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Abstract

Upon arrival at the bloodstream, injected gold nanoparticles are covered with circulating plasma
proteins, creating what is called a plasma corona. Its protein content is determined by the
proteins’ affinity constants to the exposed surface of the nanoparticle. This work aims to
propose an interaction mechanism between three plasma proteins and CALNN-functionalized
nanoparticles via computational simulation and complementary experimental approach.
Denaturing polyacrylamide gel electrophoresis determined the protein content of two human
plasma samples, and helped in the characterization of the three most abundant blood proteins
used in this study. Estimation of their electrostatic potential surfaces, silhouette areas, and
diameters allowed the evaluation of the theoretical number of proteins forming a fully-covered
nanoparticle. Seventeen transferrin molecules and eighteen albumin molecules with a side-on
adsorption orientation were predicted to represent a monolayer adsorbome in a 20 nm gold
nanoparticle. The dynamics of albumin adsorption to nanoparticles was studied through
incubation-time assays on agarose gel electrophoresis, resulting in a stable protein corona
starting from 7 h incubation time. The concentration ratio forming protein corona at the surface
of nanoparticles was analysed through agarose gels electrophoretic mobility assays, revealing
the formation of a full protein corona when a plateau in bionanoconjugates migration is
achieved, resulting in protein coronas of [HSA].[JAuNP-CALNN] of 200:1 and 600:1 for
[BPF]:JAUNP-CALNN] concentration ratios. Zeta-potential values were derived by relating
agarose percentage with electrophoretic mobility of albumin bionanoconjugates, resulting in
lower potential values for bionanoconjugates due to surface charge shielding of nanoparticles.
Obtained g-potential values ranged from -26.05 up to -20.36 mV, forming colloid stable
bionanoconjugates. Hydrodynamic radii of bionanoconjugates of albumin supported the
formation of a monolayered and two-layered protein corona with increasing
albumin:nanoparticle concentration ratios. Transferrin and fibrinogen showed increasing
hydrodynamic radii with increasing protein:nanoparticle concentration ratios; in which fibrinogen
bionanoconjugates showed fibrinogen wrapping around the nanoparticle. Electrostatic potential
surfaces and protein-ligand docking using nanoparticle’s capping agent CALNN was performed

in order to predict possible adsorption sites of human albumin and transferrin.

Keywords: Gold nanoparticles, protein corona, plasma proteins, electrophoresis, dynamic light

scattering, bioinformatics.
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Resumo

Apés entrada na corrente sanguinea, as nanoparticulas de ouro sdo cobertas com
proteinas plasmaticas formando uma coroa proteica. O conteudo em proteinas depende das
constantes de afinidade das proteinas para a superficie das nanoparticulas. Esta dissertagédo
tem como objectivo propér um mecanismo de interacgdo entre trés proteinas do plasma e
nanoparticulas de ouro funcionalizadas com o péptido CALNN, através de uma abordagem
mista de trabalho computacional complementado com ensaios laboratoriais. Géis de
poliacrilamida em condi¢gdes desnaturantes permitiram determinar o conteudo proteico de duas
amostras de plasma humano e a caracterizagdo das trés proteinas mais abundantes do
plasma. A previsdo das superficies de potencial electrostatico, das areas da silhueta das
proteinas e do seu didmetro permitiu determinar o niumero de proteinas que formam uma
monocamada proteica em torno de uma nanoparticula de ouro. Dezassete moléculas de
albumina e dezoito moléculas de transferrina com uma adsor¢do de orientacdo ‘side-on’
formam uma monocamada proteina a volta de uma nanoparticula de ouro com 20 nm de
diametro. A dindmica de adsorgéo da albumina humana a nanoparticulas de ouro foi estudada
através de ensaios com variagao de tempos de incubacao. Os resultados mostram a formagéao
de uma coroa proteica estavel a partir das 7 h de incubagdo. A razdo de concentragoes
proteina:nanoparticula que forma uma coroa de proteinas foi estudada através de ensaios de
mobilidade electroforética, e admitiu-se a formagdo da mesma quando se observa um patamar
na migracdo dos bionanoconjugados, que resultaram na razao 200:1 para [HSA]:.[AuNP-
CALNN], e 600:1 para razbes de concentragdo de fibrinogénio. O potencial zeta de
bionanoconjugados de albumina foram determinados através de ensaios de mobilidade
electroforética com variacdo da concentracdo de agarose; nos quais os potenciais para
bionanoconjugados foram menores que para as nanoparticulas livres, sendo que a adsorgéo
de albumina a nanoparticulas de ouro promove a diminuicdo da carga superficial das
nanoparticulas (de -26.16 mV até -20.36 mV). A determinagao dos raios hidrodindmicos dos
bionanoconjugados, nanoparticulas e proteinas permitiu caracterizar a corona proteica de
albumina como uma mono e dupla camada em torno da nanoparticula; para a transferrina e
fibrinogénio, os raios hidrodindmicos aumentam com o aumento das razbes de concentragao
de proteina. Os bionanoconjugados de fibrinogénio apresentam adsorp¢ao ‘wrapping’ em torno
das AuNPs. O calculo das superficies de potencial electrostatico e a realizacdo de ensaios de
docking com as proteinas do plasma permitiu a determinacdo dos locais preferenciais de

ligagédo do péptido CALNN durante a adsorg¢do a nanoparticulas de ouro.

Palavras-chave: Nanoparticulas de ouro, corona proteica, proteinas plasmaticas, dispersado de

luz dindmica, electroforese, bionformatica.
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1. Introduction

1.1. Gold nanoparticles
Gold nanoparticles (AuNPs) can be defined as entities of metallic gold (Au) atoms ranging from
1 to 100 nanometers in diameter '~° (Figure 1.1) that can exhibit various shapes; the most
common being the quasi-spherical shape %, These particles are synthetized in aqueous solution
and thus are also known as colloidal gold.
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Figure 1.1. The size range of nanoparticles (blue outline) °.

1.1.1. Surface plasmon resonance
One of the most explored features of gold nanoparticles is the phenomenon known by surface
plasmon resonance (SPR), which explains the difference between the optical behaviour of gold
nanoparticles and the one of macromolecular gold structures. Bulk gold atoms and solutions
display a yellow color to the naked eye, as opposing to the red-wine color of gold nanoparticles
in suspension >’ SPR is the optical phenomenon occurring when incident light resonates with
the intrinsic oscillation of gold valence electrons of nanoparticles, resulting in a strong

absorbance band in the visible light spectrum ° (Figure 1.2).

"“Tr *»-._.f‘-.../

Figure 1.2. Electromagnetic radiation interacting with a nanosphere. Adapted from °,

Incident electromagnetic (EM) radiation induces the formation of a dipole in a nanoparticle,
causing its free conduction electrons to continuously oscillate against the proton restoring force.
The frequency of this oscillation resonates with the frequency of visible light, and its maximum
amplitude is called surface plasmon resonance. The SPR band of gold spherical nanoparticles

can therefore be detected by spectroscopy in the visible region of the light spectrum ™.
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Dispersed spherical gold nanoparticles from 10-100 nm in diameter show a strong SPR

absorbance peak in the green EM spectrum region at around 520 nm ""®

. Their optical
properties can change, for example, by increasing ionic strenght in the solution or by varying the
pH; producing delocalization of the conducting electrons from the nanoparticle surface which
lowers the frequency of resonance to the red spectrum region (Figure 1.3), proof of

nanoparticle aggregation.

— Dispersed
— Aggregated

Optical Density
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o
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Figure 1.3. UV-Vis spectra of aggregated and dispersed gold nanoparticles °,

1.1.1. Nanoparticle functionalization
The core of the nanoparticle (NP) is highly stable due to the tight packing between neighbour
atoms. As the surface atoms have less surrounding atoms and therefore are less stable, they
tend to interact with other species from the surrounding media in order to minimize their high

surface energy .

Functionalization of nanoparticle surfaces is usually performed to stabilize them and prevent

"% Capping of

spontaneous aggregation, that can result in particles of macroscopic scale
AuNPs is the defining step on their intrinsic properties and future applications. It takes
advantage of the high reactivity of the surface Au atoms of the nanoparticle by promoting
interaction with the reacting species, who also act as stabilizing agents during synthesis. The
adsorption of these capping agents to AuNP is a dynamic process, occurring at a rate that is
determined by the affinity of the reactant to the nanoparticle surface. These agents are also in
equilibrium with the solvent molecules, enhancing homogeneous dispersion of the AuNPs in

solution ™.

Nanoparticle surface functionalization is also performed in order to promote biomolecular
interaction with AuNP, leading to a wide array of applications in scientific research, and health
diagnosis and therapeutics *'°. The capping agents on the nanoparticle surface alter its intrinsic
properties, serving as an adsorption vehicle for biomolecules. The introduction to nanoparticles
in living systems results in formation of bionanoconjugates whose biological functions can be

characterized by taking advantage of nanoparticles’ physicochemical properties 10,
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1.1.1.1. Capping agents
The most common capping agents used for biosensing applications of gold nanoparticles are
citrate and 11-mercaptoundecanoic acid (MUA) (Figure 1.4). The first is a weak organic acid
that interacts quickly with the Au valence electronic cloud by electrostatic repulsion of its

negatively-charged carboxylic group, and therefore is defined as a labile capping agent.

OH

Citrate

5 nm AuNP

Figure 1.4. A 5 nanometer gold nanoparticle sphere capped with one MUA (left) and one

citrate (right) molecule (not drawn to scale). Adapted from g

MUA is an eleven carbon hydrocarbon containing a terminal thiol group which covalently binds
to the Au surface, and thus its equilibrium rate with the solvent molecules is much slower 3
The terminal carboxylic group of both capping agents conveys a global negative charge to the
functionalized AuNP, which consequently promotes the formation of a hydration layer around
the nanoparticle, increasing colloidal stability "

The synthetic peptide CALNN (Figure 1.5) is also a thiol-binding capping agent, interacting
covalently with the external gold atoms of AuNP ''. The sulphur atom of cysteine enables
covalent binding to the gold nanoparticle and arginine’s carboxylic group provides negative
terminal charge to the bionanoconjugate. In addition, alanine and leucine’s hydrophobic side
chains promote self-assembly of the molecule. This pentapeptide was rationally designed to
create a well-packed layer at the AuNP surface, resulting in highly soluble, non-aggregating and

non-flocculating, capped nanoparticles with chemical properties comparable to those of proteins
1
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Figure 1.5. Front and back-views (left and right, respectively) of CALNN electrostatic potential

surface at pH 7.4.

1.2. Protein corona

Conjugation between biomolecules and AuNPs can be used to study the interactions happening

2,10,12

at a cellular level, aiming to a deeper understanding of biological systems . More

specifically, protein-AuNP conjugates have been developed to investigate their functions in
multiple living systems (Figure 1.6), which can act as labelling, delivery, heating or sensing

agents 21%"2,

Streptavidin
' Transferrin

19G Antibody

10nm PEG ~ i

(capping shell)

Albumin

Figure 1.6. Representation of protein and DNA conjugates with a functionalized 15 nm AuNP

(draw to scale). Adapted from '°.

The adsorption of proteins to functionalized gold nanoparticles is a two-step process, initiated
by a fast electrostatic interaction between the surface of the AuNP and the exposed opposite-
charged residues of the protein. Then a slower conformational rearrangement can occur by
replacement of the capping agent, hydrophobic interactions with core aminoacid residues or

1,3

cysteine’s thiol-gold bonding ~. These interactions can lead to an irreversible protein

conformational change, resulting in change of biological function 3,
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1.2.1. The Vroman effect
The set of proteins adsorbed to the nanoparticle surface is defined as the NP’s protein corona
(Figure 1.7). The Vroman effect, applied in the bionanotechnology field, determines the
composition of the protein corona stating that the concentration of adsorbed proteins to the NP
remains relatively constant over time, but the protein identity of the corona varies over time due
to the different affinity constants presented by different proteins, generating competitive
adsorption at the binding sites of the nanoparticle **.

Soft Corona

\ Hard Corona

Kdesorption @]
N —>

K adsorption

Figure 1.7. Formation of soft and hard corona in a nanoparticle. Adapted from 4,

This protein corona is governed by protein-nanoparticle affinity, as well as multiple protein-
protein interactions. Both processes are dependent of the kinetics and thermodynamics of each
interaction >*. Proteins existing in (1) higher concentration; (2) those that diffuse quickly in the
media and/or (3) those that have high affinity to the NP’s surface can adsorb to it through
stronger bonds and interactions 34 forming a robust hard corona layer. In a second stage,
lower-affinity or scarce proteins interact loosely with the proteins of the hard corona, creating a
much more transient soft protein corona *4 The hard corona proteins show bigger exchange

times with free proteins in solution than the soft corona proteins.

1.2.1.1. Time evolution of protein adsorption to nanoparticles
In the case of gold nanoparticles, it has already been shown that a full protein corona is formed
within fourty-eight hours (48 h) of time incubation '® This time interval assures the formation of
a permanent and stable hard corona of slowly exchanging proteins and an outer, labile and soft

protein corona layer ">

. Figure 1.8 shows an electrophoretic agarose gel of AuNP-MUA
particles conjugated with human serum albumin for different incubation times, and

representations of bionanoconjugates and unbound nanoparticles.
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AuNP Oh 6h 24h 48h
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-

Figure 1.8. Agarose gel digital image of AUNP-MUA bionanoconjugates of human serum

albumin after different incubation times at room temperature 3

During electrophoresis, bionanoconjugates show less migration than gold nanoparticles alone.
This can be explained by their increased molecular weight and lower electric surface charge
potential. On the other hand, unbound nanoparticles migrate in the gel at a greater speed owing
to higher surface potential and smaller size ">

Figure 1.8 also shows that shorter incubation times produce a higher amount of loosely bound
proteins, mostly because short incubation times are not enough to allow stronger protein
adsorption to nanoparticles. Giving this, bionanoconjugates incubated up to 6 h reveal loss of
protein content during electrophoresis producing increase of surface charge " This protein
disassociation generates nanoparticles coated with different amounts of protein, producing the
smear visible on the bands in the gel. Bionanoconjugates incubated for longer times generate a

tighter protein corona which, due to higher molecular weight, migrates less in the agarose gel "

Electrophoresis can be a powerful technique to qualitatively access nanoparticle coverage,
because protein adsorption influences surface charge and molecular weight of free
nanoparticles; the main properties analysed by this technique 4. and additional explanations on

this technique are given further ahead.

1.2.2. Nanopatrticle size and curvature
Nanoparticle size strongly affects the formation and nature of the protein corona 14 As the
nanoparticle diameter increases surface curvature becomes lower, influencing the available

1 Proteins can have two orientation preferences when

contact area for protein adsorption
adsorbing to nanoparticles: (1) side-on, with  higher contact area promoting stronger
interactions and even irreversible adsorption; or (2) end-on, with weaker interactions due to
lower contact area (Figure 1.9). This adsorption orientation gives rise to less conformational

changes in the protein structure than in side-on adsorption !




A MIXED COMPUTATIONAL MODELLING AND EXPERIMENTAL APPROACH TO THE
INTERACTION BETWEEN GOLD NANOPARTICLES AND BLOOD PROTEINS

side-on end-on

Figure 1.9. Possible orientations of a protein upon conjugation with a gold nanoparticle !

When nanoparticle size becomes close to protein size, this scale effect becomes essential on
the formation of the protein corona. For globular proteins, a high surface curvature decreases

protein-protein interactions, avoiding lateral interactions and crowding effect (Figure 1.10).

AR

51

Figure 1.10. Crowding effect on low (left) and high curvature (right) nanoparticles '

For fibrillar proteins, like fibrinogen, profound conformational changes are observed upon
adsorption, promoted by side-on adsorption and protein wrapping around the nanoparticle '
This kind of effects are extremely important when proteins adsorb to nanoparticles in a

biological system.

