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General Introduction



Chapter 1

1.1 Polymers

Polymers have a great impact on our daily life, as they are applied as e.g. plastics, elastomers, fibers,
protective coatings on surfaces, adhesives.! Additionally, polymers are often present in many
consumer or industrial formulations, including detergents, pharmaceuticals, and cosmetics.? The basic
structure of a polymeric consists of a backbone with connected repeating subunits (monomers) and
residual side groups. Polymers can be cross-linked through interactions of their residual side groups
between neighboring polymers, such as physical and chemical cross-links, and form polymeric
networks or gels. Physical cross-links are reversible, non-covalent interactions, such as ionic bonds,

hydrogen bonds, and hydrophobic effects. Chemical cross-links are permanent, covalent bonds.?

) . .
. o ° .".-
® —p ——p
® Polymerization Cross-linking
Monomers Polymer Polymer network

Figure 1.1 Schematic representation of monomers, polymers, and a polymer network. Polymers are made by connecting
monomers together and forming long chains. By cross-linking the polymers, a polymer network is formed.

Polymers can be divided into synthetic and biobased categories, based on their source. Synthetic
polymers include polyanhydrides, polyamides, polycarbonates, polyesters, and polyurethanes.*
Synthetic polymers consist of simple fundamental building block units, which have well-known
structures and properties.> However, their monomers, cross-linking agents, and/or solvents are often
derived from non-renewable sources. Accordingly, there is an increased interest to use biobased
materials because they are readily available from renewable sources.® Examples of biobased polymers
are polysaccharides, nucleic acids (polynucleotides), and proteins (polypeptides). Amongst the
available biobased materials, this thesis focused on the use of proteins for constructing protein-based

materials.

1.2 Protein aggregation and gel network formation

Proteins are versatile biomacromolecules in living organisms and contribute to essential functions (e.g.
providing structure to cells, transportation of molecules, catalyzing metabolic reactions and many
more) in almost all biological processes.” The protein structures are organized in four different levels.
The primary structure of proteins is built-up of amino acids, linked through peptide bonds, forming
biopolymers. The sequence of amino acids, especially their functional residual groups, is key for the
assembly of the specific three-dimensional structure of the protein and determines the protein
function.® The secondary structures are local folded structures formed within a polypeptide, such as
a-helices, B-sheets, turns, loops, and random coils. The tertiary structure is the three-dimensional
structure of the polypeptide chain of the protein. A quaternary structure could be formed if a protein

consists of multiple polypeptides, which interact with each other. When the stability of the protein
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structures decreases, the proteins can unfold and self-assemble into aggregates.® At high protein

concentrations, the accumulation of aggregates could lead to gel network formation.°

In general, protein gel network formation proceeds through several reactions. When proteins are
exposed to environmental stresses (e.g. extreme temperatures and pH), their conformational
structures could destabilize and convert into partially or totally unfolded states. During the unfolding
process, inner reactive amino acids and hydrophobic parts get exposed, which increases attractive
forces between neighboring proteins. These intra- and intermolecular interactions induce protein
aggregation and eventually form gel networks at sufficient protein concentrations. The protein-protein
interactions act as cross-links in the gel network, which could be covalent bonds, hydrogen bond
donor-acceptor pairs, or physical entanglements.!! Typically, studies on protein aggregation and gel
network formation focusses on the effects of changes in temperature,! protein concentration,? pH,*
ionic strength,* pressure,® or the addition of chemical'® or enzymatic'’ cross-linking agents.
Depending on the processing conditions, the proteins could form different structural elements with

varying dimensions, including strand-like,® particulate,’® and fibrillar aggregates.®

Understanding the processes of protein unfolding, aggregation and gel network formation is of major
importance in various areas, including biology, medical research and food technology. Controlled
protein aggregation in the human body is essential in blood coagulation or inflammatory responses.?
Uncontrolled protein aggregation, however, is associated with aging processes and a wide variety of
neurodegenerative diseases, including Alzheimer’s, Amyotrophic Lateral Sclerosis (ALS), Huntington’s,
Parkinson’s, and prion disease.?* % Protein aggregation in food structures is involved in the sensory
and textural structures by turning aqueous solutions into soft-solid materials.?* % Yet, the processes
of protein unfolding, aggregation and gel network formation are complex and challenging to study by

26, 27 and experimental studies.?® 2° Properly controlled protein

both computational simulations
aggregation is not only crucial to prevent and treat aggregation-related diseases, and to structure food

products, but also provides opportunities for the development of protein-based materials.

1.3 Protein-based microparticles and microgels

Protein gels can be categorized for their dimensions as macrogels, microgels, and microparticles.*®
Macrogels are defined as bulk network structures with sizes above 100 um. Microgels and
microparticles internally have the same network structure, but have diameters ranging from 10-100
pum, or 0.1-10 um, respectively. The microgels and microparticles possess properties of both the cross-
linked networks (e.g. water-binding, structural integrity) and colloids (e.g. stability, high surface

area).’!

Therefore, the micron-sized protein-based materials have attractive functionalities, and their
applications range from fat-replacements in food structures,3 stabilizing oil-in-water emulsions,
encapsulants of guest molecules for drug delivery purposes,®* biosensing, to catalysis.3® Additionally,
proteins consist of different amino acid groups, which contain chemically active sites (e.g. thiol, amine,

carboxylic acid groups) for introducing a variety of molecules (e.g. targeting agents).3”*°

A commonly used method to assemble proteins into microgels or microparticles, is through the use of

solid or liquid templates. The proteins can then be cross-linked by interactions of reactive amino acid
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side groups of neighboring proteins or the use of chemical/enzymatic cross-linkers, resulting in a
protein network inside the templates. In this thesis, hard and droplet reactors templating methods

were used to form protein microparticles and microgels, respectively.

