs’. Such peak shifts signify 

possible adsorption of fibrin protein molecules onto Au-nanoparticles. Torres-Diaz et 

al. [352] made use of UV-vis peak shifts approach to encourage understanding of the 

surface functionalisation of peptides onto gold nanoparticles. In comprehension, 

similar peak shift behaviour are emphasised by Kaur et al. [410], Amini et al. [411], 

and Rutherford et al. [412], based on different protein molecular species interaction 

with gold nanoparticles. 

Peak shifts were evident in all average spherical diameter sizes of the Au-

nanoparticles (Figure 6.14 (a-d)), as well as Ag-nanoparticles (Figure 6.15 (a-c)). In 
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addition, peak shifts observed are towards longer wavelengths in all cases of both Au- 

and Ag-nanoparticles spectra. Prominent, distinct peak shifts in all average spherical 

diameter sizes studied, indicate good and robust adsorption of fibrin molecules onto 

Au/Ag-nanoparticles. 

  

 

 

 
   

 

 

 
 

Figure 6.14: UV-vis spectroscopy of AuNPs+fibrin and AuNPs; (a) Au(11)+fibrin and 
Au(11), (b) Au(18)+fibrin and Au(18), (c) Au(45)+fibrin and Au(45), (d) Au(50)+fibrin 
and Au(50) which correspond to spherical diameters 11, 18, 45, and 50 nm after and 
before conjugation with fibrin proteins. 
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Figure 6.15: UV-vis spectroscopy of AgNPs+fibrin and AgNPs; (a) Ag(12)+fibrin and 
Ag(12), Ag(14)+fibrin and Ag(14), and Ag(26)+fibrin and Ag(26) which correspond to 
12, 14, and 26 nm spherical diameter sizes after and before conjugation with fibrin 
proteins. 
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(thereafter referred to as 'AuNPs+fibrin') in all average diameter sizes were mapped 

and displayed in Figures 6.16 (a - d). Generation of extra peaks, changes in the peak 

intensities, and peak shifts towards greater wavenumbers are evident with elevated 

transmittance % on the 'AuNPs+fibrin' related to average diameter sizes 11 and 18 

nm. However, still observing new peaks generation and peak shifts to larger 

wavenumbers, transmittance spectra of ‘fibrin’ and 'AuNPs+fibrin' at 45 nm average 

spherical diameter size tend to overlap. At 50 nm average spherical diameter size, 

'AuNPs+fibrin' spectral transmittance % is well below that of the original ‘fibrin’ 

molecules. The entire trend suggests that through conjugation, adsorption of fibrin 

protein onto AuNPs becomes spontaneous with 'AuNPs+fibrin' at 45 and 50 nm 

average spherical diameter sizes. At 11 and 18 nm average spherical diameter sizes, 

external factors such as temperature or pressure may be required for absolute 

adsorption of fibrin protein onto AuNPs. Researchers such as Xu et al. [413] have 

utilised FTIR profiles to show the difference in peak shifts of protein-encapsulated Au-

nanoclusters and their associated free proteins (which include bovine serum albumin, 

Trypsin and Lysozyme) under denatured conditions whereby the shift, disappearance 

and emergence of new peaks can be observed after the Au-nanoparticles were 

conjugated with their respective protein molecular species. 

Correspondingly, the FTIR spectra of ‘fibrin’ before and after conjugation 

‘AgNPs+fibrin’ in all average spherical diameter sizes were also mapped and 

displayed in Figures 6.17 (a - c). The spectral trends of 12 and 14 nm average 

spherical diameter sizes follow those discussed above on ‘fibrin’ and ‘AgNPs+fibrin’. 