1.1. Blood proteins
Human blood is a complex and heterogeneous mixture harbouring as much as 10,500 different
proteins ® whose composition varies constantly in response to development, age and gender,
metabolic activity, genetic background and epigenetics, post-translational modifications, state of
disease and lifestyle '®_ Fractionation by centrifugation of a blood sample, generates two high-
density phases rich in leucocytes and platelets (1.0 %), and erythrocytes (45 %) . The
remaining low-density phase (54 %) bears the total protein content of the blood and is
designated as plasma ' Table 1.1 lists the most common proteins, its molecular weight and
concentration in human plasma; Figure 1.11 shows a denaturing polyacrylamide gel

electrophoresis (SDS-PAGE) of human plasma sample.
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Table 1.1. Major protein components of human plasma.

Adapted from . - i0e) ;'I:;nrig_
Protein Molec(uklgra\)lveight Conc(t;r/\lt-r)ation :22 E =
70
Albumin 66.0 38.0-48.0 s
Fibrinogen 341 2.0-45 “ h
Transferrin 77.0 1827 = -
a2 macroglobulin 800 1.5-3.5 25 -
a1 antitrypsin 54.0 1.4-4.0
Haptoglobulin 100 1.2-2.6 T -
a1 acid glycoprotein 44.0 0.6-1.4 10 -
Caeruloplasmin 132 0.2-0.6 =
Retinol-binding protein 21.0 0.03-0.1 Figure 1.11. SDS-
C-reactive protein 105 <0.003 PAGE of a human
B2 microglobulin 11.8 <0.002 plasma sample.
Immunoglobulins 160-900 Adapted from *.

A SDS-PAGE assay of healthy human plasma (Figure 1.11) generally shows one set of higher
molecular weight proteins ranging from 100 to 70 kDa, which represent the most abundant
plasma proteins. Two dim bands at around 40 and 25 kDa also indicate the presence of scarcer

1817 Total protein quantification of the blood

low molecular weight proteins in blood plasma
plasma proteins was performed by Okutucu et al. by comparing five methods (Table 1.2), and

the average concentration of plasma proteins in blood is 93.96 g/L 18

Table 1.2. Average plasma protein concentrations determined using five different methods '8,

Method Plasma concentration (g/L)
Amido Black 83.4 £ 1.93
Lowry 110.2 £ 4.09
Bradford 95.1+£3.3
Biuret 88.8 £ 3.54
Ponceau-S/TCA 92.3+5.71
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1.2. Plasma adsorbome

Work performed by Walkey and Chan enabled the identification of a set of 125 plasma proteins
that interact with at least one nanomaterial entity, and named it plasma adsorbome. These
proteins are involved in diverse physiological functions, more specifically in lipid and ion
transport, blood coagulation, immune complement activation, and pathogen recognition ¥ One
of the main focuses during the development of this dissertation was to understand electrostatic
interaction between the most abundant plasma proteins and nanoparticles upon injection in the
bloodstream (Figure 1.12).

Figure 1.12. Schematic of a human blood vessel with the blood’s main components:
erythrocytes (big red disks), leukocytes (white circles) and thrombocytes (small light purple

disks); as well as nanoparticles (yellow spheres).

1.2.1. Human serum albumin
Human serum albumin (HSA) is the most abundant protein in plasma making up more than half
of the total plasma protein content, and is involved in the following physiological functions: (1)
Oncotic pressure maintenance in the liver, (2) Biomolecule, ion, metal and drug transport, (3)
Antioxidation defense, (4) Metabolic acid-base buffering system, and (5) Enzymatic activity. This
globular 66,478 Da protein is synthetized in the liver and circulates between the plasma and the

interstitial space 2%

. Albumin’s quaternary structure (Figure 1.13) is conserved throughout the
entire mammalian class and minor sequence divergences are due to speciation events. This
homotrimer has a predominant a-helix motif held by 17 disulphide bonds. Its three active sites

harbour a hydrophobic environment for ligand binding .
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Figure 1.13. Quaternary structure of human serum albumin bound to three fatty acids 2,

This protein is highly soluble due to its high content in both acidic and alkaline residues, and for
this reason its concentration in plasma can reach values up to 0.6 mM 2 The isoelectric point
of human albumin is 4.7, so at physiological pH this protein has a high negative net surface
charge. Binding of ions and metals, fatty acids, hormones and various drugs occurs by
hydrophobic interactions with the non-polar residues at albumin’s three hydrophobic pockets 2,
Albumin is also the main component of the biocorona in citrate-functionalized gold nanoparticles
%4 The adsorption of this protein to the nanoparticle surface is led by its alkaline residues,

which interact ionically with the citrate capping agent by electrostatic forces **.

1.2.2. Human plasma fibrinogen
Fibrinogen is the second most common blood protein, taking part in the coagulation cascade 3,
This glycoprotein consists in pairs of three different polypeptide chains (a, f and y) linked

by disulphide bonds (

Figure 1.14) ***°. This 340 kDa rod-like shape protein is produced by the hepatocytes in
response to tissue injury, infection or inflammation. During blood coagulation, fibrinogen in
cleaved by thrombin resulting in fibrin monomers that polymerize and became insoluble,

creating a blood clot %°.

10
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Figure 1.14. Human fibrinogen. ad’, B3’ and yy’ chains are colored light-green, grey and dark-

green, repectively %°.

Fibrinogen shows a negative net charge at physiological pH due to its isoelectric point of 5.2.
The central region of the protein exhibits negative charge; however arginine and lysine residues
at the two a chains result in local positive charge which can interfere with adsorption to

nanoparticles, promoting a specific side-on orientation and allowing for multiple layer formation
24,25

1.2.3. Human transferrin
Transferrin is the major iron transporter in the plasma that, together with a membrane transferrin
receptor, controls iron levels in the bloodstream (Figure 1.15). Iron binding is a primitive
biological function, as so the transferrin protein family is highly conserved in vertebrate and non-

vertebrate organisms %%,

Figure 1.15. Transferrin’s bilobal structure bound to two ferric ions (brown) and two carbonate

ions (red and white) .

This 80 kDa protein holds two variable heterossacharide chains branched out from asparagine
residues at the C-terminal, representing as much as 6% of the its total molecular weight. The
terciary structure is composed of two non-identical lobes corresponding to the two iron-bonding
domains at the N and C-terminals %*; at physiological pH this protein’s isoelectric point varies

from 5.4 to 5.9 depending on its carbohydrate content.

11
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1.3. Nanoparticle and bionanoconjugates characterization

Colloidal nanoparticles exhibit three significant differences in comparison to their respective
macroscopic materials: their high surface to volume ratios, their chemical reactivity and
quantum effects of the molecular orbitals, which originates chemical, optical, electrical, thermal
and magnetic characteristics, unique at the nanoscale. Such effects shaped the impact of
nanotechnology in a number of scientific, technical and industrial fields %%,

Considering their tuneable size, surface functionalization and biomolecular immobilization
abilities, gold nanoparticles can be used as biochemical sensors. Molecular diagnostics using
nanomaterials have pushed technological developments further in order to enhance detection
and characterization of nanoparticle-based bioanalytical devices (Figure 1.16) ',

6»%;7

Figure 1.16. Schematics of a standard nanoparticle sensor composed of AuNP (red),

recognition molecule (blue), and analyte (green) '2.

The signalling event created by the interaction of an analyte with the recognition molecule
bound to a nanoparticle is the basis of these bionanosensors; which have been successfully
used in functional and monitoring analysis of biomolecules in organisms, environmental

samples and food industry %,

The composition and structure of adsorbed biomolecules to a metallic nanoparticle surface
forming a bionanoconjugate at physiological environment, can be assessed by addressing five
specific parameters: (1) thickness and density of the bionanoconjugate, (2) identity and quantity
of existing biomolecules, (3) arrangement and orientation of molecules at the NP’s surface, (4)
adopted conformation of adsorbed biomolecules, and (5) affinity of biomolecules to the
nanoparticle surface ¥ Table 1.3 shows the techniques used to examine the structure and

composition of the protein corona of nanoparticles.

Table 1.3. Techniques to examine the protein corona of nanoparticles 9

Corona parameter Techniques

Dynamic light scattering, differential centrifugal sedimentation, size
Thickness exclusion chromatography, transmission electron  microscopy,

nanoparticle tracking analysis.

12
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Density Colorimetric protein assays, protein electrophoresis.

Identity and quantity | Circular dichroism, fluorescence quenching, computational simulation.

Affinit Size exclusion chromatography, surface plasmon resonance, isothermal
inity
titration calorimetry.

1.3.1. UV-Vis spectroscopy
UV-Vis spectroscopy measures absorption or scattering events produced by electronic
transitions happening in atoms and molecules. In absorption spectroscopy, ground state
electrons absorb photons and transit to higher energy excited states. Fluorescence
spectroscopy is complementary to this technique, because it deals with light emission of excited

molecules or atoms to their ground state °.

The absorbance maxima in the ultraviolet-visible-infrared (300-900 nm) regions of the

electromagnetic spectrum (

Figure 1.17) provide crucial information about nanoparticle size and shape; as so for particle

aggregation which can be detected in the visible light region (400-700 nm) by the human eye 8,

MICROWAVE

Figure 1.17. Electromagnetic spectrum zoomed in the visible light region 30.

Gold atoms have the electronic configuration of 1s® 2s® 2p° 3s® 3p® 4s? 3d"° 4p°® 5524d"® 5p° 6s'
4f"* 53", Light absorption of d-orbital electrons on gold nanoparticles enables transition to
higher energy sp-orbitals with the energy of circa 2.4 eV, generating the SPR effect at 520 nm.
This absorption of green visible light at this wavelength corresponds to the red color observed in

spherical gold nanoparticles *'.

1.3.2. Dynamic light scattering
Dynamic light scattering (DLS) technique provides information on single scattering events

73223 The interaction

intrinsic to suspended materials by detecting intensity variances over time
of a monochromatic laser beam with suspended molecules scatters the incident light by
propagating them out from their original direction. The nanoparticles’ alternating positions
promote continuous light interference resulting in intensity fluctuations detected over time, which

contain information about the time scale of the scattering movement 3334 (Figure 1.18).

13
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O

Figure 1.18. Light scattering on colloidal nanoparticles causes constructive (A), and destructive

(B) wave interference.

The deviated light intensity is not constant because gold nanoparticles in suspension

continuously collide with solvent molecules displaying random Brownian motion %

kpT
3mnDg’

, which is

modelled by the Stokes-Einstein equation (D), = Equation 1.1). As we

kgT
37TT]Dt,

can observe from D), = Equation 1.1, particle size is an important parameter in

DLS technique. Particles much larger than the incident wavelength diffuse slowly through the

solvent, leading to less detected intensity variations over time. Similarly, smaller particles move

much faster and show substantial intensity changes over time *>**,

_ kgT
h

= , Equation 1.1.
3nnD¢

where D, represents the hydrodynamic radius of the molecule, k; is the Boltzmann constant
and T the absolute temperature, n is the medium viscosity and D, represents the molecule

translational diffusion coefficient.

Applying an autocorrelation function to the intensity data acquired enables comparison between
intensity signals at different times of the experiment, elucidating on the dynamics of the system.
When comparing the intensity at a certain time t to the intensity at a tiny fraction of time later
(o), these signals show strong similarity and therefore are well correlated. This correlation

between signals decreases over time due to the Brownian characteristic of suspended samples,

described by an exponentially decaying function (C(t) =1+ B.e 2%, with I' =

4 NONE .
[Dt.%.sm (E)] , Equation 1.2). Cumulants analysis is performed on the data by
fitting the correlation function to an exponential one, enabling the determination of mean size or

dispersity index of the sample %,

2
C(t)=1+p.e 2" with ' = [Dt.‘%.sin (2)] , Equation 1.2.

14
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where B represents the intercept of the correlation function, D, is the translational diffusion
coefficient, 1 is the laser wavelength and n the medium refractive index, and 6 is the scattering

angle.

Solution heterogeneity is a major issue when performing DLS experiments. Applying the

. L 14co 20 (2m\2 (n2-1\? [ad\® .
Rayleigh approximation to (I = IOT(T) (n2+2) (5) , Equation
14c0s20 [2m\2 (n2-1\? [d\® . .
1.3] = IOT(T) (n2+2) (5) , Equation 1.3), the amplitude (A) of the

scattered light of a sample varies as the sixth power of its size (d) ®*

. So the light intensity
detected from a nanoparticle can be masked by the scattering of a larger contaminant, i.e.

nanoparticle or protein aggregates.

2

1+cos? 6 [2m\2 (n?-1 a\® .
e T

1.4. Electrophoresis-based techniques
Owing to the fact that most of all biological molecules are charged, electrostatics plays an

important role in inter and intra-molecular interactions 19.35,36

. Applying an electric field to
charged particles is a well-established separating method; in which a porous polymeric matrix
serves as physical support for the molecules to migrate according to its size and/or net charge

193536 (Figure 1.19).
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solution Electrophoresis tank

Figure 1.19. Agarose gel electrophoresis setup *’.

1.4.1. Denaturing polyacrylamide gel electrophoresis
When separating biomolecules by their size, a previous denaturation step is required to assure
equal net charge of the samples. Polyacrylamide gel electrophoresis (PAGE) is usually
performed on proteins after heat denaturation in the presence of the anionic surfactant sodium

dodecyl sulphate (SDS). This promotes disruption of weak bonds and loss of secondary and

15
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partial tertiary and quaternary structure, resulting in a non-functional rod-like shape protein %8,
Reduction of disulphide bonds by (-mercaptoethanol (BME) can be performed to disrupt these
bonds that promote tertiary or quaternary structures (Figure 1.20).

/clw’gcd R-groups —a— dizulphide
/ bond

3

hydrophobic arcas
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Figure 1.20. Action of SDS and BME on a native protein structure. Adapted from %,

1.4.2. Agarose gel electrophoresis
Considering that protein adsorption generally occurs by electrostatic interaction of opposite

charged residues ***

, the global charge of gold nanoparticles is reduced when conjugated with
proteins. The surface charge of bionanoconjugates is therefore less negative; as they require
fewer applied electric voltage to achieve electrostatic neutrality, ceasing its migration sooner
than free nanoparticles. These migrated distances can be defined as electrophoretic mobility

Ve

(He =7 Equation 1.4).

Ue = —, Equation 1.4.

where v, represents the drift velocity of the bionanoconjugates and E is the applied electric field.

The variation of electrophoretic mobilities of bionanoconjugates can be related to the degree of
protein coverage of nanoparticles 135, Higher mobility values correspond to a loosely packed
bionanoconjugate; while tightly-packed bionanoconjugates display lower migration distances
and electrophoretic mobility values. The unified theory for gel filtration and electrophoresis

developed by Rodbard and Chrambach predicts the relationship between electrophoretic

mobility, partition coefficient, gel concentration, and molecular radius (log(u.) = log ) —

K, .T, Equation 1.5), enabling the determination of zeta-potential of

bionanoconjugates '°°3%4°,

log(u,) =log o) —K,.T, Equation 1.5.

where p, represents electrophoretic mobility in the absence of agarose, K, is the retardation

coefficient and T is agarose percentage of the gel.

16
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1.4.3. Zeta-potential
All materials acquire surface charge when dissolved in a polar medium; inducing solvent flux in
a very particular way, and creating a so-called electric double-layer (EDL) around the solute

molecules *'9%%%

(Figure 1.21. Model of the electric double-layer at a charged interface in
aqueous solution. Adapted from 41.Figure 1.21). lon distribution at the EDL creates three
distinct regions: (1) the Stern layer is the solvated area closest to the molecular surface. It is
considered immobile, and exhibits high counter-ionic density, giving rise to greater electrical
potential values (ys). The outer region (2) is termed the diffuse layer, where electrical and
thermal forces influence ion diffusion. From this point on, electric potential decreases

exponentially with distance and achieves neutral values in the bulk solvent (3) 40-42

Stern Layer

Q,',,}. 4~ Shear Plane it

Bulk solvent (3)
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Potential Wg?