1.3.1 Hard templating

Hard templating is based on encapsulating proteins in a sacrificial, solid template, resulting in the
formation of an inverse protein MP replica of the template.* Different hard templates could be used,
including melamine formaldehyde,** polystyrene** and silica.*> However, harsh chemicals, e.g.
hydrofluoric acid or organic solvents, are required to decompose these templates, which limit their
potential use for biological applications. The most popular template is spherical, porous CaCOs, which
offers a large inner surface area for encapsulation, is relatively cheap, easy to synthesize, and sacrificial
under mild conditions (e.g. chelating agents or under acidic conditions).* 4°

Spherical CaCOs; templates, with a size distribution of 4-6 um and pore sizes of 20-60 nm, can be
synthesized through a multistage crystallization pathway.*® The formation of CaCOs is initiated through
nucleation by mixing supersatured solutions of soluble salts of Ca?* and COs*. The solid nuclei
precipitate initially as 100 nm amorphous spherical granules. The crystal formation is terminated when
the crystal nuclei aggregate and form single micron-sized polymorph crystal structures, which are in
equilibrium with the saturated solution (Figure 1.2).47

C032_
CO32' ]
Caz* » M
Caz‘" « o . ‘ '_.’
precipitation aggregation
2+
Ca Cos>
100 nm CaCO; 5 um CaCO;

nucleus

Figure 1.2 Schematic representation of spherical, porous CaCOs. Mixing soluble salts of CaZ* and COs% precipitates as
amorphous CaCOs nuclei. The crystal growth proceeds by aggregation of the CaCO; nuclei and forms 5 um spherical CaCOs.

Proteins can be encapsulated into CaCOs; templates via three different routes, including physisorption,
infiltration and co-precipitation.*® For encapsulation through physisorption and infiltration, a protein
solution is added to pre-synthesized CaCO; templates. The proteins adsorb onto the template surface
or enter through the pores of the templates by infiltration. Physisorption and infiltration of proteins
depend on the CaCOs pore size, protein size, diffusion, and electrostatic interactions. Co-precipitation
is based on capture of the proteins during the CaCOs; synthesis, which allows introducing proteins,
independent of their size, into the templates in high amounts in a single step. Additionally, proteins
can practically not be released without sacrificing the template.*® After encapsulation of the proteins
into CaCOs; templates, stable protein microparticles could be obtained after cross-linking and selective

template removal.

4



General Introduction

1.3.2 Droplet reactors

Next to the use of solid templates (hard templating), liquid templates could be used as an alternative
for the formation of protein microparticles or microgels. A well-known liquid template is liquid biphasic
systems, or emulsions, as droplet reactors. Emulsions are transient systems of two immiscible
solutions, of which one phase is dispersed (droplet phase) into the other liquid (continuous phase)
(Figure 1.3).%

stirring
D —

Biphasic mixture Droplets dispersed in
continuous phase

Figure 1.3 Schematic representation of formation of droplets dispersed in a continuous phase by stirring a biphasic mixture.

The liquid biphasic system could act as a template for the fabrication of microgels by
compartmentalizing the proteins in the droplet phase. The proteins conserve the shape and size of the
droplets by cross-linking. The obtained cross-linked proteins (microgels) can then be separated from

the droplet reactors by dialysis and centrifugation.

There are three different systems available for creating liquid biphasic systems, including organic-
organic, organic-water, and water-water. Organic-organic biphasic systems can be created by
hydrocarbon solvents and polar aprotic solvents due to differences in polarity.*® Organic-water, or oil-
water, biphasic systems phase separate due to differences in hydrophobicity/hydrophilicity.>* Water-
water, or aqueous two-phase systems (ATPSs), are mixtures of immiscible aqueous solutions,
containing high concentrations of multiple water-soluble additives, that phase separate above a critical
concentration threshold.>? The use of organic solvents and oil, however, is undesired because they
could disrupt the protein structures. For these reasons, the use of ATPS is desired because they do not

require organic solvents, and are biocompatible.

1.4 Protein cross-linking through oxidation

To conserve the structures of the proteins assembled in the templates, proteins can be cross-linked.
Commonly used methods for protein cross-linking, such as changes in temperature, pH, or using cross-
linking agents etc., have been extensively studied and are well-characterized. Protein cross-linking
could also occur through oxidation. However, even though it is a common occurring reaction, protein
cross-linking through oxidation is much less characterized and the mechanisms are only partly
elucidated. The first focus on protein oxidation was in medical research for understanding protein
oxidation in aging and the development of diseases.>® Oxidation of food proteins, however, has only

received little attention. This is due to the large and complex structures of proteins, which may lead to
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a great number of modifications. Additionally, the impact of protein oxidation on sensory and textural
properties of food structures is more subtle compared to lipid oxidation,>* so its significance has been
neglected. Lastly, food is a mixture of proteins, lipids and carbohydrates, of which the oxidation
reaction pathways cannot be separated.>®

Protein cross-linking can be generated through direct and indirect initiated oxidation pathways. Direct
oxidation can be initiated by reactive oxygen species, radicals, radiation (X-, y, UV), or metal ions,*® and
indirect through secondary products of glycan and lipid oxidation.>® In this thesis, the use of metal ions,
specifically Au** ions, was studied to directly initiate protein oxidation and subsequent cross-linking. In
addition, the reduction of Au®* ions by proteins was studied by the formation of gold nanoparticles
(AuNPs).

1.4.1 Metal ions for initiating protein oxidation

Metal ions can interact with proteins through binding with metal-coordinating residual amino acid
groups, such as thiolates, imidazoles, carboxylic acids, and phosphates. The metal ions are brought
into close proximity of potential oxidation targets on proteins, which leads to modifications of diverse
residual groups of amino acids. These modified residual groups leads to an increase of attractive forces

between residual amino acids groups of neighboring proteins, forming covalent cross-links.>®

The unique arrangement of amino acids in proteins, in combination with their different susceptibility
to oxidation and the large number of formed reaction products, make studying the mechanisms of
protein oxidation complex and challenging.’” Only a few methods are available to detect protein
oxidation products, but are limited to detect only a few modifications. The different modifications of

amino acids, their reaction products, and detection methods are listed in Table 1.1¢-

Table 1.1 Oxidation of residual groups of amino acids and their reaction products and detection methods

Residual Amino acid Reaction product Detection method
group
a-carbon | Alanine, isoleucine, | Carbon-centered radical, Electron spin resonance,
leucine, valine, hydroperoxides, alcohol groups, LC-MS
peptide backbones | carbonyl groups
Amine Arginine, lysine, Carbonyl groups (ketones, 2,4-
proline, threonine aldehydes), imines (secondary) dinitrophenylhydrazine
derivation assay
Aromatic | Phenylalanine, Hydroxy derivatives LC-MS
tryptophan
Aromatic | Tyrosine 3,4-dihydrophenylalanine, dityrosine | Fluorescence detection
Imidazole | Histidine 2-oxohistidine LC-MS
Sulfhydryl | Cysteine Disulfide 5,5’-dithiobis(2-
nitrobenzoic acid) assay
Thioether | Methionine Sulfoxide LC-MS

Cross-linking of proteins through oxidation is reported in many studies.>” However, less research is

done on directly inducing gel network formation through oxidation. A good understanding of protein
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oxidation in this new category of protein cross-linking is therefore needed and could open new paths
towards the design of protein gel networks for multiple applications in materials science, such as

delivery systems, and coatings.5!