However, at 26 nm average spherical diameter size, 'AgNPs+fibrin' spectral 

transmittance % is well below that of the original isolated fibrin protein, while still 

observing new peaks generation and peak shifts to larger wavenumbers. The 
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corresponding observation suggest that through conjugation, adsorption of fibrin 

molecules onto AgNPs become spontaneous with 'AgNPs+fibrin' at all average 

spherical diameter sizes (i.e. 12, 14 and 26 nm AgNPs). Chakraborty et al. [414] used 

FTIR spectroscopy in demonstrating that mouse serum albumin ligands conjugate well 

onto AgNPs. The study differentiates between pure mouse serum albumin and mouse 

serum albumin-stabilised AgNPs using FTIR spectral analysis. Enhanced 

transmittance % and shift in peaks on the mouse serum albumin-stabilised AgNPs in 

which the continuous shift of the peaks to a greater wavenumber position suggests 

the successful binding of the serum albumin onto the AgNPs. 
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Figure 6.16: FTIR of fibrin protein after and before conjugation with Au-nanoparticles 
(AuNPs), (a) Au(11)+fibrin and fibrin, (b) Au(18)+fibrin and fibrin, (c) Au(45)+fibrin and 
fibrin, (d) Au(50)+fibrin and fibrin which correspond to 11, 18, 45, 50 nm spherical 
diameter sizes of AuNPs. 
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Figure 6.17: FTIR of fibrin protein after and before conjugation with Ag-nanoparticles 
(AgNPs); (a) Ag(12)+fibrin and fibrin, (b) Ag(14)+fibrin and fibrin, and (c) Ag(26)+fibrin 
and fibrin which correspond to 12, 14, and 26 nm spherical diameter sizes of AgNPs. 
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Zetal potential approach was also applied to assist in the verification of possible 

adsorption of fibrin protein molecules onto Au- and Ag-nanoparticles. In this approach, 

charge distribution of ‘AuNPs’ and ‘AgNPs’ before as well as ‘AuNPs+fibrin’ and 

’AgNPs+fibrin’ after fibrin species conjugation with Au- and Ag-nanoparticles are 

compared based on their spherical average diameter sizes. Accumulated data on both 

‘AuNPs’ and 'AuNPs + fibrin' samples are arranged in Table 4.2.1. Based on this data, 

negatively charged zeta potential values of ‘AuNPs’ are larger than those of 

'AuNPs+fibrin' by an averaged 44% in the averaged diameter sizes 11 and 18 nm, 

which also lowers to an averaged 30% in the averaged diameter sizes 45 and 50 nm 

respectively. It must be noted that the zeta potential values listed in Table 6.1 are 

directly related to the charge distributions in a given spherical nanoparticle. Lowering 

of zeta potential values on ‘AuNPs’ with reference to the conjugated 'AuNPs+fibrin' 

signifies successful adsorption of fibrin molecules onto Au-nanoparticles. In the last 

column of Table 6.1, it can be seen that the difference in zeta potential of 

'AuNPs+fibrin' relative to ‘AuNPs’ increases with average diameter sizes. Comparable 

charge distribution zeta potential values were noted by Parera et al. [415] on 

adsorption studies of peptides and certain protein species onto Au-nanoparticles.  

In a similar manner, accumulated zeta potential data on both ‘AgNPs’ and 

'AgNPs+fibrin' before and after conjugation samples respectively are listed in Table 

6.2. Likewise, negatively charged zeta potential values which are associated with 

nanoparticle charge distributions of ‘AgNPs’ are greater than those of 'AgNPs+fibrin' 

in the averaged diameter sizes 12, 14 and 26 nm. A difference in zeta potential (ΔV) 

values listed in Table 6.2 fluctuates considerably with average diameter sizes. Yet, the 

lowering of zeta potential values of ‘AgNPs+fibrin’ relative to ‘AgNPs’ still highlights 

successful adsorption of fibrin molecules onto Ag-nanoparticles.  
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Polydispersity index (PDI) was also analysed to approximate the uniformity of the 

nanoparticles in the solution. Nanoparticle size distribution and aggregates play an 

important role when analysing polydispersity [416]. A given sample is considered 

monodispersed (a perfectly uniform sample with regard to the particle size) if its 

polydispersity index (PDI) is less than 0.1 [351, 352, 400]. A PDI value greater than 

0.7 implies a sample with broad particle size distribution. Such a sample may not be 

suitable for analysis [352, 417]. In this instance, PDI distribution of ‘AuNPs’ and 

‘AgNPs+fibrin’ are compared based on their spherical average diameter sizes. 