Figure 1.21. Model of the electric double-layer at a charged interface in aqueous solution.
Adapted from .

Zeta-potential (¢) is an indirect measurement of the electrical potential at the partition between
the Stern and the diffuse layers, also called the shear plane. In practical terms, the zeta
potential of a solute is frequently taken to be the identical as the Stern potential; and as so has

become a useful parameter in monitoring changes in electrokinetic behaviour of suspensions .

A potentially stable colloidal system has solid charged particles dispersed in liquid solvent,
whose zeta-potential values fall inside the range of + 30 mV due to electrostatic stabilizing
repulsion forces. A decrease in zeta-potential values of suspended particles can disrupt

colloidal stability and promote particle flocculation *'.

By the fact that solutes in suspension exhibit surface charge, the application of electric field to

the medium can induce migration effects on the particles. Therefore, electrophoretic mobility for
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zero agarose percentage (u,) and zeta-potential (¢) can be interconverted using the following

3nsko

.40
expression S r—
P ¢ 2es.H(kR) ’

Equation 1.6).

( _ 37’5“’0

= T HR) Equation 1.6

where 7, is the medium viscosity and e, the relative permittivity of the solvent. H(kR) is the
Henry function, in which the Smoluchowski approximation of H(kR)=1.5 is used for a large

electrolyte layer () value; dependent on the particle geometric radius R.

When specific adsorption takes place at suspended molecules, the ionic response of the solvent
is altered, usually by increasing the molecular weight of the species. This shifts the shear plane
further away from the Stern layer; thus changing the zeta potential in regard to the free solute.
Consequently, this electrokinetic parameter can effectively show particle surface charge in

solution *'.

1.5. Computational modelling of protein-nanoparticle interaction
The description of the mechanism of protein adsorption to nanoparticles is dependent not only
in experimental data, but also in computational results. Hence, computational methods were
used with the intention of (1) performing surface charge studies of plasma proteins, (2) making
docking experiments with capping agent CALNN on plasma proteins, (3) automate experimental
results with agarose gel digital images processing, (4) fit adsorption models on these
experimental results; and (5) use geometric packing systems to determine protein to

nanoparticle ratios forming a monolayer protein corona.

Computational simulation of protein-nanoparticle and inter-protein interactions provides
information on protein’s physicochemical properties and conformation within a short time frame,

° Several

enabling the visualization at atomic resolution over femtosecond timescales
strategies can be applied to simulate protein adsorption to a nanoparticle " For example, Zuo
and colleagues have successfully predicted by computational means the maintenance of
enzymatic activity after adsorption to a NP 3 however the complexity of protein adsorption at
physiological media is yet to be perfected through solvation descriptors and relevant force fields
within the models "°. Alternative methods can be applied to predict this interaction, by combining
computational and experimental approaches on bionanoconjugates, and the ones used

throughout this work are described below.

The following computational approaches were done in order to obtain different parameters
which can be combined and interpreted to describe a mechanism of protein adsorption to

nanoparticles after entrance in the bloodstream.
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1.5.1. Analysis of electrophoretic mobility on agarose gels
One of the parameters studied when working with bionanoconjugates is the electrophoretic
mobility, determined by their surface charge and molecular weight. Digital images of
electrophoretic mobility assays can be processed using the eReuss application (source code

freely available at https://github.com/Ikrippahl/eReuss) with the purpose of avoiding errors

caused by direct measurement of the migration distances by enhancing gel analysis

automation.

Migration distances of an electrophoretic assay are usually obtained using a ruler, by measuring
from the top of the gel to the sample band front. This type of direct measurement is frequently
associated with systematic errors intrinsic to the operator and the instrument itself. The
sensibility of a metric ruler is 0.5 mm, je. half of the smallest division, the millimetre.
Bioconjugates of gold nanoparticles generally show differences in migration in this error range,

so interpretation of the results tends to be faulty and uncertain.

The eReuss program detects the position of migrated samples in electrophoretic gels by relating
it with the highest intensity pixels of each gel lane. The colored digital images are converted to
greyscale by selecting the color channel closest to the sample color. In this way, the digital
image will carry only brightness intensity information, from black having the weakest light
intensity to white at its strongest (Figure 1.22); relating to the distribution of samples throughout
the agarose gel lane. For gold nanoparticles the light intensity in the red color channel is

selected, and the gel digital image is represented exclusively in shades of grey.

Figure 1.22. Color to greyscale conversion using intensity of the red color channel.

The migrated distance for each bionanoconjugate samples is identified by detection of
maximum intensity brightness, and intensity profile is displayed along the gel lanes. Gaussian
functions are fitted to the maximum intensity values to assign them the migrated position for

each sample (Figure 1.23).
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Figure 1.23. Peak identification step in eReuss program. From the eReuss user manual.

This application also provides some interpretation of the electrophoretic mobilities obtained. By

fitting a Langmuir isotherm to the data, the protein binding constant to nanoparticle is

determined; providing information on the affinity for the nanoparticle surface for each plasma

protein. A Hill cooperativity plot can also be obtained, whose Hill coefficient and dissociation

constant can elucidate about protein-protein interactions on the nanoparticle surface.

On a practical point of view, the analysis of an agarose gel digital image requires the following

steps:

1)

2

3)

4)

5)

The digital photos undergo a first preprocessing step, in which the contrast and color
channel are specified in order to improve the detection of the intensity of the migration
bands.

The specification of the region of interest in the digital image ensures the correction of
image orientation and the dimensions of the agarose gel and well comb; and also the
number of used wells. This step defines the number of migration bands to be detected.

The lane identification step enables correction of the position of each lane, as well as the
concentration ratios specification for each lane, to be used further on Langmuir and Hill
plots.

In band profiling the average brightness intensity is measured along each lane and
represented as black lines. Red lines show Gaussian curves that fit the intensity maximum.
The resulting file shows a plot, in which the vertical scale represents the peak positions for
each lane, and image pixels as the horizontal one. The computed migration distances
gathered from the maximum intensity fitted peak are used to determine electrophoretic

mobility ( u,) values using ue= % , Equation 1.4.

The final report enables the specification of the electrophoretic assay conditions: time,
voltage, and agarose concentration. A Langmuir adsorption isotherm and Hill equation plot
can also be produced using the maximum intensity values, providing information on

adsorption and cooperativity behaviour of the bionanoconjugates.
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1.5.2. Electrostatic potential surface
The hydration shell around a protein is fundamental to biological function . Implicit solvent
models describe polar solvent medium as a continuous field showing average properties of the

real solvent, and surrounding the solutes at their van der Waals surface (Figure 1.24).

Figure 1.24. Implicit solvation model of a small molecule “°.

The Poisson-Boltzmann equation utilizes implicit solvation to describe the electrostatic potential
and equilibrium distribution of ions around a solvated macromolecule (Figure 1.25). A three-
dimensional grid is built around the molecule; and for each grid cell electrostatic potential is

determined, generating an electrostatic potential map.

-V. F(X)V¢(X) = Pf (X) + Z qmcme—ﬁ[q,,,¢(x)+vm(x)]

m

Figure 1.25. Oversimplified Poisson-Boltzmann equation .

The coefficients on this differential equation are related to the molecular structure. The dielectric
function e(x) describes change in local polarizability; pf(x) is the charge density in a grid cell,
and the latter coefficient is based on van der Waals volumes V,,. The Poisson-Boltzmann model
can be used to predict the electrostatic surface potential and solvation energies of proteins,
useful in interaction site identification **.

1.5.3. Estimation of a protein monolayer around a nanopatrticle

The prediction of the silhouette of several plasma proteins enables estimation of the number of

3 , 314
proteins at the nanoparticle surface. The van der Waals radius * (r;, = 4—:,

Equation 1.7) can be used to model the occupied volume of each atom in a protein.

The projected areas of several protein orientations are determined, and these values are used
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to estimate the number of proteins around a nanoparticle, when a monolayered protein corona

3 ’3V
Ty = 4—7‘:’, Equation 1.7.

where V,, is the van der Waals volume and r,, the van der Waals radius.

is formed.

1.5.4. Protein-ligand docking
Molecular docking is a computational modelling method for identifying the preferred orientation
between two molecules when forming a stable complex; and consists in (1) exploring the
ligand’s possible orientations, and (2) ranking the results to determine the best binding mode for

each protein-ligand complex (Figure 1.26) *’.

0

ff dockin
+ xA 08
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\

Figure 1.26. Schematic illustration of protein-ligand docking.

Docking assays usually start by producing a conformer library of a known ligand; by creating a
set of three-dimensional molecule orientations, also considering bond flexibility. This searching
step relies on systematic or stochastic exploration methods for conformer prediction. The
searching algorithms utilised should depend on the system at study, and the objective of the
docking experiment B9 A scoring function is afterwards applied to rank the produced binding
modes. Scoring functions can be empirical, knowledge-based of molecular mechanics-based;
and again, each approach needs to be properly selected in order to originate the most

representative protein-ligand complex *.

By decreasing the accuracy of the search space, lowering energy differences on the protein
structure, and increasing number of binding modes generated; a huge number of CALNN
orientations are obtained as result from the docking assay. The obtained ligand ‘family’ is then
represented on the protein structure in order to access if any particular local in the protein

shows a higher affinity for the CALNN capping agent.

This approach contradicted the purpose of traditional ligand-protein docking experiment, in
which the ligand best binding mode has the highest score and represents the most probable
binding orientation of the ligand to the protein. During these docking assays the preferential
interaction sites for several CALNN capping agents on three plasma proteins were identified

without searching for the best binding modes; but for their distribution at the protein’s surface.
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These docking results could be interpreted as a representation of multiple peptide molecules
anchored on a nanoparticle, interacting with specific sites of several circulating plasma proteins
(Figure 1.27).

Figure 1.27. Schematic illustration of albumin corona on a nanoparticle. Nanoparticle model

adapted from *®.
1.5.5. Protein adsorption models and assumptions

1.5.5.1. Langmuir adsorption model
Modelling the adsorption and kinetics happening in nanoscale interactions, such as adsorption

4950 His

of proteins to gold nanoparticles, is based on the concept of Langmuir adsorption layer
hypothesis states that molecular species adsorb to a homogenous solid surface with constant
binding energies, independently of reactant quantity and surface coverage. The affinity constant

of the molecules forming the first layer is much greater than the one between the first and

second layers . This model can be described using a Langmuir adsorption isotherm (€ =

1+Keq[protein] ’ -

0 = Keq[protein]

= — Equation 1.8.
1+Keq[protein]

where 6 represents the occupation factor of the adsorption sites, and K., the binding constant

for a given protein.

Figure 1.28 shows a standard Langmuir isotherm plot, in which adsorbate concentration (yp)
rises as molecules adsorb to the surface, until reaching full surface coverage at the highest

occupancy factor.
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Figure 1.28. Langmuir adsorption isotherm.

1.5.5.2. Hill cooperativity model
[ligand]™

Langmuir adsorption isotherm is formally equivalent to the Hill equation (6 = Kot [ligand]™
Equation 1.9), which describes the concentration influence in kinetics of ligand binding

to a protein (Figure 1.29). The Hill coefficient (n) in the equation quantifies cooperativity effects
51

[ligand]™

~ Kg+[ligand]™’ Equation 1.9.

where 6 represents the occupation fraction, n the Hill cooperativity coefficient and K, the

ligand’s dissociation constant.

oa

08

0z

[protein]

Figure 1.29. Hill equations for negative (blue), positive (yellow) and non-cooperative (red)

binding behaviour of a ligand to a protein.

1.5.5.3. Face-centered cubic for nanoparticle atomic packing
Face-centered cubic (fcc) is the usual crystalline structure of gold atoms in a nanoparticle, as
described by Petkov et al. °* (Figure 1.30 A and B). It has the highest packing efficiency within
the cubic crystal system (74 %) with a coordination number of twelve. Each fcc unit cell holds

four similar atoms (Figure 1.30 C).
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c

Figure 1.30. TEM image of 15 nm gold nanoparticles (A), computational model of 3 nm gold

nanoparticle in water (B), and face-centered cubic unit cell representations (C) %2,

Computational and experimental data obtained by Kao et al. provided an adequate
description of the three-dimensional structure of gold nanoparticles as showing a face-centered
cubic packing geometry *® In addition, work by Liang et al. showed that the packing geometry of
protein structure could also be described using a face-centered cubic system model. With this, it
is reasonable to assume that protein adsorption phenomena would happen with similar packing

between proteins and the nanoparticle surface, and would show the same fcc geometry.
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2. Objectives and main focuses

Protein adsorption to nanoparticles in the blood is still an unclear mechanism. The formation of
a protein corona is dependent on protein binding affinities and concentrations intrinsic to this
system, as well as nanoparticle size and type of surface functionalization. Multiple physiological
factors also affect the corona’s protein composition. Due to strong SPR absorption in the UV-Vis
spectrum region, nanoparticles provide a highly sensitive detection system which has been

applied in therapeutics and diagnostics, scientific research, environmental, and industrial fields.

Computational methods will enable the electrostatic study of the surface charge distribution on
plasma proteins, and their possible interaction sites with CALNN-functionalized nanoparticles.
Using some theoretical assumptions on packing geometry around nanoparticles, the number of
proteins forming a monolayer corona can be predicted for albumin, transferrin and fibrinogen.
Electrophoresis assays on bionanoconjugates of plasma proteins will be able to confirm the
formation of a protein corona on gold nanoparticles by the difference in migration distances,
which is related to molecular weight and surface charge of bionanoconjugates and free
nanoparticles. This technique also allows for determination of zeta-potential values of
bionanoconjugates by relating electrophoretic mobilities in the presence of increasing agarose
media. Comparison of hydrodynamic radii measured by dynamic light scattering data, the size
of bionanoconjugates can be determined and the layer architecture of the protein corona can be

suggested.

By combining these very distinct experimental and computational data, a small step to the
description of the adsorption mechanism of proteins to nanoparticles can be taken, and future
perspectives on this subject include protein affinity constants determination using kinetic
assays, pH dependency assays of protein adsorption, additional computational simulations of

proteins and nanoparticle properties and interactions.
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3. Methods

3.1. AuNP synthesis by citrate reduction method

The required glass materials were previously immersed in aqua regia (1:3 nitric acid (HNO3)
and chloride acid (HCI)) and washed thoroughly with Mili-Q water. During the last wash the pH
was monitored using pH indicator strips (Macherey-Nagel, pH-Fix 0 — 14), and the value of pH
established was 7. 100 mL of 30% (w/w) Au (lll) chloride solution in diluted HCI (Sigma, 99.99%
purity, boiling point (BP)=254 °C, molecular weight (MW)=339.79 Da, density (p)=1.637) were
added to a round-bottom flask under gentle agitation and kept away from sunlight. The solution
was boiled for 1 h and then 10 mL of 1% (w/v) sodium citrate tribasic dihydrate (Sigma,
MW=294.10 Da, pH=7.0-9.0 at 25 °C) were gently added and the mixture was left to reduce for
15 min. After this time, the colloidal nanoparticles were cooled for about 2 h, and divided into
two aliquots of circa 50 mL each. These aliquots were refrigerated at 4 °C and kept away from
sunlight. The UV-Vis 900-300 nm absorbance spectrum of a 1:6 solution of the resulting
nanoparticles was obtained using a VARIAN Cary 50 Bio spectrophotometer, and the diameter
and concentration of the nanoparticles were determined according to the relation described by
Haiss et al. **. The synthesis was repeated as many times as necessary for the nanoparticle

quantities used in the following assays.