1.4.2 Au3 reduction and gold nanoparticle synthesis by proteins

Au®* ions were used for cross-linking because of their strong oxidizing properties.® Upon protein
oxidation, the metal ions are reduced by electron donating residual groups of amino acids (e.g. aspartic
acid, phenylalanine, tryptophan, tyrosine).®* % Au®* ions get reduced to Au* and Au®, and can form
AuNPs. Neighboring Au® can agglomerate and form small nuclei with Au* ions on their surface. The
nuclei grow further due to coalescence, and the Au** and Au* ions get slowly reduced. Finally, the
growth is terminated when the precursor is fully consumed and the nuclei are stabilized by stabilizing

agents, resulting in AuNPs (Figure 1.4).5%

1. Reduction and nucleation 2. Coalescence of nuclei

precursor nuclei nanoparticles

<200 ms > 200 ms

Figure 1.4 Schematic representation of Au3* reduction and AuNPs synthesis. Figure was copied from ref. 66.

AuNPs play a major partin nanotechnology because they exhibit characteristic size-dependent physical
and chemical properties compared to their bulk analogs. The electrons on the AuNPs surface interact
with a specific light wavelength through localized surface plasmon resonance (LSPR), resulting in strong
absorption in the visible and near-infrared regions. The interaction of AuNPs with light is highly
dependent on their size, shape, and aggregation state. The optical properties, derived from the LSPR,

make AuNPs suitable as optical sensor,®” %8

and for plasmonic photothermal therapy by selective local
heating.%® AuNPs also provide a high X-ray attenuation coefficient and can be used as an alternative

for iodinated agents for X-ray and CT imaging.”® Other applications include staining in electron

71,72 73,74

microscopy, and catalysis.

For many of the applications, particularly the biological ones, the AuNPs need to be stable against
aggregation. Proteins assist in AUNPs synthesis due to the presence of different amino acid groups,
which can be involved in reducing and/or stabilizing the AuNPs.”® Integrating AuNPs in the protein gels
prevents further nanoparticle aggregation, while the AuNPs maintain their physical and chemical
properties. Therefore, the use of Au®* ions would provide a dual functionality to the design of protein
gels, by initiating oxidation and subsequent cross-linking of proteins, and formation of AuNPs,

embedded in the gel network.
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1.5 Egg yolk high-density lipoprotein

In this thesis, egg yolk high-density lipoprotein (HDL) was mainly used as model protein for the Au®*-
initiated gel network formation and AuNPs synthesis. HDL, also known as lipovitellin, is a natural
assembly of proteins (75-80%) and lipids (20-25%), and accounts for 36% of the total protein content
of egg yolk.”® HDL has a total molecular size of about 400 kDa and a diameter from 7 to 20 nm. The
protein structure is globular-like and contains a funnel-shaped cavity composed by 2 -sheets with
hydrophobic amino acids.”” The lipids include 65% phospholipids, 30% triglycerides, and 5%
cholesterol.”® The phospholipids interact with the hydrophobic amino acids of the hydrophobic cavity
by forming a monolayer. The triglycerides are enclosed in the hydrophobic cavity and phospholipid
monolayer. The structure of HDL is shown in Figure 1.5.78

Figure 1.5 Cartoon representation of egg yolk HDL monomer structure. Individual a-helices are pink colored, -strands yellow
and turns blue. The structure includes bound lipids, which are depicted as grey spheres. The X-ray crystal structure was
imported from the Protein Databank, ref. 78.

Even though HDL is a very abundant protein in the egg yolk, only very few studies have been focused
on HDL. HDL has a large, stable structure, which only constitutes of weak inter-protein interactions.”®
Additionally, HDL is poorly soluble in aqueous solutions and requires high ionic strength or extreme
alkaline conditions, which limits its potential applications in biological systems. Moreover, HDL is not
commercially available and for obtaining HDL, it first needs to be extracted from the hen egg yolk
(Figure 1.6).

Suspension in

4x dilution in 1.7 M NaCl, pH 7.25
Manual 0.17 M Nacl Dialysis
separation Centrifugation Centrifugation
Whole egg T» Egg yolk T» Granules HDL
Shell, albumen Plasma Phosvitin

Figure 1.6 General scheme for extraction of HDL from eggs.
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Egg yolk is a complex system of non-soluble dense structures (granules) suspended in a clear, yellow,
aqueous solution (plasma). Plasma consists of low-density lipoproteins (LDL, 85%), and livetins (15%).%°
The granules are constituted by HDL (70%), phosvitin (16%), and LDLg (12%). The HDL forms complexes
with phosvitin through calcium-phosphate bridges, which make the granules compact and poorly
hydrated. The extraction starts with fractionating plasma and granules. The egg yolk is diluted in 0.17
M NaCl and centrifuged to remove the plasma (supernatant).’! The granules (pellet) are then
suspended in 1.71 M NaCl, pH 7.25. The Na* disrupts the calcium-phosphate bridges between phosvitin
and HDL by replacing the Ca?* ions. HDL can be separated from phosvitin by desalting through dialysis.