Accumulated data on both ‘AuNPs’ and 'AuNPs+fibrin' samples are arranged in Table 

6.1. Values listed suggest PDIs which are moderately polydisperse (a non-uniform 

sample with regard to the particle size). PDI values decrease for average diameter 

sizes 11, 18, 50 nm after conjugation with fibrin, with the exception of 45 nm in which 

the PDI increases after conjugation. The overall attained PDI distribution points out 

the fact that both ‘AuNPs’ and 'AuNPs+fibrin' samples are moderately polydisperse. 

Accordingly, Danaei et.al. [417] further articulated that the reasonable PDI range of 

the nanoparticles considered by most researchers is 0.05-0.7. 

Onwards, the accumulated data on both ‘AgNPs’ before and 'AgNPs+fibrin' after 

conjugation samples are arranged in Table 6.2. In a similar manner, PDI of all ‘AgNPs’ 

before and 'AgNPs+fibrin' after conjugation occur moderately polydispersed. To 

quantify, PDI values of 'AgNPs+fibrin' samples are lower in reference to individual 

‘AgNPs’, which signifies better particle size distribution. Moreover, average spherical 

diameter size 26 nm display lowest PDI value which is associated with almost uniform 

particle size distribution.  
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Table 6.1: Zeta potential (ZP) in eV, poly-dispersity index (PDI) values of ‘AuNPs’ 
before and ‘AuNPs+fibrin’ after conjugation with fibrin proteins and zeta potential 
difference (ΔV) in eV at spherical average diameter sizes of 11, 18, 45 and 50 nm. 

 AuNPs (isolated) AuNPs (conjugated)  

Size (nm) ZP (eV) PDI ZP (eV) PDI ΔV (eV) 

11 -17.5 0.221 -7.68 0.200 9.82 

18 -20.7 0.353 -9.23 0.203 11.47 

45 -23.0 0.173 -7.17 0.341 15.83 

50 -31.5 0.212 -8.85 0.198 22.65 

 

 

Table 6.2: Zeta potential (ZP) in eV, poly-dispersity index (PDI) values of ‘AgNPs’ 
before and ‘AgNPs+fibrin’ after conjugation with fibrin proteins and zeta potential 
difference (ΔV) in eV at spherical average diameter sizes of 12, 14, and 26 nm. 

 AgNPs AgNPs+fibrin   

Size (nm) ZP (eV) PDI ZP (eV) PDI ΔV (eV) 

12 -20.7 0.447 -7.27 0.279 13.43 

14 -26.0 0.445 -7.56 0.205 18.44 

26 -23.7 0.245 -7.20 0.193 16.50 

 

6.3.3. TEM of Au- and Ag-nanoparticles conjugation with fibrin proteins 

After conjugation of Au- and Ag-nanoparticles with fibrin protein powders, further TEM 

micrographs were collected and compared with those of nanoparticles before 

conjugation processes. This procedure was followed to further verify possible fibrin 

protein molecules adsorption onto AuNPs and AgNPs. Figures 6.18 - 6.21 present 

‘AuNPs’ before and ‘AuNPs + fibrin’ after fibrin conjugation onto AuNPs at different 

spherical diameter sizes on TEM resolutions of 100 and 50 nm. Also, Figures 6.22 - 
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6.24 present ‘AgNPs’ before and ‘AgNPs + fibrin’ after fibrin conjugation at different 

spherical diameter sizes on TEM resolutions of 100 and 200 nm. 

Before conjugation process, AuNPs materialise as agglomerates of nano-clusters. 