3.2. AuNP functionalization with CALNN

Freshly synthetized AuNPs were functionalized with 1:1000 [AuNP]/[CALNN] ratio of
CALNN peptide 4.68 mM overnight at room temperature and kept away from sunlight, after
which a second UV-Vis 900-300 nm absorbance spectrum of the solution was obtained, in the
same conditions as above. Functionalization was performed as many times as necessary for

the quantities used in the following assays.

3.3. Bionanoconjugates electrophoretic mobility assay

AuNP-CALNN conjugates of human serum albumin (HSA), human transferrin (HT) and
bovine plasma fibrinogen (BPF) were produced by overnight incubation at 4 °C of increasing
volumes of HSA solution (Sigma, lyophilized powder 297% purity, MW=66.478 Da), HT solution
(Sigma, powder =98% purity, MW=76.000-81.000 Da), BPF solution (Sigma, powder, Type I-S,
65-85% protein, 275% of clottable protein, MW=340.000 Da) and two human plasma samples
(kindly provided by Instituto de Medicina Molecular (IMM) and Marta Giza (MG)) on aliquots of
500 uL of AuNP-CALNN nanoparticles, resulting in increasing [protein]:{AUNP-CALNN] ratios.
These samples were then centrifuged for 5 min at 4 °C and 19173.7 g (Centurion Scientific K3
Series centrifuge, BRK5424 rotor) and the supernatant was removed. The pellets were
resuspended in 13.5 pL of 5 mM phosphate buffer pH=7.2 and 1.5 yL of glycerol and then
loaded on a 0.5% (w/v) agarose (invitrogen, UltraPure™ Agarose) gel in %x tris-acetate-EDTA
(TAE) buffer, and ran using a Bio Rad PowerPac™ Basic power supply (electrode separation

15 cm, E=10 V/cm) at 150 V, 400 mA for 30 min. The digital gel image processing and
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Langmuir and Hill plots, and the respective binding constants, were produced using the eReuss

software package. This protocol was repeated until meaningful results were obtained.

3.4. Bionanoconjugates incubation-time dependency adsorption

2.79 nM AuNP-CALNN nanoparticles were conjugated with 1 g/L HSA with increasing
[HSA]:[AuUNP-CALNN] ratios using the protocol mentioned in 3.3, varying the incubation time (1
h, 3 h, 7 h, 24 h). Each sample was then loaded on a 15-well 0.5% (w/v) agarose gel
(invitrogen, UltraPure™ Agarose) run for 30 min at 150 V, 400 mA. This protocol was repeated

until meaningful results were obtained.

3.5. Zeta-potential determination using agarose gel electrophoresis

1.1 nM AuNP-CALNN nanoparticles were conjugated with 1 g/L HSA using the protocol
mentioned in 3.3, and then loaded on a 15-well agarose (invitrogen, UltraPure™ Agarose) gel
with increasing agarose percentages from 0.3-2.0% (w/v) ran at 150 V, 400 mA for 50 min. The
migration distances were obtained using the eReuss application as explained previously.
Following the procedure described by Pons et al. the respective electrophoretic mobilities for
each [HSA]:[AuNP-CALNN] ratio were plotted versus gel concentration “%in order to determine

37nsko
2€5.H(KR)

the zeta-potential of free nanoparticles and bionanoconjugates, using { =

Equation 1.6 (see 1.4.3. Zeta-potential). This protocol was repeated until meaningful

results were obtained.

3.6. Light scattering assays

Dynamic light scattering measurements of the particle size of AuNP-CALNN
bionanoconjugates and unconjugated HSA, bovine serum albumin (BSA, Sigma, lyophilized
powder, =296% purity, MW=66.000 Da) HT and BPF were performed on a Horiba’'s SZ-100
nanoPartica Dynamic Light Scattering (DLS) system, using a 532 nm laser with a fixed 90°
scattering angle at 25 °C. Every sample was prepared using filtered Mili-Q water (10 mL Luer
Solo sterile syringes, B. Braun Melsungen AG with 0.45 pym porosity HT Tuffryn® membrane
filters, Sigma). 600 pL of each sample were transferred using sterile syringes (1 mL Luer Solo
sterile syringes, B. Braun Melsungen AG) to a disposable sizing cuvette. Using the Horiba
software package, the autocorrelation curves were analysed using both cumulants analysis (Z-
average and polydispersity) and determination of size distributions. The size distribution
analysis was specified as a monodispersed sample monodispersivity with a standard
distribution form. Both temperature and water’s viscosity (n=0.893 mPa.s) were used as inputs
Dh=#F73nnlt, Equation 1.1. (see D/=#B87 37170t Equation 1.1.).
The results shown are representative of at least three measurements for each sample showing
satisfactory autocorrelation curves, and represented as scattering light intensity, volume and

number when adequate.
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3.7. Plasma proteins SDS-PAGE assay

Sample buffer (5 uL) was added to 15 pL of HSA, BSA, HT, BPF and two human plasma
samples (provided by IMM and MG). Low range molecular weight (LMW) standards sample was
prepared adding 2 pL of distilled water to 2 uL of sample buffer and 2 puL of SDS-PAGE low
range molecular weight standards (BioRad, Cat. no. 16500-500). All samples were then
denatured for 4 min in boiling water, after which the samples were loaded in a 10-well 10%
resolving acrylamide and 5% stacking acrylamide gel, ran using a Bio Rad Mini-PROTEAN
Tetra Cell system at 180 V, 50 mA for 45 min. The resulting gel was stained for 1 h minimum
with 0.5% Coomassie blue solution, and left in destaining solution for 8 h minimum, kept in a 1:1
destaining and water solution. This protocol was repeated until meaningful results were

obtained.

3.8. Bicinchoninic acid (BCA) assay for total protein concentration of human plasma

Total protein concentration in human plasma was determined by the bincichoninic acid
method *°. Six standard BSA (Sigma, Micro-standard 1 mg/mL liquid solution) solutions of
increasing concentrations were added to 1 mL solution of 100:2 bicinchoninic acid (Sigma) to
copper (Il) sulphate (Sigma, 4% (w/v) solution, prepared from Cu (ll) sulphate penta-hydrated)
and the absorbance at 562 nm was measured using a VARIAN Cary 50 Bio spectrophotometer.
The absorbance at 562 nm of human plasma samples (kindly provided by IMM and MG) of
increasing concentrations in 1 mL of 100:2 BCA:CuSQO, was then measured in ftriplicate, and

total protein concentration was determined from a calibration curve using BSA as standard.

3.9. Human and bovine fibrinogen homology analysis

Within the NCBI BLAST ° online server, a protein blast search was conducted using the
blastp algorithm, fasta sequences of bovine serum fibrinogen (PDB 1DEQ) and human serum
fibrinogen (PDB 3GHG) with BLOSUM62 * as the scoring matrix. A search for conserved

domains in the two proteins was conducted using the RPS-BLAST %8 search tool.
3.10. Protein-ligand docking

3.10.1. Docking transferrin-CALNN and transferrin-NNN

The ligands secondary structures were predicted (> 89% probability for CALNN, > 96% for
NNN) using NetSurfP % online server, and its torsion angles (¢=-51°, y=153°, Q=180°) were
later on used for predicting their 3D coordinates using VEGA % within the ProBuilder ' online
tool. Transferrin’s biological unit pdb file was obtained from the RCSB PDB website (PDB
3V83). Using AutoDockTools (ADT) %2 the solvent molecules were removed by default and polar
hydrogens were added to the macromolecule. The pdbqt files for the protein and the ligands
were obtained with ADT. The search space parameters were defined as the integral biological
unit of transferrin and the macromolecule grid was constructed using ADT. The amine bonds in

CALNN and NNN were considered rigid and all the remaining bonds were assumed as flexible.
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The docking assay was performed using AutoDock Vina 63 (with exhaustiveness parameter=4),

producing nine CALNN modes and nine NNN modes.
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3.10.2. Docking HSA-CALNN and HT-CALNN
HSA and HT (PDB 1E7I and 3V83, respectively) preparation and ligand atomic coordinates
were produced as previously described. Using AutoDock Vina, ten runs were performed with
exhaustiveness=1, num modes=10 and energy_range=10, resulting in 1000 modes of CALNN
peptide for each protein. The 100 most energetically favourable modes were represented for

each protein docked, and were colored by their temperature factor (b-factor).

3.11. Molecular visualizations

All molecular visualizations were produced using the UCSF Chimera 1.10.1 software
package % Protein representations are obtained by 90 ° rotations of each structure,
representative of a biological protein unit in a cubic unit cell.

3.12. Estimation of protein number around a nanoparticle

The diameter of each plasma protein and CALNN was measured using the ‘distance’
command of the UCSF Chimera 1.10.1 package % The surface area of each plasma protein
was estimated using the Open Chemera Library pdbtools utility tool (source code available at

https://github.com/lkrippahl/Open-Chemera). Estimation of the protein number around a

theoretical 20 nm nanoparticle was made assuming a face-centered cubic unit cell packing of
53,65

each protein
3.13. Digital images processing
The analysis of all agarose gels was done using eReuss, a gel analysis application currently

under development and freely available at https://github.com/Ikrippahl/eReuss. The migration

distances for each concentration ratio were computed from the digital image of each
electrophoresis gel by fitting Gaussian curves to the image intensity profiles averaged for each

lane.
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4. Results and discussion

4.1. Whole plasma protein content
In order to determine which blood plasma proteins are most likely to become part of a
nanoparticle protein corona, identification and quantification of protein content in two whole
plasma samples was performed by means of denaturing electrophoresis and the Bicinchoninic
acid method, respectively. Total protein concentration of two human plasma samples resulted in
9.43 mg/mL for sample MG, and 23.7 mg/mL for sample IMM (Supplementary data, Table 1.3),
using 1 mg/mL BSA as standard (Supplementary data, Figure 1.1). The values obtained for
total protein content of the plasma samples were under the reference range of circa 94 g/L 18
The two plasma samples were taken from healthy subjects (IMM and MG) and are
representative of average protein composition in human blood plasma. The 24 g/L IMM sample
was previously submitted to an albumin removal method that could have decreased the initial
protein content. The MG sample was obtained from a whole blood sample, whose preservation
and/or fractionation methods might not have removed the proteolytic enzymes. This can have
caused sample degradation % and therefore can justify the low 9 g/L total plasma concentration.
Figure 4.1 shows a denaturing polyacrylamide gel electrophoresis of two plasma samples and

the most abundant blood plasma proteins.

97.4 kDa W 065kDa 70 Iifa 71 Iifa 74 fl(/Da . 1- LMW;

2- Plasma IMM 23.7 g/L;
3- Plasma MG 9.43 g/L;
4- Human serum albumin (HSA) 1 g/L;

66.2 kDa -
45.0 kDa

6OIDa 5- Bovine serum albumin (BSA) 1 g/L;

6- Human transferrin (HT) 1 g/L;

7- Bovine fibrinogen (BPF) 1 g/L.
31.0kDa - '
21.5kDa  cmmmm— s

A
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Figure 4.1. 10 % resolving SDS-PAGE of plasma samples and pure proteins (A), low range

molecular weight calibration curve (B), and computed migrated distances (C).
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From the SDS-PAGE in Figure 4.1, it becomes obvious that the purified proteins used
throughout this work are part of the human plasma proteome. Human serum albumin (lane 4) is
a main component of blood plasma (lanes 2 and 3), as the three samples show the same
relative migration representative of albumin standard (lane 1). Bovine albumin (lane 5) displays
a similar migration to the human albumin samples, with a determined molecular mass of 74
kDa.

Human transferrin sample in lane 6 shows two dim bands showing the same molecular weights
of fibrinogen in lane 7. As the estimated molecular weight for this protein is around 80 kDa, and
no bands are visible for this molecular weight, this could be a result of fibrinogen lane overflow.
There is no information obtained from this SDS-PAGE on the molecular weight or monomeric

structure of denatured human transferrin.

In lane 7 we can observe two fragments of the fibrinogen molecule, weighting 60 and 68 kDa.
The intense higher molecular weight band agrees with the presence of two pairs of
superimposed monomers. As fibrinogen is composed of two monomers of each polypeptide
chain, the presence of four 68 kDa monomers and two 60 kDa monomers make up its 340 kDa

molecular weight.

4.2. Homology analysis of human and bovine fibrinogen
Sequence and structural homology assays were performed to determine the similarity between
human and bovine fibrinogen, in order to validate the latter protein in the context of this work.
Figure 1.2 in Supplementary data shows the sequence alignment for human and bovine

fibrinogen, and the results are summarized below.

Table 4.1. Summarized results of the sequence alignment of bovine with human fibrinogen.

Chain Query cover Sequence identity Score E-value
a 98 % 60 % 460 6E-163
o} 38 % 15 % 19 4EQ
B 38 % 15 % 19 4E0
g’ 12% 27 % 37 1E-5
Y 98 % 60 % 460 6E-163
Y 12% 27 % 37 1E-5

Amino acid sequences of human and bovine fibrinogen from blood plasma were aligned to
investigate the degree of similarity between the two proteins. Table 4.1 shows that sequence
similarities for polypeptide chains a and y of human fibrinogen are 60 %, making them
homologue with bovine fibrinogen. A lower homology of 27 % is observed in polypeptide chains
B’ and y’; and for chains B and a’ there is no homology observed due to low similarity of 15 %
between bovine and human amino acid sequences. These results mean that a and B’
polypeptide chains, as well as the yy’ chain pair of fibrinogen from bovine are homologue to the

same amino acid sequences in human fibrinogen, and the two sequences probably have the

35



A MIXED COMPUTATIONAL MODELLING AND EXPERIMENTAL APPROACH TO THE
INTERACTION BETWEEN GOLD NANOPARTICLES AND BLOOD PROTEINS

same structure and function in the plasma because they share the same common ancestor 7 A
search for conserved structural domains in the two proteins was done in order to test this
hypothesis, whose results are shown in Table 4.2 and Table 4.3.

Table 4.2. Summarized results of the search for conserved domains in bovine fibrinogen (PDB
1DEQ).

Chain Structural domain family Location (aa) Score E-value
a Fib_alpha 31-168 207 7E-65
Fibrinogen_aC 426-490 98 3E-25

o Fib_alpha 31-168 207 7E-65
Fibrinogen_aC 426-490 98 3E-25

Fib_alpha 62-204 210 1E-66

B FreD 207-456 337 2E-115
, FreD 207-456 337 2E-115
B Fib_alpha 62-204 209 1E-66
Fib_alpha 5-146 214 2E-69

v FreD 149-388 346 1E-119
, Fib_alpha 5-146 214 2E-69
Y FreD 149-388 346 1E-119

The most noticeable structural domains observed in bovine fibrinogen fall in the Fib_alpha
superfamily, whose structural motifs are located in the coiled coil region of the three intertwined
pairs of polypeptide a, B and y chains. The Fibrinogen_aC domain contains the C-terminal of
the a chain of mammal fibrinogen, as observed in the aa’ structural domain structures. The
FReD superfamily designation stands for ‘fibrinogen-related domains’, which includes the C and

N-gobular termini of the beta and gamma polypeptide chains.

Table 4.3. Summarized results of the search for conserved domains in human fibrinogen (PDB
3GHG).