The HDL precipitates from the granules dispersion and phosvitin remains in the supernatant.?? 8

1.6 Motivation and outline of this thesis

The research described in this thesis was focussed on the use of Au* ions for cross-linking proteins to
construct protein-based materials. Among the protein-based materials, macrogels, microgels and
microparticles were prepared. Therefore, the first part of this thesis is about cross-linking proteins
through Au®* initiated oxidation and characterization of the obtained protein gel networks, with
embedded AuNPs. Subsequently, microparticles and microgels were constructed through the use of
solid (CaCOs) and liquid (droplet reactors) templates, and cross-linked through the use of Au®* ions.
Additionally, hollow and solid microparticles were obtained through the use of proteins with different
structural state (singular, aggregated) in presence of Ca?'. Spherical and urchin-like (branched)
microgels were obtained by changing the protein concentration and pH conditions in the ATPS droplet
reactor. This thesis consists of 6 chapters, including this introduction (Chapter 1), 4 research chapters
(Chapters 2-5) and a general discussion (Chapter 6). By combining the insights of all chapters, we aim

to provide a new method of protein cross-linking for the development of protein-based materials.

The general introduction (Chapter 1) provides background information on protein gel network
formation, constructing protein-based materials, metal initiated protein oxidation and subsequent
cross-linking, synthesis of AuNPs by proteins, and the properties and extraction of the model protein

egg yolk HDL.

In Chapter 2, an alternative method to conventional processing methods (changes in temperature, pH,
or using cross-linking agents etc.) for the formation of protein gel networks is presented. Instead, Au®*
ions were used. The transition of protein dispersions from a liquid to a soft gel, after the addition of
Au®* ions, was investigated, and egg yolk HDL was used as a model protein. The Au® ions have strong
oxidizing properties, which can modify a variety of residual groups of amino acids. The modifications
lead to an increase of attractive forces between residual amino acids groups of neighboring proteins,
forming covalent cross-links. After the protein gel network formation, the Au* ions were reduced and
formed AuNPs. Different Au**/HDL ratios and temperature conditions were tested for the protein gel
network formation. The obtained protein gel networks, containing AuNPs, were characterized by
confocal laser scanning microscopy (CLSM), rheology, and UV-Vis absorbance spectroscopy and
compared with a heat-set HDL gel. The Au?* reduction and AuNPs formation was followed by UV-Vis
absorbance. The modifications of amino acid were investigated studied by Fourier-Transform Infrared

spectroscopy, gel electrophoresis and fluorescence spectroscopy.
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In Chapter 3, the Au®* initiated redox reaction for protein gel network formation, as described in
Chapter 2, was applied inside spherical, porous CaCOs templates for the formation of hollow protein
microparticles, with embedded AuNPs. Egg yolk HDL was encapsulated into the CaCOs; templates
through co-precipitation with CaCl, and Na,COs solutions. However, instead of a uniform distribution,
HDL accumulated at the edges of the CaCOs templates. To keep the hollow microparticles structures
intact, Au** ions were added to initiate protein cross-linking, followed by template removal. As a
control, no cross-linking agents were used, while removing the template. The obtained hollow non-
cross-linked (HDL-microparticles) and Au®* initiated cross-linked (Au-HDL-microparticles) were
characterized with CLSM, Transmission (TEM) and Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), and Dynamic Light Scattering (DLS).

Chapter 4 followed-up on the formation of protein microparticles by the research described in Chapter
3. Now, different proteins (B-lactoglobulin (B-lac), Bovine Serum Albumin (BSA), casein, and HDL) were
used to obtain solid and hollow core protein microparticles. When proteins (f-lac, BSA) were soluble
in presence of CaCl, and Na,COs, the proteins uniformly distribute inside the CaCOs templates.
However, when proteins (casein, HDL) form aggregates in presence of CaCl,, the proteins accumulate
at the template edges. After encapsulation, the proteins were cross-linked through the Au®* initiated
redox reaction, which stabilized the spherical solid and hollow structures, and formed AuNPs

embedded in their structures.

In Chapter 5, the Au®* initiated redox reaction for protein gel network formation, as described in
Chapter 2, was applied inside an ATPS of polyethylene glycol (PEG) and Na,SO,. HDL was
compartmentalized in the Na,SO4-rich phase of the ATPS. For the formation of protein microgels, the
proteins were cross-linked through the Au®* initiated redox reaction. The Au®* ions were added as an
aqueous solution, which could create a concentration gradient between the PEG-rich and Na,SOs-rich
phases. A concentration gradient could result in migration of the components in the ATPS, which allows
formation of branches on the droplet phases. Different reaction conditions, such as protein
concentration and pH, were studied for the formation of the protein microgels. After cross-linking,
random protein aggregates, and urchin-like and spherical microgels were obtained. The different

protein-based materials were characterized with brightfield, fluorescence microscopy, CLSM, and SEM.

In Chapter 6, a general discussion on the use of Au* ions for cross-linking proteins to construct protein-
based materials is provided. The experimental findings, implications, limitations and opportunities
derived from the 4 experimental chapters are discussed. Suggestions for follow-up research projects

are given and an overall conclusion is provided.

10
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Chapter 2

Abstract

The formation of protein networks in aqueous systems is a result of intermolecular interactions after
an energy input, like heating. In this research, we report that a redox reaction between Au®** ions and
proteins can also lead to the formation of a protein gel network. Amino acids, like cysteine and
tyrosine, get oxidized and form covalent bonds with neighboring protein molecules, while Au®* ions
get reduced to Au* and Au® and nucleate and form gold nanoparticles (AuNPs). The protein gel
network formation occurs within 2 h at room temperature and can be tuned by varying Au®*/protein
ratio and accelerated by increasing the incubation temperature. The proposed Au®**-induced gel
network formation was applied to different proteins, like egg yolk high-density lipoprotein (HDL),
bovine serum albumin (BSA) and whey protein (WPI). This research opens new insights for the
investigation of the metal-protein interactions and may aid in the design of novel hybrid-soft
nanocomposite materials.
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2.1 Introduction

Protein-protein interactions in aqueous systems can lead to the formation of a three-dimensional gel
network, leading to soft gel structures. The most common technique to induce protein-protein
interactions is by heating the system over the denaturation point of the proteins, resulting in their
(partial) unfolding.” 2 Unfolded proteins expose residual functional groups of amino acids, such as
polar, non-polar and thiol groups, and hydrogen bond donor-acceptor pairs, which leads to an increase
of attractive forces between amino acids of neighboring proteins, bond formation and subsequently
to a three-dimensional network.>*

Interactions between amino acids can also be induced with the use of metal ions. Metal ions, such as
Cu?* and Fe?*** can oxidize thiol- or amino-containing side groups of amino acids (e.g. cysteine,

methionine, histidine)® leading to di-amino acid covalent bonding.®’

In this research, we aimed to take advantage of the interactions of metal ions with amino acids, and
use it to create covalent bonds between proteins in aqueous solutions. In this way, we can develop a
new technique to create protein gel networks. For that, we have used Au®* ions, which have strong
oxidizing properties.® Additionally, it has been reported that several available amino acid groups (e.g.