Figures 6.18 (a), 6.19 (a), and 6.20 (a), and 6.21 (a) present such seeded grown 

average diameter sizes 11, 18, 45, and 50 nm of AuNPs nano-clusters at 100 and 50 

nm TEM resolutions. Conjugation of fibrin protein samples into these nano-clusters 

stimulate dispersion of nanoparticles as such ‘AuNPs + fibrin’ suspension projects 

isolated random AuNPs on the fibrin protein fluid. Figures 6.18 (b), 6.19 (b), 6.20 (b), 

and 6.21 (b) proceed to display such a dispersion relation. Such a behaviour may be 

expected as nanoparticles dunked into a biological environment fluid spontaneously 

induces adsorption of immediate protein molecules onto their surfaces. In this case, 

adsorbed fibrin molecules onto AuNPs induces repulsive force among individual 

AuNPs which leads to AuNPs being randomly dispersed. Devi et al. [401] reported a 

similar situation on cysteine-capped gold nanoparticles. Their results argue that gold 

nanoparticles conjugated with cysteine appear as individual nanoparticles diffused in 

cysteine fluid. However, D’souza et al. [418] are of the view that aggregates of ascorbic 

acid capped gold nanoparticles may be due to hydrogen bonding with dichlorvos. 

Therefore, in the absence of hydrogen bonding between AuNPs and fibrin molecules 

- sodium citrate capping, AuNPs aggregates disintegrate into individual species within 

the fibrin-sodium citrate medium. 
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Figure 6.18: TEM 100 nm resolution profiles on 11 nm average diameter sizes of Au-
nanoparticles (AuNPs). (a) isolated AuNPs and (b) fibrin conjugated AuNPs. 

   

Figure 6.19: TEM 100 nm resolution profiles on 18 nm average diameter sizes of Au-
nanoparticles (AuNPs). (a) isolated AuNPs and (b) fibrin conjugated AuNPs. 

 

(a) (b) 

(a) (b) 
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Figure 6.20: TEM 50 nm resolution profiles on 45 nm average diameter sizes of Au-
nanoparticles (AuNPs). (a) isolated AuNPs and (b) fibrin conjugated AuNPs. 

     

Figure 6.21: TEM 50 nm resolution profiles on 50 nm average diameter sizes of Au-
nanoparticles (AuNPs). (a) isolated AuNPs and (b) fibrin conjugated AuNPs. 

 

Looking at Ag-nanoparticles interaction with fibrin proteins, Figures 6.22 (b) and 6.23 

(b) demonstrate appreciable agglomerations on ‘AgNPs + fibrin’ conjugation at 12 and 

14 nm average diameter sizes. In addition, a dark film can be observed, encompassing 

the nano-clusters. It is noteworthy that nano-clustered ‘AgNPs + fibrin’ are having 

smaller average diameter sizes when compared to disorderly spaced AgNPs before 

conjugation process (Figures 6.22 (a) and 6.23 (a)). Moreover, Figures 6.22 (a) and 

(a

) 

(b) 

(a) (b) 
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6.23 (a) demonstrate dispersed, isolated AgNPs at average spherical diameter sizes 

of 12 and 14 nm respectively. This scenario is exactly opposite that which is observed 

with the AuNPs before and after conjugation with fibrin ‘AuNPs + fibrin’. Similar 

observation was noted by Halamoda-Kenzaoui et al. [419] in which 30 and 80 nm size 

distribution of Rubipy-SiO2 nanoparticles in CaCo-2 solution indicated agglomeration 

and precipitation. Evidence of small and large nanoparticles agglomerations were also 

reported by Murugadoss et al. [420], whereby TiO2 nanoparticles are stabilised with 

bovine serum albumin (BSA). TEM 200 nm resolution of 26 nm diameter sizes 

displayed in Figure 6.24 (a) and (b) provide a good demonstration of how before 

conjugation, scattered, individual AgNPs are having enlarged diameter sizes in 

comparison with fibrin conjugated ‘AgNPs + fibrin’ random aggregates. Diameter size 

reduction in aggregates may be associated with summed attractive forces which 

reduces individual nanoparticle sizes. 

    
Figure 6.22: TEM 100 nm resolution profiles on 12 nm average diameter sizes of Ag-

nanoparticles (AgNPs). (a) isolated AgNPs and (b) fibrin conjugated AgNPs. 

(a) (b) 
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Figure 6.23: TEM 100 nm resolution profiles on 14 nm average diameter sizes of Ag-
nanoparticles (AgNPs). (a) isolated AgNPs and (b) fibrin conjugated AgNPs. 