Chain Structural domain family Location (aa) Score E-value
a Fib_alpha 34-173 200 4E-64
o Fib_alpha 34-173 200 4E-64

Fib_alpha 9-151 204 3E-65

d FreD 154-389 325 1E-111
, Fib_alpha 9-151 203 3E-65
P FreD 154-404 325 1E-111
Fib_alpha 5-146 212 1E-68

Y Fibrinogen_C 149-389 357 3E-124
, Fib_alpha 5-146 212 1E-68
Y Fibrinogen_C 149-389 357 3E-124

Similar conserved structural domains in human and bovine fibrinogen are observed (Table 4.2
and Table 4.3). With this results, a highly identical amino acid sequence and structural domains
are present in human and bovine fibrinogen; being that results obtained for bovine fibrinogen

can be extrapolated to human fibrinogen due to their high similarity.
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4.3. Gold nanoparticle synthesis, concentration determination and functionalization
The various steps of the citrate reduction method for nanoparticle synthesis were monitored by
change in color during reaction (Figure 4.2). Gold (lll) chloride solution is a yellow-colored
solution that - by addition of citrate - turns transparent, after which black-colored gold
nanoclusters and small nanoparticles begin to form. At the end of the synthesis, the solution

shows a wine-red color, typical of a colloidal suspension of spherical nanoparticles with an

average diameter of 15 nanometres.

A B C D
Figure 4.2. Following the steps during nanoparticle synthesis. A- Gold (lll) chloride yellow

solution; B- reduced by citrate, C- formation of black-colored gold nanowires, and D- the

resulting red monodispersed colloidal nanoparticles.

Following AuNP synthesis and concentration determination, their functionalization with CALNN
was performed. The UV absorbance spectra of the nanoparticles before and after
functionalization are shown in Figure 4.3. A four nanometer deviation in the SPR band is
observed from 520.0 nm in synthetized gold nanoparticles to 523.9 nm in CALNN-functionalized

nanoparticles.
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Figure 4.3. UV-visible 900-300 nm absorbance spectra of AuNP (full line) and AuUNP-CALNN

0

(dotted line). Insert shows the absorbance maximum wavelenght for each spectrum.

Haiss and colleagues established a correlation between a nanoparticle’s diameter and the

molar extinction coefficient (€450,m) Of the colloidal solution  For nanoparticles from 5 to 100
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nanometers in diameter, the determination of their diameter is made by substituting the

Ab
nanoparticle’s SPR absorbance value and the absorbance at 450 nm in LONSER)

AbS(450 nm)
0.3350 Ind + 0.7301, Equation 4.1. The correspondent &450,m Vvalue

(Supplementary data, Table 1.2) of the nanoparticles can be used in the Lambert-Beer law to

determine the final nanoparticle concentration.

LPSPR) — 10,3350 In ¢ + 0.7301, Equation 4.1

ADbS(450 nm)

where ¢ represents the nanoparticle’s diameter (nm).

An intense absorbance peak at 520.0 nm is present due to the SPR phenomenon of conducting
gold valence electrons. A slight bathochromic shift upon functionalization is a result of increase
in nanoparticle diameter due to covalent binding of CALNN to the AuNP surface. The surface
plasmon resonance effect is maintained by nanoparticles; however this small size increment

produces resonance at a lower frequency detected by UV-Vis spectroscopy.

The maximum absorbance peak, together with change in solution color, can be an indicator of
nanoparticle stability. The collective electronic oscillations of aggregated nanoparticles resonate
with lower energy radiation, and its absorbance is detected in the red spectrum region showing
the complementary blue color. In this case, a solution of spherical 15 nm nanoparticles shows a

bluish color (Figure 4.4 A) and lower frequency maximum absorbance.

Figure 4.4. Nanoparticle aggregates with deviated SPR band (A), and extensive nanoparticle

aggregation with no SPR effect (B).

In the case of black precipitated aggregates on a transparent solution, the SPR effect is no
longer occurring and an extended aggregation is observed (Figure 4.4 B) providing information
on nanoparticle stability over time and under different conditions, such as varying pH values,

ionic strength, .

4.4. Prediction of the number of plasma proteins adsorbed to AuNP-CALNN
In order to define a starting point on a mechanistic model of protein adsorption to a

nanoparticle, silhouette areas of five plasma proteins have been calculated, and are shown in
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Table 4.4. In parallel, diameters of human proteins were determined as shown in Figure 4.5
and Figure 4.6. These properties can give information on the expected number of proteins

necessary to achieve full nanoparticle coverage, and help to the design of additional

experiments.

Table 4.4. Estimated silhouette areas of plasma proteins.

Plasma Silhouette area (Az), solvated protein Silhouette area (Az), without solvation waters
protein
Average | Median | Maximum | Minimum Average Median | Maximum | Minimum
HSA 3785 3725 4672 3071 3785 3724 4672 3071
BSA 3837 3804 4544 3087 3837 3804 4544 3087
HT 4009 4014 4801 2778 3827 3819 4614 2622
BPF -- -- - - 10929 11680 12999 3602
HPF - -- - - 13186 14159 15734 4363

7759 A 89.32 A 88.60A

Figure 4.5. Left: Diameter of human serum albumin (PDB 1E7I). Right: Diameter of human

transferrin (PDB 3V83).

44854 A 42751 A

70.09 A
Figure 4.6. Top: End-to-end diameter of human fibrinogen. Bottom: Average diameter of the

terminal nodules, central region and linking polypeptide chain of human fibrinogen. (PDB

3GHG).
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By predicting the size of each plasma protein, it is possible to estimate the amount of proteins
adsorbed to a 20 nm nanosphere. These intermediate assumptions can be used to establish a
model for protein adsorption to nanoparticle upon arrival at the bloodstream.

The silhouette area of human albumin is in average 3785 A?, and its average diameter is 83.6
A. Assuming a face-centered cubic unit cell packing, meaning full nanoparticle coverage, and

33V,

applying ittor, = py

) Equation 1.7 it is estimated that eighteen similar HSA

proteins can adsorb to a 20 nm spherical nanoparticle.

The same process can be applied to human transferrin, with a silhouette area of 3827 A% and an
average diameter of 85.2 A, resulting in a nanoparticle covered with seventeen transferrin
proteins. As both proteins exhibit globular shape; one can assume that these molecules have
no global orientation preference when adsorbing to a nanoparticle, and their hypothetical
binding sites are roughly spread out across the entire protein surface (Figure 4.7).

Figure 4.7. Schematic representation of nanoparticles’ albumin (left) and transferrin (right)

coronas (not drawn to scale). Nanoparticle model adapted from 48

Fibrinogen’s adsorption to nanoparticles shows a different adsorption configuration, owing to its
thread-like shape. End-to-end measurements (Figure 4.6) show an average diameter of 441.6
A, with a silhouette area of 13186 A% The diameter of the central region is 36.54 A, and the
terminal nodules show 70.09 A in diameter, with 15425.6 A? of surface area ?° (Figure 4.6).
Assuming an end-on adsorption orientation carried out by one of the terminal nodules, there
would be about twenty-nine fibrinogen molecules around a 20 nm nanoparticle (Figure 4.8).
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Figure 4.8. Schematics of fibrinogen adsorbed to a nanoparticle (not drawn to scale).

Nanoparticle model adapted from *®,

4.5. Electrostatic potential surfaces of plasma proteins
Accessing the surface potential of plasma proteins is a tool for finding possible interaction sites
with nanoparticles. Figure 4.9 shows the electrostatic potential surface of human serum

albumin at pH 7.4 (also in Supplementary data, Figure 1.5).

A. Back-view B. Bottom-view

Figure 4.9. Electrostatic potential surface of human serum albumin at pH 7.4.

Human albumin shows three hydrophobic pockets for ligand binding. These regions exhibit at
their surface positive electrostatic potential at physiological conditions (Figure 4.9 A,), and the
pocket environment is hydrophobic. The protein shows overall negative surface charge, whose
intensity is stronger at the bottom of the protein (Figure 4.9 B). The surface charge distribution
in albumin suggests that this protein could interact with the alanine and leucine CALNN

residues by hydrophobic interactions in its ligand pockets.
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Human transferrin’s electrostatic potential surface (Figure 4.10) displays an even charge
distribution spreading throughout the tertiary structure (Supplementary data, Figure 1.7). The
region that interacts with its membrane receptor shows negative potential values (Figure 4.10
A), and the opposite protein side displays positive potential values (Figure 4.10 B), showing

higher intensities at the upper side of its right lobe.

Potential

+ -
A. Back-view . . B. Front-view

Figure 4.10. Electrostatic potential surface of human transferrin at pH 7.4.

In Figure 4.10 B, a high intensity of positive potential values is also visible at the top-right side
of transferrin. This could indicate a possible interaction area for negatively-charged residues like
the carboxylic end of CALNN peptide. This result could be a starting point to access the
interaction site of transferrin with CALNN-functionalized nanoparticles; if transferrin has a
localized positive charge at its surface, its adsorption to negatively-charged nanoparticles could

be processed by van der Waals interactions of close opposite-charged residues.

Fibrinogen displays a more complex potential distribution on its surface (Figure 4.11, and
Figure 1.8 in Supplementary data). The three pairs of intertwined chains (Figure 4.11 D) show
residues with both positive and negative charge, giving this structure overall neutral charge.
Terminal nodules display positive global charge (Figure 4.11 B and C) while the central region

of fibrinogen is predominantly negative (Figure 4.11 A).

Potential
+ -

A. Central region B. Left-nodule C. Right-nodule
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D. Chains

Figure 4.11. Electrostatic potential surface of human fibrinogen at pH 7.4.

This fibrillary shape and localized intense surface charges can originate a couple of hypotheses
on the way fibrinogen can interact with nanoparticles: (1) via its central region, by electrostatic
interactions between positive charged protein residues and negatively-charged CALNN
residues; and (2) by its terminal nodules, through van der Waals bonds between adjacent

nuclei.

The first requires that adsorption is made assuming a side-on orientation preference, leaving
out the linking chains and nodular termini to interact with the negatively-charged nanoparticle
surface, which could promote conformational changes to the protein structure. Interaction
through the terminal nodules could be promoted by an end-on adsorption orientation, in which

fibrinogen proteins would spread out from the nanoparticle surface (Figure 4.8).

Using these computational results, electrophoretic mobility assays were produced for
bionanoconjugates of three plasma proteins with increasing concentration ratios in order to
obtain experimental data regarding formation of protein corona, binding and dissociation

constants and nanoparticle surface saturation with plasma proteins.

4.6. Human albumin bionanoconjugates adsorption behaviour over time
Incubation time is crucial for the formation of protein corona on nanoparticles " The main focus
of this assay was to examine the influence of protein incubation time on the HSA adsorption to
nanoparticles. The digital images of 1 h, 3 h, 7 h, and 24 h incubation assays for increasing
[HSA]:[AUNP-CALNN] ratios are shown in Figure 4.12.

[HSALIAUNP-CALNN] [HSA][AUNP-CALNN]
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[HSAJ:[AUNP-CALNN]

[HSAJ[AUNP-CALNN]

85:1
150:1
200:1
300:1

Figure 4.12. Agarose gel digital images of 1 h (A), 3 h (B), 7 h (C), and 24 h (D) incubation
assays with increasing [HSA]:[AuNP-CALNN] ratios.

Several authors have already studied the dynamics of protein adsorption to nanoparticles and
the formation of the protein corona (see 1.1. Protein corona). This process is governed by the
Vroman effect, which relies on the protein’s thermodynamic and kinetic behaviours. Studying
the formation protein corona composed of only one type of protein allows the determination of
variances in affinity constants and assessment of protein-protein interactions during the
formation of the protein corona around nanoparticles. Figure 4.12 shows the evolution of

human serum albumin corona adsorption to nanoparticles over time.

Figure 4.12 A and B represent shorter incubation times of protein corona formation. Human
albumin adsorption to nanoparticles starts by creating diffuse bionanoconjugates bands, result
of nanoparticles coated with distinct albumin quantities. These bionanoconjugates seem to have
the most varying protein content, which reflects on their molecular weight and surface charge;
and finally on their electrophoretic mobility. The initial formation of albumin corona appears to
be a dynamic process in which albumin proteins start interacting with the nanoparticle surface,

forming uneven protein coronas with varying protein content and molecular weights.

Figure 4.12 C represents an overnight (7 h) incubation of HSA with gold nanoparticles. Overall
the compactness of the bionanoconjugates bands seems to have improved with increase of
incubation time. This can account for the fact that establishment of stronger interactions
between albumin and the nanoparticle surface could be a slow process only achieved in this
time interval. Tighter bionanoconjugates bands also explain the formation of more uniform
protein corona, showing less variable molecular weights which in consequence exhibit a more

even migration in the agarose gel.

After twenty four hours incubation, albumin corona around nanoparticles are well formed, which
is visible in Figure 4.12 D. The bands have become even more compact then in the 7 h assay,
and any noticeable smear is explained by protein dissociation equilibrium from nanoparticle
surface to bulk solvent and vice versa.

44



A MIXED COMPUTATIONAL MODELLING AND EXPERIMENTAL APPROACH TO THE
INTERACTION BETWEEN GOLD NANOPARTICLES AND BLOOD PROTEINS

For practicality reasons and with these results in mind, further electrophoretic assays were
performed to predict the concentration ratios necessary to produce a full protein corona on
nanoparticles, using 7 h incubation time for all the plasma proteins and whole plasma
bionanoconjugates.

4.7. Electrophoretic mobility of AuNP-CALNN bionanoconjugates
The digital image of an agarose gel of AUNP-CALNN bionanoconjugates of human serum
albumin produced with increasing protein concentration is displayed in Figure 4.13 A, with the
objective of determine the concentration ratio where a protein corona is formed around
nanoparticles. The compact red band of nanoparticles alone in lane 1 is an indicator of the
homogeneity present in the functionalized nanoparticle sample. Its migration distance and band
shape also confirm successful nanoparticle functionalization, due to consistently even binding of
CALNN capping agent to all nanoparticles. This creates uniform functionalized nanoparticles

which migrate similarly in the agarose gel.
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Figure 4.13. Electrophoretic mobility assay of HSA:AuNP-CALNN bionanoconjugates (A),
Langmuir isotherm plot (B), and computed migration distances (C).
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Conjugation promotes increase in molecular weight and decrease in the surface charge of the
bionanoconjugates, resulting in decreased mobility when comparing to unconjugated AuNPs.
Protein to nanoparticle ratios ([HSA]:]AuNP-CALNN]) used in this assay ranged from 0 to 1500,
and show full nanoparticle coverage starting at 400:1 protein to nanoparticle ratio is confirmed

by the plateau of electrophoretic mobility of Figure 4.13 C.

Fitting a Langmuir isotherm to the electrophoretic mobility values for bionanoconjugates allows
the determination of the binding constant for albumin to nanoparticles (K., = 5.56E-2 + 1.18E-2
M™). In addition, Hill equation fitting of the data enabled the prediction of dissociation constant
of K. = 2.05E0 + 2.72EQ M the Hill cooperativity coefficient was disregarded owing to its
negative value (n = -2.54).

By decreasing the [HSA]:[AUNP-CALNN] ratios, resolution of mobility distances was assumed to

improve. The assay for protein:nanoparticle ratios from 0 to 400 presented in

Figure 4.17 A reveals formation of a plateau for albumin bionanoconjugates starting already at

a 200:1 ratio, also supported by the Langmuir isotherm in Figure 4.14 B.
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Figure 4.14. Electrophoretic mobility assay of HSA:AuNP-CALNN bionanoconjugates (A),

Langmuir isotherm plot (B) and computed migration distances (C).
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Functionalization produced compact bands observed in the first two lanes in Figure 4.14 A.
Smear in bionanoconjugates with 40:1 up to 100:1 ratios can be explained by the formation of
bionanoconjugates with varying protein content, which migrate differently in the agarose
support. The binding constant for albumin was derived from the fitting in Figure 4.14 B and
resulted in K., = 9.92E-2 + 2.07E-2 M Hill cooperativity coefficient was determined by fitting
Hill's equation to the electrophoretic mobility data, n =0.138. The dissociation constant was also
derived from Hill's equation K; = 3.05E0 * 4.99E-4 M™; as well as the Hill coefficient n = 0.299.