)> 1% can act as reduction sites of Au®** and

tryptophan, tyrosine, aspartic acid, or phenylalanine
synthesize gold nanoparticles (AuNPs).* 12 AuNPs are more stable forms than Au3* ions®® and their
formation limits the protein oxidation rate. On top of that, AuNPs have unique chemical and physical
properties, e.g. localized surface plasmon resonance (LSPR), and are attractive contrast agents for
medical applications since they can be visualized with different techniques.’*® Most of the studies
have focused on proteins in solution as reducing and stabilizing agents for AuNPs synthesis.?”° The
use of Au®* ions for covalently cross-linking protein and protein gel network formation, however, has

not been reported before.

The interactions between Au®* ions and proteins for the formation of protein gel networks were
studied, using egg yolk high-density lipoprotein (HDL), a rather inactive lipoprotein. First, different
Au**/HDL ratios were tested for the formation of a protein gel network. The formed gel networks were
characterized by confocal laser scanning microscopy (CLSM), rheology and UV-Vis. The reduced Au3*
formed AuNPs and their formation was followed in time by UV-Vis. Additionally, the temperature
influence on the gel network and AuNPs formation were studied. The interactions between the amino
acids and Au** ions, which could be involved in the gel network formation were studied by Fourier-
Transform Infrared spectroscopy (FTIR), gel electrophoresis and fluorescence spectroscopy. Finally, the
Au**-induced gel network formation was also successfully applied to two other proteins, namely bovine
serum albumin (BSA) and whey protein isolate (WPI).

In this work, we investigated the formation of protein gel networks through the addition of Au®* ions
(Scheme 2.1). Our research reveals that Au* ions rapidly coordinate to the proteins and upon
reduction of the Au* ions, AuNPs are formed and the proteins are covalently cross-linked through
oxidation. This research can open new paths towards the design of controlled protein gel networks for

multiple applications in materials science. Even inactive proteins, like HDL can be used, while the ability
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to incorporate AuNPs in protein gel networks provides dual functionality to the design, since it can be

further used for advanced biosensing and catalysis.

Hybrid Au-protein
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Scheme 2.1 Schematic representation of the process from dispersion of native proteins to gel network formation through

addition of Au3* ions. Subsequently, Au3* ions get reduced to AuP after which Au® nucleates and forms AuNPs to result in a
hybrid Au-protein soft, solid material.

2.2 Results and Discussion

2.2.1 Au-HDL interactions and gel network formation

HDL is a globular-like protein with a proximate protein composition of 83.3 wt.%.2°

Au* ions were added as a solution at pH 7 to a saline, aqueous dispersion of HDL (with a final
concentration of 3.0% (w/v) at different molar ratios). Between 10 and 100 molar equivalents of Au®*
to HDL, it was observed that HDL aggregated and precipitated. At 150 molar equivalents of Au®*, the
viscosity of the HDL solution increased instantly, while after storage of 24 h, a homogeneous, soft-solid
material was formed. For 250 molar equivalents of Au®*, a soft-solid gel was formed 2 h after addition
into the solution. These findings indicate extensive interactions of Au** with HDL, even at room
temperature, which subsequently lead to the formation of an HDL network. Without the presence of

Au®*, HDL was rather inactive and did not form a network.

2.2.2 Properties of Au-HDL gel networks

The transition of the HDL dispersions from a liquid to a soft gel due to the addition of 250 molar
equivalents of Au®* was qualitatively assessed by a vial tilting method. The initial HDL dispersion
appeared translucent, yellow-colored, and flowed when the vial was tilted. When the Au®* ions were
added, the dispersion became cloudy, but the sample was still flowing. After 2 h, the sample appeared

yellow, opaque and did not flow anymore (Figure 2.1 A). The cloudiness, that was observed directly

18



Au*-induced gel network formation of proteins

after the addition of Au®, indicates that the protein-protein interactions and the formation of

aggregates started instantly. However, an extensive gel network was only formed after 2 h.

The microstructure of the formed Au-HDL gel network was imaged by CLSM (Figure 2.1 B). In the image,
a high contrast difference between the Fast Green FCF stained protein (green colored) and background
(black pores) was observed. The addition of Au®* of HDL resulted in the formation of a uniformly

packed, dense protein network.

Besides the visual observation, the network formation of the Au-HDL mixture was quantitatively
investigated by applying a controlled shear stress test (Figure 2.1 C). To simulate the behavior of the
Au-HDL mixture at rest, a very low shear was applied. During the first seconds of the measurement,
the graph of the loss modulus (G”, viscous-like behavior) was above the storage modulus (G’, solid-like
behavior) graph, indicating that the mixture had a viscous response. Within seconds, a cross-over was
observed, where G’ was significantly higher than G”. The cross-over indicates stronger interactions in
the system, which induced the formation of a soft gel structure. When 2 h passed after the addition of
Au®* ions, the formed soft-solid structure was reaching an equilibrium since the G’ and G” didn’t
significantly change after that point. This finding corresponds to the visual observation that during
tilting the dispersion was not flowing. At the point of 2 h, the loss factor (tan 8 = G”/G’) was found at

0.1, which directly shows that the material exhibited more solid-like than liquid-like properties.

The Au**-induced gelation method was compared to urea- and heat-induced gelation methods. It was
found that a rather concentrated HDL solution was required (>10% (w/v)) for urea-induced gelation of
HDL. Urea destabilizes hydrophobic interactions and hydrogen bonds in proteins and forms disulfide
bonds by cysteine oxidation.?* For the Au®*-induced gelation, a concentration of 3.0% (w/v) was
sufficient to form a gel network, which suggests that stronger protein-protein interactions were

involved than in urea-induced gelation.