 

    

Figure 6.24: TEM 200 nm resolution profiles on 26 nm average diameter sizes of Ag-
nanoparticles (AgNPs). (a) isolated AgNPs and (b) fibrin conjugated AgNPs. 

 

 

 

(a) 
(b) 

(a) (b) 
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6.4. Conclusion 

The XRD plots confirms that the synthesised Au- and Ag-nanoparticles under sodium 

citrate method exhibit face centred cubic symmetry. UV-vis peak shifts of AuNPs and 

AgNPs relative to conjugated 'AuNPs+fibrin' and 'AgNPs+fibrin' respectively towards 

longer wavelengths suggest successful adsorption of fibrin molecules onto Au- and 

Ag-nanoparticles. On the other hand, 'fibrin' before as well as 'AuNPs+fibrin' and 

AgNPs+fibrin' after conjugation FTIR spectra peaks remain similar but shifted towards 

shorter wavenumbers, which suggest successful adsorption with no change in the 

conformational structure of the fibrin protein molecules. The difference in zeta potential 

further validates charge re-distribution from 'AuNPs' and AgNPs' before towards 

'AuNPs+fibrin' and AgNPs+fibrin' after conjugation, with the PDI data suggesting 

moderate to uniform particle size distributions. TEM micrographs present aggregates 

of AuNPs, which disperse into individual AuNPs upon conjugating with fibrin protein 

powders. In the case of Ag-nanoparticles the situation is exactly opposite. Individually 

scattered AgNPs conglomerate into nano-clusters upon conjugation with fibrin protein 

samples. At cellular environment, irregularly dispersed ‘AuNPs+fibrin’ may be linked 

to non-toxicity whilst the aggregated ‘AgNPs+fibrin’ may be the source of toxicity. 
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CHAPTER 7 

Conclusion 

 

Computational and experimental adsorption interface interactions between biological 

protein based molecules and precious gold and silver nanoparticles were successfully 

studied. In the study, the ultimate formation of Au/Ag-nanoparticle+protein corona 

complexes were incorporated. Computational techniques that include MD, DFT, and 

MC collective simulations suggest both Au-nanosphere+protein and Ag-

nanosphere+protein coronas as energetically, bonding, and charge density possible. 

In particular, fibrin protein molecules were successfully adsorbed onto the surfaces of 

both Au- and Ag-nanospheres resulting in the Au/Ag-nanosphere+fibrin protein 

coronas. In this regard, all the 1, 2, 3 and 4-fibrin molecules chain interactions with Au- 

and Ag-nanospheres modelled provide a possible formation of the Au-/Ag-

nanosphere+fibrin corona complexes. This is additionally supported by the negative 

adsorption energies acquired for all the modelled configurations. Au(55) + 1, 2, 3, and 

4-fibrin and Ag(55) + 1, 2, 3, and 4-firbin nanospheres produced more energetically 

stable coronas as compared to all other nanosphere corona complexes. Exceptional 

Au(19) + 3 and 4-fibrin and Ag(19) + 3 and 4-fibrin coronas obtained zero energies. 

Such behavior was attributed to the compromised nanosphere size relative to the fibrin 

chain length. Further validating the fact that various protein types and sizes may be 

associated with prescribed nanosphere sizes. Binding distances between the terminal 

functional group atoms of the fibrin protein molecules and either Au- or Ag-

nanospheres were also successfully investigated. Bond lengths estimations suggest 

that fibrin molecules binding onto Au- and Ag-nanospheres prefer hydrogen bonds. 

Mean square displacements and diffusion coefficient constants suggest that the 

functional group atoms H, C, N, and O atoms may diffuse readily onto Au-/Ag-
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nanospheres. Mülliken charge distributions suggest that interface exchange of 

electrons through Au-H and Ag-H lead to negatively charged Au-nanosphere+fibrin 

and Ag-nanosphere+fibrin coronas. Otherwise, Au-O/Au-N and Ag-O/Ag-N electron 

interface reduction may result in positively charged Au-nanosphere+fibrin and Ag-

nanosphere+fibrin coronas.  