The value for the dissociation constant K, together with the low Hill coefficient obtained for the
formation of albumin corona seem to reflect the influence of protein-protein uncooperative
interactions at the nanoparticle surface. The value for equilibrium of albumin at the nanoparticle
surface seems to show a slow exchange time between free and bound protein. The
albumin:nanoparticle ratios appear to be not high enough to promote nanoparticle saturation
producing full albumin corona, due to repulsive crowding effect of albumin proteins on the

nanoparticle surface.

The digital image of AUNP-CALNN bionanoconjugates of human serum albumin are displayed
in Figure 4.15. The purpose of this assay was to observe the migration behaviour of even
smaller concentration ratios of albumin to nanoparticle, close to those estimated for a
monolayer corona. In fact these concentration ratios are not related to the number of proteins
forming a monolayer corona; nevertheless the low concentrations ratios were used in this

assay.
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Figure 4.15. Electrophoretic mobility assay of HSA:AuNP-CALNN bionanoconjugates (A), and

computed migration distances (B).

The visible smear prevalent across all samples can be justified by the following phenomena: (1)
protein dissociation from bionanoconjugate, (2) inefficient nanoparticle functionalization, and (3)
nanoparticle aggregation. Loss in protein content is also confirmed by the pale red color in

samples with concentration ratios from 10:1-20:1. Widespread nanoparticle aggregation can
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cause unsuccessful interaction with CALNN molecules and/or albumin. Even so a decrease in
mobility is observed between bionanoconjugates lower protein:nanoparticle concentration
ratios. Again, no plateau was established with the highest ratio being 40:1. Protein to
nanoparticle ratios do not give information on the amount of protein at the nanoparticle surface,
they provide information of the proportionality between species in solution; in fact these ratios
are not high enough to produce a protein corona because no migration plateau was achieved.
In order to determine protein concentration (not number) required to produce a protein corona
around nanoparticles, binding constants should be determined from fitting Langmuir isotherm
plot to electrophoretic mobility data. As no plateau is observed for these protein to nanoparticle
concentration ratios, the data obtained from Langmuir and Hill equations fitting cannot be

considered because there was no established equilibrium between free and adsorbed proteins.

The second most abundant blood protein is fibrinogen. The digital images of AUNP-CALNN
bionanoconjugates of bovine plasma fibrinogen (BPF) are displayed in Figure 4.16 A. As
before, functionalization was assessed by the shape and migration of the unbound nanoparticle
band, displaying the highest migration distance. Complete fibrinogen corona on nanoparticles is
visible starting at 600:1 [fibrinogen]:[AUNP-CALNN] ratio (Figure 4.16 A).
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Figure 4.16. Electrophoretic mobility assay of BPF:AuNP-CALNN bionanoconjugates (A), its
computed migration distances (B), and Langmuir isotherm plot (C).
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Fibrinogen shows decreasing electrophoretic mobilities due to progressive nanoparticle
coverage. Lanes with concentration ratios from 40:1-200:1 show broader bands, possibly due to
the presence of several degrees of protein coverage. At 600:1 concentration ratio a full corona
of bovine fibrinogen is observed. The Langmuir adsorption isotherm fitting these electrophoretic
mobility results gives an equilibrium constant for fibrinogen binding to nanoparticle surface of
K.q = 3.91E-2 + 1.08E-2 M. The Hill cooperativity coefficient obtained by fitting the Hill
equation to the data was n = 0.224, and the dissociation constant was K; = 3.75E0 + 2.33E-3
M.

These results show that fibrinogen dissociation from nanoparticles is favoured as opposed to
adsorption, due to the higher K,; constant obtained. In addition, the Hill coefficient is also low,
maybe caused by negative cooperativity effects from adsorption of a high concentration of
fibrinogen to nanoparticles. The fibrinogen concentration ratios promoted nanoparticle

saturation, provoking dissociation of the fibrinogen corona.

Electrophoretic assays with transferrin have been disregarded due to the consistent aggregation
of bionanoconjugates, visible in Figure 1.3, Supplementary data. Owing to the impossibility of
obtaining electrophoretic mobility values for transferrin bionanoconjugates, there was
consequently not possible to obtain values for the binding constant K., from the Langmuir
isotherm plot, neither for Hill coefficient n or dissociation constant K; from the nanoparticle.
Because of this, no information can be discussed on the transferrin saturation at nanoparticle
surface.

4.8. Electrophoretic mobility of plasma-conjugated nanoparticles
Conjugation of nanoparticles with plasma samples enables the formation of plasma protein
corona, mimicking the process of injecting nanoparticles into the bloodstream.
Figure 4.17 shows the electrophoretic mobility assays of two whole plasma-conjugated

nanoparticles with increasing plasma concentrations.

[plasma]:[AUNP-CALNN]

o

mam
30:1
50:1
125:1

3
i

5:1
18:1
30:1
50:1

125:1

A B
Figure 4.17. Electrophoretic mobility assays of AuNP-CALNN bionanoconjugates with

increasing concentrations of two human plasma samples, from Instituto de Medicina Molecular
(A), and Marta Giza (B).
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The electrophoretic mobility assay in

Figure 4.17 A shows a distinct decrease in bionanoconjugate migration due to plasma protein
corona formation at the nanoparticle surface. The 125:1 plasma protein to nanoparticle ratio
was not high enough to reach a plateau, so it is still unclear if full nanoparticle coverage has
been achieved. Nevertheless, the diffuse bands observed in this assay can be explained by the
formation of multiple nanoparticle coronas with (1) distinct plasma protein quantities; and/or (2)
different plasma protein content. These unevenly-coated nanoparticles would show variable
molecular weights; and so their migrations would differ, even for the same plasma:nanoparticle
ratio.

Assay of

Figure 4.17 B exhibits little or no variance in electrophoretic mobility of the plasma protein
bionanoconjugates; hence it is reasonable to assume that (1) either adsorption to nanoparticles
did not occur; or (2) there was a very small amount of plasma proteins conjugated with
nanoparticles. Total protein concentration of 9 g/L, determined by BCA method and also
observed in the SDS-PAGE in Figure 4.1, was lower in comparison to average plasma
concentration; and this can explain the small difference in migration between unbound
nanoparticles and plasma bionanoconjugates. Again, smeared bands in this assay can be a

result of variable protein content and/or quantity for each ratio.

4.9. Hydrodynamic radii of AuNP-CALNN, plasma proteins and bionanoconjugates
The hydrodynamic radius of blood plasma proteins was determined by dynamic light scattering
in order to compare these results with the hydrodynamic radius of bionanoconjugates and free

nanoparticles, and characterize the diameter of protein corona around nanoparticles.

Volume distributions of dynamic light scattering data provide information about the
proportionality between different size populations in suspension, and their autocorrelation

curves elucidate on accuracy of measurements; while Z-average results are directly derived
kpT

from Dy, = pr——

Equation 1.1 using cumulants technique on intensity light

scattering data. Both results are important, either for the determination of diameter of
bionanoconjugates, nanoparticles and proteins; or the assessment of consistent results during

DLS experiments.

Dust and aggregates exhibit hydrodynamic radii in the size range of micrometres; a thousand
times larger than the diameter of bionanoconjugates or even free proteins or nanoparticles in
suspension. The scattered light by these entities is a million times more intense then the signal
obtained for bionanoconjugates. This is why masking of hydrodynamic radii signal intensity of
smaller nanoparticles or proteins, due to this scattering effect of aggregates or dust, is a major
concern in DLS experiments. Consistently ‘good-fitting’ autocorrelation curves were the

selection criteria in each measurement, and the hydrodynamic radius and Z-average results
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described ahead are representative of meaningful experiments. Taking into account the effects

of protein aggregation on the measured

[ Lreo 20 (27‘:)2 (n2—1)2 (d)6
T 70 a2 2 n2+2) \2/°

scattering), several protein concentrations were tested in order to detect consistent proteins’

scattered light (see

Equation 1.3 in 1.3.2. Dynamic light

hydrodynamic radii. The results are shown below on Table 4.5.

Table 4.5. Hydrodynamic radii of plasma proteins determined using dynamic light scattering.

Protein Concentration Z-average (nm)
50 g/L 9.0
BSA 25 g/L 8.8
12.5g/L 8.8
HSA 10 g/L 9.5
BPF 12.5g/L 320.8

Hydrodynamic radius of bovine albumin was determined to be 8.8 nm, or 88 A. Radii of 313 A,
2061 A and 3208 A were determined and attributed to protein aggregation and dust
contaminants. This protein showed satisfactory results for all the concentrations tested. For

human albumin 9.52 nm was the resulting hydrodynamic radius (

Figure 4.18); other measurements of 790 A, 21114 A, and 2053 A were assigned to dust or

protein aggregates.
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Figure 4.18. Volume distribution of human serum albumin 10 g/L. Inlet shows autocorrelation

curve.

Fibrinogen showed an average hydrodynamic radius of 3208 A, corroborating the value
described by Hall et al., and the computational result in Figure 4.6. Different assays resulted in

16113 A that were assigned to polymerization of fibrinogen 2

° protein aggregates or dust
contamination. Human transferrin’s hydrodynamic radius was measured as 4361 A. Protein

aggregation was also detected with a value of 12753 A.
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Light scattering assays of unconjugated nanoparticles provide useful information for size
determination of the protein corona, by comparison of the hydrodynamic radii of
bionanoconjugates with the ones of free proteins and nanoparticles. The following volume
distributions of hydrodynamic radii of bionanoconjugates of three distinct plasma proteins are

representative of at least three distinct measurements.

Figure 4.19 shows volume distribution of albumin bionanoconjugates with increasing
protein:nanoparticle ratios. The free nanoparticles show a sharp peak at 15.9 nm, with Z-

average of 24.6 nm.
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Figure 4.19. Volume distribution of gold bionanoconjugates with increasing human albumin

ratios.

From the volume distributions of albumin bionanoconjugates in Figure 4.19, a two-sized
population seems apparent; one composed of lower concentration ratios of human albumin
which shows smaller hydrodynamic radii of circa 37 nm, and other with larger radii of about 50
nm correspondent with higher [HSA]:[AuNP-CALNN] ratios bionanoconjugates. This can be
explained by saturation of nanoparticle surface with higher protein concentration ratios, resulting

in adsorption of larger number of albumin proteins at the AuNP surface.

Comparing the hydrodynamic radius of this ‘lower concentration ratios’ population (D, = 37 nm)
with the radius of nanoparticles alone (D, = 16 nm) gives information on the size of protein
corona of bionanoconjugates with lower [HSA]:JAuNP-CALNN] ratios. The value for this radius
is about the size of a human albumin hydrodynamic radius (D, = 9.5 nm) forming a monolayer

around the nanoparticle with side-on adsorption orientation.

Repeating this logic for the ‘higher concentration ratios’ albumin bionanoconjugates, the result
obtained for the estimated hydrodynamic radius of protein corona is 17 nm. This value is not
enough to fit’ two albumin proteins around a nanoparticle to form a double layer protein corona.
However, if adsorption to nanoparticles promotes conformational changes in the protein
structure, this could explain the formation of a corona of 17 nm with albumin proteins having a

tighter packing around the nanoparticle.
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Other globular protein of blood plasma is transferrin. Its bionanoconjugates do not show
different size populations as seen for human albumin, but instead have increasing

bionanoconjugate hydrodynamic radii as the concentration ratios are higher (Figure 4.20).
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Figure 4.20. Volume distribution of gold bionanoconjugates with increasing transferrin ratios.

Nanoparticles alone show a hydrodynamic radius of 16.8 nm. From the volume distributions of
bionanoconjugates of transferrin with increasing protein:nanoparticle ratios, hydrodynamic radii
increase from 28.5 nm, 46.5 nm, 59.4 nm up to 82.3 nm (concentration ratios of 25:1, 100:1 and
250:1, 300:1, 350:1; respectively). Because no binding constants could be obtained for
transferrin adsorption to the nanoparticle surface (see 1.2. Electrophoretic mobility of AuNP-
CALNN bionanoconjugates), it was impossible to determine if these concentration ratios were
high enough to produce a full protein corona. If they were, transferrin’s K., would be lower than
the dissociation constant K; and the dissociation of transferrin to the medium would be
favoured. On the other hand, if these ratios are too low to achieve a complete protein corona,

the favoured adsorption process would reflect on a high value of binding constant to the
nanoparticle surface.

Figure 4.21 shows volume distributions of hydrodynamic radius of bionanoconjugates of bovine

fibrinogen with increasing protein:nanoparticle ratios.
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Figure 4.21. Volume distribution of gold bionanoconjugates with increasing fibrinogen ratios.

The hydrodynamic radius of unbound nanoparticles showed an average diameter of 16.9 nm.
10:1 fibrinogen:nanoparticle bionanoconjugates show a hydrodynamic radius of 32.3 nm; 25:1
ratio has a hydrodynamic radius of 36.4 nm, and 50:1 ratio bionanoconjugate is 46.5 nm.
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The lower protein:nanoparticle ratios display little variance between themselves, which can
point to a different adsorption preference to the nanoparticle surface. Fibrinogen has a central
region with positive net charge (see Figure 4.11), which can easily interact with the overall
negative nanoparticle surface. Due to its fibrillar shape, this could promote wrapping process
around the nanoparticle creating a fibrinogen corona with a different adsorption orientation than

the predicted end-on (Figure 4.8).

This wrapping event could generate bionanoconjugates showing hydrodynamic radii lower than
the ones expected form an end-on adsorption orientation. Lower fibrinogen:nanoparticle ratios
show radii differences up to 29.6 nm; which, again due to conformational changes upon
adsorption of the firinogen’s central region to the nanoparticle, would be a possible monolayer

protein corona.

Higher fibrinogen:nanoparticle concentration ratios display increasing hydrodynamic radii of
109.3 nm for 100:1; 157.6 nm for 125:1 and 175:1 concentration ratios; and 201.2 nm for 250:1
fibrinogen:nanoparticle concentration ratio. From the electrophoretic data discussed earlier (see
1.1. Electrophoretic mobility of AuNP-CALNN bionanoconjugates), these concentration
ratios produced a Langmuir binding constant for fibrinogen adsorption lower than the
dissociation constant obtained by the Hill equation; supporting that nanoparticle saturation was
achieved and fibrinogen concentration ratios promote some uncooperative binding events due
to the Hill coefficient of n =0.224.

4.10. Zeta-potential of albumin bionanoconjugates
Zeta-potential values were determined for different HSA ratios at AUNP-CALNN surface by

relating electrophoretic mobilities with increasing agarose percentages (log(u.) = log( o) —

K. .T, Equation 1.5). The digital images of HSA:AuNP-CALNN bionanoconjugates

electrophoretic mobility assays with increasing agarose percentages are presented in

Supplementary data, Figure 1.4). .

As described by Pons et al. *° and Rodbard et al. *°, the increase of agarose percentage on a
gel tightens the polymer mesh by decreasing pore size, making electrophoretic movement of
bionanoconjugates decrease. Relating the two parameters and converting the results with

{ — 3775”0

, Equation 1.6, one can derive the zeta-potential value for free nanoparticles and
2€5.H(KR)

HSA bionanoconjugates with different protein concentration ratios.
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Figure 4.22. Electrophoretic mobility values for AuNP-CALNN albumin bionanoconjugates with

-2.1

increasing protein concentration ratios.

From
Figure 4.22, a gradual loss of mobility is visible with increase of agarose concentration. This is
a result of decrease of agarose pore size, slowing down the migration of bionanoconjugates and
nanoparticles. Plotting the logarithm of electrophoretic mobility against agarose percentage,
log(we)=log(u0)—A7. 7, Equation 1.5 can be determined (
Figure 4.23 and Table 4.6).
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Figure 4.23. Logarithm of electrophoretic mobility versus agarose percentage for AUNP-CALNN

albumin bionanoconjugates with increasing protein concentration ratios.