When the heat-induced gelation was applied to HDL, a white, opaque gel was formed (Figure 2.1 A’).
The microstructure of the heat-set gel appeared irregular and contained more pores (Figure 2.1 B’).
This suggests that there were fewer inter-protein connections in the heat-set HDL gel. The heat-set
HDL gel was also applied to a shear stress test. During heating, the G’>G” cross-over was found at T =
75 °C, where HDL starts to unfold.? After 1 h of heating, the gel reached an equilibrium (Figure 2.1 C').
Due to its rigid, globular structure, HDL is less sensitive to heat and the protein unfoldment requires a
lot of energy. While cooling down the gel, the G’ and G” decreased and the loss factor increased,
indicating that the gel became more liquid-like. For the Au**-induced gelation, this phenomenon was
not observed because the protein-protein interactions remained stable after the formation of the
protein gel network. This confirms that the heat-set HDL gel is constituted of weak protein-protein
interactions compared to the Au-HDL gel.
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Figure 2.1 Pictures of tilted vials containing (A) Au-HDL gel network (3.0% (w/v), 250 equivalents of Au3*) after 2 h of
preparation and (A’) heat-set HDL gel (3.0% (w/v) after heating at T = 90 °C for 1 h. CLSM image of (B) Au-HDL gel network
after 1 day of preparation and (B’) heat-set HDL gel. The gels were stained with Fast Green FCF, scale bars are 50 pm. Time-
dependent function of storage modulus (G’, black line), loss modulus (G”, red line), and loss tangent (tan 3, blue line) of the
(C) Au-HDL gel network formation and (C') heat-set HDL gel during heating at T =90 °C for 1 h (grey dashed line).

2.2.3 AuNPs formation

24 h after the preparation of the Au-HDL network, the soft material gradually changed color from dark
yellow to red (Figure 2.2 A). It was hypothesized that the red color of the Au-HDL network originates
from the characteristic LSPR absorption of formed AuNPs, which can be found in the absorption region
of A = 500-600 nm.?? The gradual color change of the Au-HDL soft material was followed by UV-Vis
absorbance at A = 300-800 nm for 7 days (Figure 2.2 B). Two days after preparation of the Au-HDL
mixture, a small band was observed in the region of A = 500-600 nm, confirming the formation of
AuNPs. The intensity of this LSPR peak further increased in time, which corresponds to the formation
and growth of AuNPs.2® To confirm the presence of AuNPs, TEM was used by taking images of a mixture
of Au-HDL at low concentrations (0.1% (w/v)) to observe the AuNPs. In the image, AuNPs of different
sizes were observed (Figure S2.1). These findings indicate that Au®* ions not only induce the formation
of a protein network, but the HDL also reduces the Au®* ions and synthesizes AuNPs. Compared to
proteins in solution, the synthesis of AUNPs requires a longer reaction time, after HDL gel network
formation. This could be due to the rigid protein structure of HDL in the gel network, causing steric
hindrance, which slows down the reaction with Au®* ions. Next to the reducing properties, HDL
stabilizes the AuNPs through steric stabilization effects, adsorption to the surface and by coordinating
Au®* to numerous functional amino acid groups (e.g. amine and carboxylate groups). Therefore, it was

suggested that the AuNPs are embedded in the protein gel network and could not be recovered.
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Figure 2.2 Pictures of vials containing Au-HDL gel networks after 1, 2 and 7 days of preparation. The soft material turned from
dark yellow (1 day) to dark red (2 and 7 days). (B) Solid UV-Vis absorbance spectra of Au-HDL gel network followed in time
from 0-7 days. The characteristic LSPR peak of AuNPs increased in time, as indicated by the arrow.

2.2.4 Influence of temperature on network and AuNPs formation

The Au®*-induced gel network and subsequent AuNPs formation were observed and investigated at
room temperature. However, it was expected that heating could accelerate the interactions of HDL
with Au®* ions. Accordingly, the Au-HDL mixtures were incubated at different temperatures (T = 4, 20,
40, and 60 °C) and monitored for 5 h using UV-Vis at A = 300-800 nm (Figure 2.3). For samples
incubated at T = 4 and 20 °C, there was no red color visually observed within 5 h and the LSPR peaks
were absent (Figure 2.3 A,B,E). Moderately heating the Au-HDL mixture at T = 40 °C resulted in the
appearance of a slight red color of the mixture and the LSPR peak after 4 h (Figure 2.3 C,E). Heating at
T =60 °C resulted in the appearance of a red color of the mixture and the LSPR in the spectra after 1 h
(Figure 2.3 D,E). Increasing the temperature resulted in notably higher reaction rates, which resulted
in a shorter reaction time of AuNPs formation.

Regardless of the incubation temperature, the UV-Vis absorption bands increased in time. This
increase is caused by scattering of the light, which is known as optical density (OD). When proteins
form aggregates, the light is more scattered compared to dispersed, single proteins (ODaggregates >
ODproteins). When a dense gel network is formed, the light scatters even more (ODgel > ODaggregates).>* It
was hypothesized that the gel network formation can be followed by an increase in OD, which
corresponds to the unfolding, formation of aggregates and finally gel networks. Accordingly, the
network formation process was characterized by plotting the OD against time. The OD was taken at A
=400 nm, where there was no inherent absorption of the HDL and AuNPs (Figure 2.3 F). For the Au-
HDL mixture incubated at T = 20 °C, which is known to form a soft gel, the ODaoo gradually increased
during the first 2 h and stabilized around 1.0. This result is complementary to the results obtained with
the vial tilting method and shear stress test, indicating that the increase in ODaq is related to the gel
network formation. When the Au-HDL mixture was incubated at T = 4 °C, the ODaqo also increases
gradually up to 1.0. Moderately heating the Au-HDL mixture at T = 40 °C resulted in an increase of the
OD4o0 to 1.0 within 15 minutes, which then stabilized. Incubation of the Au-HDL mixture at T = 60 °C

resulted in increase of ODago to 1.3, which then further increased. Those results indicate that Au** ions
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induce protein-protein interactions not only at room temperature but also at T = 4 °C and when
incubated at higher temperatures. Comparing the ODa4go values for spectra of the Au-HDL mixtures
incubated at T = 4-40 °C, the ODago values were stable for 5 h. Based on that result, we hypothesize
that the network formation is completed at ODa4go = 1.0 and it is expected that OD4qo values for the Au-
HDL mixtures incubated at T =4 and 20 °C would still increase after 5 h because of the AuNPs formation
and growth. When incubating the Au-HDL mixture at T = 60 °C, the ODaqo further increased to 2.0. This
increase was assigned to the contribution of LSPR absorbance due to the AuNPs formation. As a
control, HDL solutions (in the absence of Au®*) were incubated at T = 4-60 °C and the ODaqo values were
measured for 5 h (Figure S2.2 A). No observable differences between spectra were found within 5 h,
indicating that HDL doesn’t unfold while moderately heating and the increase in ODago is only

attributed to Au®*" induced gel network formation.