The radius of gyration further suggests that a tighter packing (which signifies hard 

corona type) is observed for the adsorption of fibrin molecules onto Au(38)/Ag(38), 

Au(55)/Ag(55), and Au(79)/Ag(79) nanospheres with a preferred sequence of 

Au(79)/Ag(79) > Au(55)/Ag(55) > Au(38)/Ag(38). Hence, less tight packing of 

Au(19)/Ag(19) signifies soft Au(19)/Ag(19) + n-fibrin corona. The less tight packing 

was attributed to the small nanosphere size. 

 
To compliment computational studies, experimental characterization using UV-vis, 

FTIR and TEM spectroscopties together with Zeta potential analysis further confirm 

the possible formation of the Au- and Ag-nanoparticles+fibrin corona. Experimentally, 

both Au- and Ag-nanoparticles were synthesised and incubated with the fibrin protein 

powders. Firstly, UV-vis peak shifts of AuNPs and AgNPs with reference to the 

conjugated 'AuNPs+fibrin' and 'AgNPs+fibrin' confirmed the adsorption and formation 

of Au- and Ag-nanoparticle+fibrin coronas. FTIR peak shifts of conjugated  

'AuNPs+fibrin' and AgNPs+fibrin' relative to the unconjugated fibrin solutions further 

validates and confirm the adsorption and ultimate formation of Au- and Ag-

nanoparticle+fibrin coronas. The attained difference in zeta potential between fibrin 

and fibrin conjugated 'AuNPs+fibrin' and AgNPs+fibrin' coronas also confirm the 

adsorption and formation of Au- and Ag-nanoparticle+fibrin corona as well as the 

distribution of charges in the Au- and Ag-nanoparticle+fibrin coronas. TEM 
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micrographs display aggregates of AuNPs, which disperse into individual AuNPs upon 

conjugating with fibrin proteins in the assumed Au-nanoparticle+fibrin coronas. 

However, individually scattered AgNPs conglomerate into nano-clusters upon 

conjugation with fibrin protein samples towards the assumed Ag-nanoparticle+fibrin 

coronas. 

In any case, since it was found that the fibrin molecules prefer hydrogen bonding onto 

either the Au or Ag-nanospheres. Such hydrogen bonding could lead to attraction or 

repulsion of Au/Ag-nanoparticles. This was observed through the experimental 

findings, in which the adsorbed fibrin molecules onto AuNPs induces repulsive force 

through hydrogen bonding among individual AuNPs which leads to AuNPs being 

randomly dispersed, whereas adsorbed fibrin molecules onto AgNPs induces 

attractive force through hydrogen bonding resulting in Ag-nanoparticle agglomerates. 

Accordingly, both Au- and Ag-nanoparticles behave differently in the presence of fibrin 

protein.  Through Mulliken charges and zeta potential, it was noted that, the polar 

nature of fibrin molecules functional group atoms bonding on CH3, CH2, CO, NH2 

encourage further covalency sharing of electrons with the Au/Ag-nanosphere’s 

surface electron density. With reference to radius of gyration, a tighter packing may 

be associated with Au/Ag-nanosphere-fibrin hard corona while a lower tight packing 

may be associated with Au/Ag-nanosphere-fibrin soft corona.   On the other hand, with 

reference to the UV spectra, prominent, distinct peak shifts in all average diameter 

sizes studied, indicate good and robust adsorption of fibrin molecules onto Au/Ag-

nanoparticles. In this instance, greater shift towards longer wavelengths may be 

associated with Au-/Ag-nanoparticles-fibrin hard corona meanwhile a lower shift may 

be associated with Au-/Ag-nanoparticles-fibrin soft corona. Computationally, stable 

exothermic interactions signify feasible transportation of fibrin protein molecules 
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through Au-/Ag-nanoparticle+protein complexes into cellular environment. Meanwhile 

experimentally, concerning cellular environment, irregularly dispersed ‘AuNPs+fibrin’ 

may be associated with non-toxicity whilst the aggregated ‘AgNPs+fibrin’ may be 

associated with toxicity. 
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