Table 4.6. Electrophoretic mobility results of bionanoconjugates for each AUNP-CALNN:HSA
concentration ratio with increasing agarose percentage.

[HSA]:[AuNP-CALNN] Kr log(Me) R?
0 -0.1919 0.3768 0.8023
10 -0.2146 0.3822 0.8237
25 -0.2055 0.3746 0.8031
50 -0.2168 0.3502 0.9067
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75 -0.2164 0.3028 0.8047
100 -0.2286 0.2857 0.8318
150 -0.228 0.2727 0.7588
200 -0.2262 0.2631 0.8063
250 -0.2819 0.3068 0.9399

Figure 4.24 shows zeta-potential values for gold nanoparticles and bionanoconjugates of
albumin with increasing concentration ratios, derived from log(u.) = log o) — K, .T,

31nsko

Equation 1.5 an nvert in = E ion 1.6.
quation 1.5 and converted using { e H(KR) ’ quation 1.6
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Figure 4.24. Zeta-potential values for HSA:AuNP-CALNN bionanoconjugates with increasing

protein:nanoparticle ratios.

The results show a decrease in zeta-potential values for bionanoconjugates with concentration
ratios starting on 25:1 to 250:1, with values from -26.05 mV up to -20.36 mV, when comparing
with free gold nanoparticles ({= -26.16 + 2.28 mV). The adsorption of albumin produces an
increase in molecular weight of the nanoparticles, promoting shielding of the negative surface
charge of the nanoparticle. This reflects on the displacement of the shear plane to lower

potential values (see 1.4.3. Zeta-potential).

Variation between zeta-potential values (A= 5.8 mV) is not enough to bring the potentials out of
the colloidal stability range, so no significant flocculation of the bionanoconjugates was
observed (see Supplementary data, Figure 1.4). This means that conjugation with albumin

proteins produces stable and dispersed bionanoconjugates.

4.11. Protein-ligand docking

4.11.1. Binding modes of CALNN peptide
The synthetic CALNN peptide is generally used in bionanotechnology to functionalize
nanoparticles, creating an amino acid layer prone to interact with medium proteins and

macromolecules. This capping agent is covalently bound to the nanoparticle from its cysteine
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(C) terminal residue, exposing its alanine (A), leucine (L) and two asparagines (N). The first two
are hydrophobic amino acids, and the asparagine residues provide functional groups for protein
interaction — amine and carboxylic groups for hydrogen bonds, and two aliphatic side chains for

non-polar interactions.

The purpose of this docking assay was to identify which binding modes for CALNN peptide
would be valid, as this peptide is restricted to interact with proteins through its arginines
residues, because of the sulphur covalent bond with gold nanoparticles. The transferrin-CALNN
docking assay produced nine CALNN modes, revealing nine possible sites for this peptide to
bind to this protein (Figure 4.25, and Supplementary data, Table 1.4). The docking
experiments revealed a localized preference of CALNN peptide on the transferrin structure.
Most CALNN binding modes obtained were interacting with residues in the left lobe of

transferrin (Figure 4.25, Front view).
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Top-view Bottom-view

Figure 4.25. Molecular visualizations of nine CALNN peptide modes on human transferrin
(PDB 3V83) at pH 7.4.

This result contradicts the interpretation of transferrin’s electrostatic potential surface made
before (see 4.5. Electrostatic potential surfaces of plasma proteins), were the negatively-
charged right lobe of transferrin was suggested for the most probable interaction site of CALNN
peptide. However, docking results showed that the aliphatic interactions of asparagine’s side
chain, alanine and leucine prevailed over the van der Waals interactions between close
opposite-charged nuclei. Most of the binding modes found seem to be making non-polar
interactions with residues on the left lobe transferrin (Figure 4.25, Top-view). The hydrophobic
interactions predicted above could only be made by the aliphatic side chains of asparagine,
alanine or leucine residues, meaning that the prevalent CALNN binding modes are not

performed through the cysteine residue.

Even though the binding modes obtained were valid for this docking assay, there is one more
aspect to address in the interpretation of these results: these docking assays were performed
using the CALNN peptide as a free ligand and, by doing so there was no limitation for binding
modes via the cysteine residue of CALNN. In fact this does not reflect the reality, where CALNN
peptide interactions are restricted to the exposed residues and the cysteine sulphur atom is
covalently bound to gold. One suggestion for the improvement of this interaction search is to

restrict binding modes that interact through the cysteine sulphur atom.

To develop on this CALNN orientation restriction, and based on the assumption that the C-
terminus of CALNN exhibits higher mobility and thus higher interaction with transferrin, and that
its cysteine and alanine residues are tightly bound to the AuNP surface, a second protein-ligand
docking assay was performed using a hypothetical NNN peptide and human transferrin. This
transferrin-NNN docking assay produced nine NNN modes, revealing nine possible binding
sites for this peptide to bind to transferrin (Figure 4.26, and Supplementary data, Table I.5).

Front-view Back-view
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Top-view Bottom-view

Figure 4.26. Molecular visualizations of nine NNN peptide modes on human transferrim (PDB
3Vv83) at pH 7.4.

The results obtained from this docking experiment were surprisingly different from the ones
obtained before: the nine NNN peptide binding modes obtained showed a homogeneous
distribution on transferrin’s surface as opposing to the results obtained for CALNN peptide. The
three asparagines revealed interactions with hydrophobic and/or aliphatic sites of transferrin
(Figure 4.26). As no interaction site was particularly obvious with this docking assay, the
interpretation of the electrostatic potential surface of transferrin (see Figure 4.10. Electrostatic
potential surface of human transferrin at pH 7.4. and Supplementary data, Figure 1.7) is
maintained, and aliphatic interactions with the upper right lobe residues seems an acceptable

argument for the adsorption of transferrin to nanoparticles.

From these docking experiments one can conclude that (1) the results for NNN peptide were
inconclusive, and (2) the CALNN peptide docking produced acceptable results for the prediction
of valid binding modes for interaction with plasma proteins. Given this, a new docking approach
was taken to investigate the possible interaction sites when nanoparticles become in contact

with plasma proteins.
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4.11.2. Interaction sites for nanoparticle interaction
The following docking experiment was performed by increasing the number of binding modes
generated, and lowering the accuracy of the search space. The idea behind this was to estimate
if there would be a particular location on the protein structure where CALNN peptide shows a
higher affinity to. This could represent the interaction site of gold nanoparticles as they
encounter plasma proteins in the bloodstream. Docking results of human transferrin-CALNN are
presented in Figure 4.27, and the binding modes are colored from cyan to magenta, from the

lowest to the highest B-factor.
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Top-view Bottom-view

Figure 4.27. Molecular visualizations of CALNN peptide modes on human transferrim (PDB
3Vv83) at pH 7.4.

The results obtained for this docking assay show heterogeneous distribution of CALNN peptide
throughout transferrin surface. Apparently the regions showing mostly neutral or positive
charges have higher affinity for CALNN peptide, because in these areas the temperature factors
of CALNN are higher. Transferrin’s right-side view in Figure 4.27 shows a particular ‘hot spot’
for CALNN affinity, due to the intense magenta coloring representative of high B-factor. This
high temperature is proportional to the binding energy for this interaction. It seems that CALNN
hydrophobic residues have a great importance in the interaction with proteins, and these are
observed preferentially in complementary hydrophobic regions. Another docking experiment
was performed using human albumin (Figure 4.28), with the same color scale for CALNN

temperature factor as before.

B-factor

Left side-view Right-side view
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Top-view Bottom-view
Figure 4.28. Molecular visualizations of CALNN peptide modes on human albumin (PDB 3E7I)

atpH 7.4.

These docking results are in fact similar to the ones found for transferrin. The preferred
interactions of CALNN are low positive charges and mostly neutral surfaces (Figure 4.28, front-
view, on the upper left side of albumin). This indicates for aliphatic and hydrophobic interactions

between the protein’s residues and alanine, leucine and arginine hydrophobic side chains.

My final suggestion for this process is that interaction of CALNN-functionalized nanoparticles is
made preferentially via its hydrophobic and aliphatic side chains onto the hydrophobic regions

of plasma proteins.

4.12. A first glance into the adsorption mechanism of plasma proteins to gold
nanoparticles

After intravenous injection, functionalized gold nanoparticles enter the bloodstream and are in
contact with all the biomolecules present in this physiological medium. These spherical gold
nanoparticles exhibit between themselves a face-centered cubic packing, the same packing
geometry as observed inside protein structures, which are also in circulation in the aqueous
phase of the blood: the plasma. Due to their conducting valence electron shell, gold
nanoparticles have characteristic physicochemical properties, such as negative surface charge
and stability within + 30 mV zeta-potential range. The functionalization process has provided
gold nanoparticles the ability to produce hydrophobic interactions between the capping agent’s
aliphatic side chains with hydrophobic regions of albumin and transferrin. These interactions
give rise to protein adsorption at the nanoparticle surface, showing for albumin a minimum
200:1 concentration ratio with a side-on orientation adsorption, orientation also predicted for
transferrin. For fibrillary-shaped fibrinogen this value is 600:1, and its adsorption happens from
its positively-charged central region promoting chain wrapping around the nanoparticle.
Uncooperativity effects are observed for multiple protein adsorptions, favouring the dissociation

of proteins from the nanoparticle.

62



A MIXED COMPUTATIONAL MODELLING AND EXPERIMENTAL APPROACH TO THE
INTERACTION BETWEEN GOLD NANOPARTICLES AND BLOOD PROTEINS

5. Conclusions

The formation of a plasma protein corona around nanoparticles is a dynamic process
determined by protein availability and affinity to the AuNP surface, as well as physiological
conditions and the individual's plasma proteome. Whole plasma SDS-PAGE determined that
human albumin, fibrinogen and transferrin were in fact part of the human blood proteome.
Synthesis of gold nanoparticles by the citrate reduction method produces nanospheres with
diameters from 10-30 nm that, when functionalized with the pentapeptide CALNN, show
exposed amino acid residues capable of interacting with circulating blood proteins creating
bionanoconjugates. A monolayer protein corona of seventeen albumin and eighteen transferrin
proteins with a side-on adsorption orientation was predicted using a fcc packing geometry.
Establishment of protein:nanoparticle concentration ratios promoters of protein corona formation
around nanoparticles have been applied to agarose gel electrophoresis; in which the decrease
in bionanoconjugates migration relative to nanoparticles alone proofs the formation of protein
corona, and Langmuir and Hill equation fittings allow determination of binding and dissociation
constants for nanoparticle adsorption; as well as estimation of cooperativity behaviour of protein
binding from the Hill coefficient. Both albumin and fibrinogen showed nanoparticle corona
saturation, supported by higher dissociation constants and low Hill cooperativity coefficients.
Albumin and fibrinogen bionanoconjugates show formation of protein corona with 200:1 and
600:1 [protein]:[nanoparticle] ratios, respectively. Zeta-potential determination of albumin
bionanoconjugates resulted in potentially stable colloidal bionanoconjugates that shield the
nanoparticle’s -26.16 mV potentials decreasing its surface charge up to -20.36 mV. DLS
methods on albumin bionanoconjugates enabled the detection of a monolayered and two-
layered protein corona with the increase in [HSA]:[AuNP-CALNN] ratio; while for fibrinogen the
hydrodynamic radii obtained suggested wrapping effect upon adsorption to nanoparticles.
Transferrin bionanoconjugates showed increase in hydrodynamic radius linearly with the
increase in protein:nanoparticle ratios. Aggregation issues impaired the determination of binding
constants, cooperativity coefficients, molecular weight and electrophoretic mobilities for
transferrin bionanoconjugates. Plasma proteins electrostatic potential surfaces also provide
information on surface charge, and unveil details on binding sites at nanoparticle surface.
Human albumin shows predominant interaction sites via its hydrophobic pockets by aliphatic
interactions with CALNN hydrophobic side chains; transferrin hydrophobic regions also show
high affinity for CALNN aliphatic interaction; and fibrinogen shows two adsorption orientation
preferences: side-on via its negatively-charged nodular termini, or through its positively-charged
central region promoting wrapping around the nanoparticle. Understanding and combining these
very distinct properties will allow the creation of nanoparticle surface models for predicting
adsorption events of one, and in the future, multiple plasma proteins in the bloodstream. This
can further develop into a model and hopefully into a mechanistic understanding of plasma
proteins adsorption to gold nanoparticles, and unravel glowing applications in
bionanotechnology.
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. Supplementary data

Table 1.1. Monitoring steps of synthesis and functionalizations of AUNP by UV-Vis absorbance

bands intensity.

Sample SPR (nm) | Abs (SPR) | Abs (450 nm) | diameter (nm) | €4s0nm (M'cm™) | concentration (nM)
AuNP 523.0 0.418 0.227 28 1.58E+09 0.86
AuNP 523.1 0.401 0.235 18 3.87E+08 3.64
AuUNP-CALNN 525.0 0.414 0.236 21 6.31E+08 2.25
AuNP 521.1 0.511 0.264 37 3.84E+09 0.41
AuUNP-CALNN 521.1 0.511 0.281 26 1.24E+09 1.36
AuNP 521.1 0.533 0.289 28 1.58E+09 1.10
AuNP-CALNN 520.0 0.650 0.343 32 2.41E+09 0.85
AuNP 521.1 0.604 0.332 26 1.24E+09 1.61
AuNP-CALNN 522.0 0.566 0.300 31 2.18E+09 0.83
AuNP 520.0 0.507 0.277 27 1.40E+09 1.19
AuNP 523.0 0.591 0.347 18 3.87E+08 5.37
AuUNP-CALNN 523.9 0.571 0.330 20 5.41E+08 3.66
AuNP 521.0 0.550 0.316 20 5.41E+08 3.51
AuNP-CALNN 524.0 0.620 0.360 19 4.60E+08 4.70
AuNP 523.0 0.553 0.317 21 6.31E+08 3.01
AuNP-CALNN 524.9 0.593 0.351 18 3.87E+08 5.43
AuNP 520.1 0.525 0.275 33 2.66E+09 0.62
AuNP 520.1 0.593 0.326 26 1.24E+09 1.58
AuNP 519.9 0.598 0.323 28 1.58E+09 1.23
AuUNP-CALNN 520.1 0.513 0.271 32 2.41E+09 0.67
AuNP 524.1 0.609 0.354 19 4.60E+08 4.62
AuUNP-CALNN 523.0 0.540 0.304 23 8.42E+08 217
AuNP-CALNN 5241 0.305 0.178 19 4.60E+08 2.33

0.8 -

Abs (562 nm) = 0.021[protein] + 0.221

0.6 R?=0.995
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Figure 1.1. Calibration curve for BCA method using 1 mg/mL of bovine serum albumin as

standard.
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Table 1.2. Molar extinction coefficient (¢) at A = 450 nm for gold nano particles in water with

diameter d ranging from 2 to 100 nm >%).