When heating the HDL solution at T = 80 °C, the OD4q started to increase after 30 min and further
increased in time till ODago = 1.8 (Figure S2.2 A). In the rheology experiment of the heat-set HDL gel, it
was observed that HDL starts to unfold above T = 75 °C.3 For this reason, the influence of heat-induced
gelation on the Au**-induced gelation was investigated by incubating the Au-HDL mixture at T = 80 °C.
A red color of the sample was already visually observed after 15 min together with the appearance of
the LSPR peak (Figure S2.2 B,C). The OD4go value for the Au-HDL mixture heated at T = 80 °C was
significantly higher than for the Au-HDL mixtures incubated at T = 4-60 °C (Figure S2.2 D). This could
be assigned to the combination of the unfolding of HDL by heating, the Au**-induced network

formation and the AuNPs formation.
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Figure 2.3 (A-D) (A-D) Solid UV-Vis absorbance and (E) derived LSPR absorbance (at A = 555 nm) and (F) OD400 spectra of Au-
HDL gel networks incubated at T = (A) 4 °C (black dotted line), (B) 20 °C (red dotted line), (C) 40 °C (green dotted line) and (D)
60 °C (blue dotted line) followed for 5 h. (insets) optical photographs showing gradual color change of the Au-HDL mixtures
at different time intervals.

2.2.5 Nature of Au-HDL interactions

To investigate which amino acids of HDL interact with Au* ions and contribute to the protein-protein
interactions, FTIR spectra of HDL and the Au-HDL gel network were measured (Figure S2.3). The pattern
of group vibrations of HDL corresponds to a typical FTIR spectrum of lipoproteins.?> The FTIR spectra
of HDL and the Au-HDL network were very similar, however, the absorbance of the band at region
2260-2010 cm™, corresponding to SH stretching vibrations, was decreased after the addition of Au®*
ions. The decrease of free SH groups could indicate that cysteine is oxidized by Au* and forms disulfide

bonds?® 27 or forms Au-S bonds.
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To further investigate whether other bonds than disulfide bonds are responsible for the protein-
protein interactions and subsequent network formation, Au-HDL fractions were qualitatively analyzed
using an SDS electropherogram (Figure S2.4). Aliquots of the Au-HDL mixture were taken at different
time frames and were dispersed into B-mercaptoethanol solutions. The -mercaptoethanol reduces
the disulfide bonds and allows to investigate their role in the protein-protein network. SDS-PAGE
separation of native HDL revealed five major bands, ranging in molecular weight from 28 to 110 kDa
(lane 2).% After the addition of Au®* ions to the HDL, the pattern in the gel electropherogram remained
unchanged (lane 3). Further extending the reaction time to 10 minutes (lane 4), larger protein bands
were observed (> 185 kDa), while the smaller bands (28-75 kDa) decreased in intensity. The -
mercaptoethanol breaks down the disulfide bridges, however, there were still large protein fragments
presentin lane 4-12. This indicates that there are other types of bonds present in the protein network,
probably of covalent nature. It was expected that those covalent bonds are derived from other oxidized

amino acid groups, such as tyrosine.

Tyrosine exhibits strong reducing properties® and in order to evaluate the effect of Au® on tyrosine of
HDL, the physical-chemical properties of HDL and Au-HDL were investigated. Oxidation of tyrosine

).28 Dityrosine has

results in the formation of tyrosine-tyrosine cross-linking (dityrosine) (Figure 2.4 A
characteristic fluorescent properties with excitation at Ae = 325 nm and emission at Aem = 410 nm. 28
When the fluorescent spectra of the HDL and Au-HDL mixtures were measured, no dityrosine
fluorescence was detected (Figure S2.5). This could be caused by the spectral overlap of the
absorbance of Au®* with the excitation band of the dityrosine, known as the inner filter effect (Figure
$2.6 A).28 It has to be noted that the absorption at A = 280 nm decreased in a period of 0-5 h, due to
Au®* complexation and reduction. Extraction of Au®* is required to avoid possible interferences or
qguenching of the dityrosine fluorescence. Therefore, KCN was added to Au-HDL to form an Au(CN)
complex.?® As a control, KCN was added to HDL. It was observed that the absorbance and excitation
spectra of HDL were unaffected by the KCN treatment, indicating that the KCN does not damage the
tertiary HDL structure (Figure S2.6). After Au®* extraction of the Au-HDL mixture, the absorbance at A
= 280 nm was decreased because of the formation of the Au(CN)," complex, which exhibits no
absorbance (Figure S2.6 A’). When measuring the fluorescent properties of the Au-HDL mixtures after
KCN treatment, an excitation peak at A = 328 nm and emission peak at A = 400 nm were observed
(Figure 2.4 B,C). Those peaks were not observed for native HDL before and after addition of KCN (Figure
S2.5, 52.6). The intensity of those peaks further increased in time and stabilized after 1.5 h. Those
results confirm that the addition of Au* to HDL results in the formation of dityrosine, which can lead

to the formation of extensive, stable inter- and intra-protein cross-linkages.®

However, to further verify the binding of Au®* to other amino acids in the Au-HDL system, more
research needs to be done, e.g. combination studies of X-ray crystallography, isotope labeling NMR

and mass spectrometry.30-33
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Figure 2.4 (A) Scheme of dityrosine cross-linking between neighboring proteins. Fluorescence (B) excitation (Aem = 410 nm)
and (C) emission (Aex= 325 nm) spectra of 0.01% (w/v) HDL (dashed line) and Au-HDL mixture (solid line) in 1.71 M NaCl after
KCN treatment at different time intervals (0-5 h, every 30 minutes). The arrow indicates the increase in intensity in time.