d/ £4s0/ df £asn ! af £4s0f
nm M'cm™ nm M-'cm™ nm M-'em™
2 4 25E+05 35 3.21E+09 68 2 50E+10
3 1.49E+06 36 3. 52E+09 59 2.61E+10
4 3. 62E+06 a7 3.84E409 Fi] 2.7ME+10
5 T.20E+06 38 4.18E+09 71 2.82E+10
6 1.26E+07 39 4 BAE+09 72 2.93E+10
T 2.03E+07 40 4. 92E+09 T3 3.05E+10
8 3.07E+DT 41 £ 32E+09 74 3.16E+10
9 4 A3E+0T7 42 E T4E+09 75 3 28E+10
10 6.16E+07 43 6.18E+09 76 3.40E+10
1 B8 2TE+DT 44 6.65E+09 [{4 3.52E+10
12 1.09E+08 45 T 13E+09 i8 3.64E+10
13 1.39E+0D8 46 7 .65E+09 79 3.TTE+10
14 1.76E+08 a7 B.18E+09 80 3.89E+10
15 2.18E+08 48 B.TAE+09 81 4 02E+10
16 2.67TE+D8 49 9.32E+09 82 4 14E+10
17 3. 24E+08 50 §.92E+09 83 4. 2TE+10
18 3.87E+08 51 1.06E+10 84 4 ADE+10
19 4 60E+D8 52 1.12E+10 a5 4 R3E+10
20 5 41E+08 53 1.19E+10 86 4 GRE+10
21 6.31E+08 54 1.26E+10 a7 4 ¥BE+10
22 T.31E+08 E5 1.33E+10 88 4 91E+10
23 8. 42E+08 BB 1.41E+10 89 5.04E+10
2 9. 64E+08 57 1.4BE+10 a0 5ATE+10
25 1.10E+09 58 1.57E+10 9 5.30DE+10
26 1.24E+09 59 1.665E+10 92 5 43E+10
2T 1 40E+09 60 1.73E+10 93 5 BBE+10
28 1.68E+09 61 1.82E+10 94 5 G9E+10
29 1.76E+09 62 1.91E+10 95 5.82E+10
30 1.96E+09 63 2 .00E+10 96 5.94E+10
] 2.18E+09 64 2. 10E+10 a7 6.07E+10
32 2A1E+09 65 2. 19E+10 98 G.19E+10
33 2_66E+09 66 2. 29E+10 99 6.31E+10
K" 2.93E+09 67 2. 40E+10 100 6.44E+10

Table 1.3. Average absorbance values, and total protein concentration of human plasma
samples MG and IMM.

sample Abs (562 nm) [protein] (mg/mL) sample Abs (562 nm) [protein] (mg/mL)
0.2789 7.7 0.2458 13.6
0.2878 7.9 0.3001 16.6
0.3025 8.3 0.3592 19.8
MG IMM
0.3725 10.2 0.4389 24.2
0.3896 10.7 0.5667 31.2
0.4291 11.8 0.6670 36.6

70



A MIXED COMPUTATIONAL MODELLING AND EXPERIMENTAL APPROACH TO THE
INTERACTION BETWEEN GOLD NANOPARTICLES AND BLOOD PROTEINS

Query_2818
QuEry_2542
Query_2839
Quary_1838
Query_2533

Query_2535
Query_2532

quary_2512
Query_2542
Query_2539
Query_2536
Quary_2£33
query_2543
Query_2540
quary_2857
Query_2534
Query_2841
Quéry_2533
Query_263%5
query_2532
Query_2518
Query_2542
Query_2533
Query_1838
Query_2533
Query_1543
Query_2549
Query_2537
Quary_2534
Query_2541
Query_233%
Query_2535
Query_2532

Query_2518
Query_2543
Query_1539
Query_2536
Quary_28533
Query_2543
Query_2340
Query_2537
Quary_2534
Query_2541
Query_153%
QuEry_1535
Quary_2532

R VY P Py

Ei

i)
8

128
w1
181
181
181
123
133
123
123
4

@

&

2
21

&

02
255
55
255
288
97
57
197
197
23
235
235
235

n

sramamsis ssamses sesssKVERKPROADGELMASPOLGVLCP TECKLQDTLVAGERPIAKSIEDL
QEVHONEEGFFSAR [ 22] 5666Y RA[S JANTQEIVERK APDAGGL LHADPDLGYL P TGCQLQE ALLQQERPIRNSVDEL
[22)5666Y RALS JAATQUKVEAKAPDAGGE LMADPDLGVLCP TECOLQEALLOGERPIRNSUDEL
APDAGGELHADPDLGVLE R TOCQLQEALLQQERPIANSVDEL
. LHAGPOLGVLEP TOCQAQEALLQGERPIRNISVDEL
- DHCCILDERFGSYCP TTCGIADE LSTYQTRVOKDLOSL
- DHCC ILDERFGS YR TTCGIADFLETYQTRVOKDLASL
- DHCCTLDERPGEYEPTTCAIADE LETYQTHVORDLASL
- DHCC ILOERFGSYCP TTCBEADF LST YQTRVOROLQSL

& [22] [5]anTq:
[22)50GGYRALSTA

EGGGVRS  PRVVERHQSACKDSDRPFCSDEDHIIVCF SOCRMEGL IDEVNQDFTHRINKL
EGGSVRS  PRVVERHQSACKDSOMPECSDE SLIDEVNOETHRINEL

---ADSGEGDFLA-  EGGGVRG 05 DHPFCSDEDWIICF 565 RHKGLIDE! THRTNEL
-o-ADSGEGDFLA-  EGGGVAG  PRVVERHOSACKDSDNPFCSDEDWIYECR S6CRMKGLIDEVNGDFTHRINKL
AT TTLL EKHQLYIDETVRAIITPTKLAVL RS ILENLASKIQ
501 QKDL EKHOLYIOE LAVLRSILENLRSKIQ
HANVEAVEQTSSSSFQITIVLLIDL ERHQLY LAVLASILENLASKIQ
kDL ERHOLY AL RSILENLASKIQ

g FQYITILLKDL ERHOL BVLRSILENLESKIG
EDILEQVEHKTS EVKQL IKATQL TYHPDE SSHPHIIDASTLKSRKILEE TNY EASTLTH-DSS TAVLGE TVISHAQKTY

EDILAQVENKTSEVKQL IKATQLTYHPOESSKPNHIDAATLKS RKMLEE DMK Y EAS ILTH-DSS TAYLOET VSHTQKIV
EDTLMgVENKTS EVKQLIKATGL TYIPDESERPRILIDALTL K SAKMLEEBNKYEAS TLTH.DES TAYLQE TYMENNQRTY
oL T IRATQLTY KERKHLEETINYEASTLTH-DESTAVLQET VHENNQKTV
ENSLE t BERIEVLUAKVIE TQLLAKIVAAQLVE
KNSLFEYQNNIDSHSLTTNIME ILRG0F SSANNRDNTYNRVSEDLRSRIEVLERKVI EXV-QHIQLLQKNVRAQLVDME
ENSLFEYQKNIMDSHSLT TN IME LRG0 SSAVNADNT YNAVSEDL RSRTEVLYRKVIEKY-QHIQLLKNVRAQLVDMY

TINIHEILRED?

KnsL TININETLAGD? HSRIEVLEAKVIERV. QHIQLLQENVAAQLVE S
KLESOVSTQUEYCRTPCIVIENIPY  VSGHECEKTIRNEGETSEHYLIQPEDSSKPYRVYCOMKTENE  GATVIQN
L RIPCTYSCHTPY v TRKGGETSEMTLIQFOSSVKPYRVICOINTENG  GATYIQH
L RIPCTVSCHIPY  WSGKECEETIRKGGE IQFOSSUKPYRVVCDMNTENG  GuTVIQN
KL REPCTVECHERY o BHNTE tvagy
KLESDVSAQUEYCRTPCTVSCNIPY  VSGHECEETIAKGEETSEATLIQROSSVRPYRVYCONNTENG  GRTVIQH
HLKEXVAQUEAQCQEPCKDTVOIAD  ITGHOCQDIAMKGAKQSGLYFIKPLEANGQFLVVEETDGSSN  GHTVFQK
HLKEXVAQLEAQEQEPS BTV, QEGLYFIKPLEANQQFLVVEETDGESY  GHTVFQK
HLKESVAQLEAGCQSFERSTVOIND ITGHOCQDIAMKEANQEALYFIKFLEANGQILVICEIDGEEY  GuTVEQK
HLKESVAQLEAQCQEPSKBTVOIMD  ITGHEC YEIKPLY. EIDGSEY  GRTVEQK

ALEVDIDIKIASCRGSTSRALAREV]6]DQRHQLEQVIAKDA LPSRORGHLPLINMKPYFOLYPGHFKSE] 6 JENsALTD
RLEVDIDIKIRSCROSS SRALAREY] 6 ]0QQHQLERYIAKDL LPSRORQHLF L IKMEPYPOLVPGHFKSQ] 5 ]EnALTD
ALEVDIDIKIRSCRGECSRALAREY [ 5 ]00QNQLEQYIAK DL LPEADRGHLF LIKMKPVFDLYPEHEKS Q6 [haal 1D
ALEVOIDIKIASCAESS SRALAREY] 6 ] DOQHGLEQVEAKDLLPEASAGHLPLINIKPVPOLYPEHERSGL & JEnLTD

AOOGSVDFGR  KiDFTKQAEGNIATHAEGKKY COVPEEYHLENORTSOLTING. « PTXLLIEHEDHKEDKVTALYES
o K oL TANG--PTELL.
@@ KHDPYRQ: PEEYHLGHIISQLTANG- ~PTELL
3 KDFTEQEFG GLPGEYWLGHOY ISQLTAMG - - PTELLIENSOHRGDRVRAYGS
K GLGEYHLENSE 1SGLTANG - « PTELLIEHEBHREDKVEAKYES
RLOGSVDFKE  NuIQYKEGFGHLSPTGT---- .- --TEFWLGMERIHLISTQSALPYALRVELECHNGRISTADYAL
RADGSVDFKK  NOIQYKEGFGRLSPTGT -~ -~ -~ -~ TEFWLGHER IHLISTQSAIPYALRVELEDHNGRTSTASY AN
ALDSSUDAKE  HWIQYKEGFGRLIPTGT ---- - -- TEFHLGHEN THLT STQSALPYALRVELEDUNGRTSTADAN
ALOCSVDEKK  NnIQYKZCREHLSPTGT- oo .. - TEFNLEAERTHLESTQSAL PYALAVELEDUNERTETABYAN
HPQUEHELER[56) P
HPQURMELER[S6] T VSG5TE
HPQURIELER[SS) GHQIPGST GTV 7
PQURNSLER 6] £

=

7
=]
o
e
L]
3
3
3
5
4]
£}

L T N N S
o]

232

uary_2518
Query_2541
Query_2558
Query_2536
Quary_1823
Query_2543
Query_2548
Query_1537
Quary_2834
Query_254L
Query_2538
Query_1535
Gusry_2532

Query_2518
(uary_3642
Query_iszs
Quary_2536
Query 2533
Guary_2843
Query_i548
Quary_2537
Quary_2538
fuery_2541
Query_2538
tuary_2635
Quary_3522
Query_2518
Query_3sa2
query_2533
query_2838
Query_2533
Query_28a3
Query_2840
Query_2537
Query_3534
Query_25a1
Query_2538
quary_2533
quary_as32

366

FTVQNEANCYQLEVEKYIE. TAGNA LIEGASQUVGENATHTLANSMEZSTYORDNDGTTORSNGLSK  E36 348
# STARNA L TGS DIDGATSDPAKRISK B0 399
ETVRNEANCYQE VIR YRS - TAGY LISASQUEGEIATITEIGNESSTVERIODGIL TE0FREQESK  BZE 353
# RG-TAGNS L INGMFFSTYORIDGATSOPRKQCSK B0 399
7 TaGHA U 2 ATEOFRRGIEK  E3E 388
FRVGPEADKYRLTYAVFAGEDAGDA FDGFOFGDOPSTNFFTSAGIOFSTRONDNDKF -----EGWCAE Q09 331
FRVEPEADCYALTY, EOAGDA g seeEGNCAE QD 331
i ws 331
FRVEPEADRYALT g 7 EeiaE Qi M
HSESES [11]VSPaTRREY TITARSSK[221€38 469
(1L ® TITARSCSK[22]ECG 468

PUNP11IVSPGTRRE 2 TITaRSCSK[21]€25 69

e A1) TITRRSCIK[22]ESE 468
G GHWNRCHARN  PNGRNYWS  GAYTWOHAKHITDOGVVIETMHQESHY SHKKMSKNIRFVFF - 488
G GHOTNRCMARN  BNGRVRE  6Y TEPEER. a8t
G GHNYNRCHARN  PHGAYYWS  GQYTWDIAKHI TOOGYVHEINHKGSHY SHRKMSHKIRFFFP- 451
G GHTNRCMARN  PHEAYYWE  GOTTWOMAKMETDOGVAC TGS T SHROUSHK TRFFFP e ne e nQen 461
G GHNYNRCHARN  FHSRVYWS  GOYTWDMAKHSTOOGVVSIRKGSRY SHRKMSHKIRFFFP - - -00-- 481
£ GBNRCMAGH  LMSWYWGE G TUATHETRIYS KT THET TPFRRLTIGEROQu 401
5 GHMNKCHAGH  LNGVYYQS  BTYSK) THEITFFNRLTIZEEQQM 481
S GIONKCHAGH  LNGVYYQS  GTYSKASTRNGYDNGEIKATHKTRWYSHGET THKIIPFNRLTIZERQQSH 401
5 GHWOIKCHAGH  LMGVYYQS  GTYSKASTPNGYDHGLIMATHETRWYSIMKTTHKITPFNRLTIZEEOQEA 491
£[14] [515TCRTEPE 2] - EPSRE-..KS55 568
S[18]67 IHARPDERA[S]STRRTFPS 6] P 559
5{1s; Is ] AE-sn oo -FPSRG.. K555 ESD
${12]67RHARPDEAA[ 5] STEKTFPG[ € JGEFVSE T --FPSRG---15556 5§59

166[7]

Le6[7]
16671
166(7]

Figure 1.2. Sequence alignment for human (PDB 3GHG) and bovine (PDB 1DEQ) fibrinogen.
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Figure 1.3. Electrophoretic mobility assays

increasing transferrin to nanoparticle ratios.
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Figure 1.4. Electrophoretic mobility assays of HSA:AuNP-CALNN bionanoconjugates with
increasing concentration ratios, run in agarose gels with increasing agarose percentage.
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Table 1.4. Docking results for binding modes of CALNN ligand with the biological unit of

transferrin (PDB 3V83), affinity energies and rmsd deviation values.

. Distance from best mode
Mode Affinity (kcal/mol) rmsd b rmsd ub.
1 -5.3 0.000 0.000
2 -5.1 3.286 4.717
3 -4.7 52.441 55.494
4 -4.5 4.560 8.024
5 -4.5 40.463 42.773
6 -4.4 3.724 6.400
7 -4.4 3.712 6.234
8 -4.4 37.006 40.116
9 -4.3 21.987 26.080

Table 1.5. Docking results for binding modes of NNN ligand with the biological unit of transferrin

(PDB 3V83), their affinity energies and rmsd deviation values.

. Distance from best mode
Mode Affinity (kcal/mol) rmsd I.b. rmsd ub.
1 -3.9 0.000 0.000
2 -3.9 34.638 37.119
3 -3.7 38.561 39.800
4 -3.6 2.073 2.636
5 -3.6 37.305 39.091
6 -3.4 28.592 29.799
7 -34 14.634 15.329
8 -3.2 38.214 39.269
9 -3.1 59.847 61.725
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Top-view Bottom-view

Figure 1.5. Molecular visualizations of the electrostatic potential surface (EPS) of human serum
albumin (PDB 1E7I) at pH 7.4.
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Figure 1.6. Molecular visualizations of the electrostatic potential surface (EPS) of bovine serum
albumin (PDB 4F5S) at pH 7.4.
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Figure L.7. Molecular visualizations of the electrostatic potential surface (EPS) of human
transferrin (PDB 3V83) at pH 7.4.
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Front-view

Back-view

Figure 1.8. Molecular visualizations of the electrostatic potential surface (EPS) of human
fibrinogen (PDB 3GHG) at pH 7.4.
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