2.2.6 Interactions of Au3* ions with other proteins

To investigate whether Au®* ions could induce network formation of other globular proteins, the same
method as for HDL was applied to BSA and WPI, (a mixture of a- and B-lactalbumin, B-lactoglobulin,
BSA and immunoglobulin).3* After the addition of Au*ions to BSA and WPI, a red color and LSPR peaks
were observed after 2 days (Figure S2.7 A,B). This was also observed for HDL, which suggested that the
AuNPs formation is not affected by the protein source and potentially the same amino acids are
involved in Au®* reduction. However, after the addition of Au3* ions to BSA, the mixture remained
liquid-like for 2 days and formed a soft-solid material only after 7 days, which was also observed in the
ODaoo graph (Figure S2.7 C). The Au-WPI mixture started to form a soft material after 1 day. Based on
those results, we found that Au* ions could induce network formation for different protein sources,
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but the reaction times and potentially the mechanism differed. More research needs to be done for

studying the Au**-induced gelation for different protein systems.

2.3 Conclusion

In summary, we have demonstrated that a redox reaction can take place between Au®** and proteins,
inducing protein-protein interactions and a subsequent gel protein network. The Au**-induced protein
network formation does not require additional heating and even occurs at T = 4 °C. The network
formation in time was revealed by vial tilting, rheology and OD measurements. The results show that
Au**induced network was faster as opposed to the heat-induced gelation of proteins. The interactions
between Au®** ions and amino acids, responsible for the Au-HDL network formation, were further
characterized by FTIR, SDS- PAGE, UV-Vis absorbance, and fluorescence spectroscopy, showing that
there were cross-links between cysteine and tyrosine. For 2 days, there was no Au®* reduction, and
only then it starts forming AuNPs. The network formation can be further tuned by parameters, such as
Au**/protein ratio, protein source and temperature. The Au*-induced protein-protein interactions
provide new insights into protein network formation and may aid for the design and construction of

novel hybrid-soft nanocomposite materials.
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2.4 Experimental section
2.4.1 Materials

Fresh hen eggs were purchased from a local organic farm De Hoge Born, Wageningen, the Netherlands.
Sodium chloride (NaCl, >99.5%), 1 M NaOH solution and potassium cyanide (KCN, >97%) were
purchased from VWR international B.V. Gold(lll) chloride hydrate (HAuCls:xH,0, 99.5%), Fast green FCF
fluorescent dye (>85%) and 76 mm dialysis tubing cellulose membrane (MWCO = 14 kDa) were
purchased from Sigma Aldrich. LDS sample buffer, a 10-250 kDa pre-stained PageRuler protein ladder,
pre-casted NUPAGE 4-12% Bis-Tris gels, 20x MOPS SDS running buffer and Coomassie R-250 staining
solution were purchased from ThermoFisher Scientific. Glacial acetic acid (100%) was purchased from
Biosolve B.V. Methanol (99.98%) was purchased from LPS. All chemicals were used without further

purification and deionized water was used throughout the experiments.

2.4.2 Methods

Extraction of HDL

HDL was extracted from egg yolk according to the method of Castellani et al. (2006),%> with slight
modifications. Hen eggs were cracked and the egg yolks were separated manually from the albumen.
The egg yolks were carefully rolled on a paper tissue to remove the chalazae and adhering albumen.
The yolk membranes were then punctured, using a glass pipette, and their contents were collected
and pooled in a beaker cooled in iced water. The liquid yolks were diluted with three volumes of 0.17
M NaCl (1% (w/v)) and homogenized by stirring for 1 h. The yolk was fractionated into plasma and
granules by centrifugation at 10,000 x g for 45 minutes at 4 °C, using a Thermoscientific Sorvall Legend
XFR centrifuge. The pellet (granules) was washed with 0.17 M NaCl and centrifuged once more. The
granules were suspended in 1.71 M NaCl (10% (w/v)) and the solution’s pH was adjusted to 7.25, using
1 M NaOH. The mixtures were collected in dialysis tubings and were dialyzed against deionized water
with 3 changes over 24 h. The HDLs were precipitated. The content of the dialysis tubings were
collected and centrifuged. The pellets, rich in HDL, were collected and freeze-dried, using a Salmenkipp

alpha 2-4 plus freeze-dryer at a temperature of -76 °C and pressure of 0.0090 mbar for 72 h.

Preparation of Au-HDL gel networks

In a typical experiment, HDL was prepared as a homogeneous 6% (w/v) solution by dissolving 60 mg of
HDL (0.14 umol, mwyp. = 422,480 kDa)*® in 1 mL of 1.71 M NacCl in a 20 mL glass vial. Au* solutions, of
10, 100, 150, 200 and 250 molar equivalents to HDL, were prepared by using a 0.1 M HAuCls stock
solution. For this, 14, 71, 142, 213, 284 and 355 pL of Au stock solution was added to 500 pL of 1.71 M
NaCl. The pH of the Au solutions was adjusted to 7, using a 1 M NaOH solution. The total, final volume
of the Au®* solutions was kept constant at 1 mL. The Au®* solutions were rapidly injected into the HDL

solutions to have a final HDL concentration of 3.0% (w/v).

2.4.3 Characterization

Protein content
The crude protein content was determined by Dumas (Thermo Quest NA 2100 Nitrogen and Protein

Analyser) using a protein-to-nitrogen conversion factor of 6.25.
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Confocal laser scanning microscopy (CLSM)

The microstructure of the Au-HDL gel was analyzed using a Leica SP8-SMD CLSM. The HDL solution was
first incubated 30 minutes with 10 pL of 1.2 mM Fast Green FCF. Then, a 3.0 wt.% Au-HDL mixture was
prepared as described above 1 day before imaging. The sample was cut and transferred onto a flat
glass slide before imaging. The Fast Green FCF was excited at A = 633 nm, using a 63x objective. The

images were processed using FlJI Is Just Image) software.*’

Rheological properties

Rheological measurements of the Au-HDL and heat-set HDL gel were done on an Anton-Paar® 302
rheometer, using rotational parallel-plate devices, using a shear-stress amplitude of 0.1% and
frequency of 1 Hz. For the heat-set gel, the HDL solution was heated to T = 90 °C, kept constant for 1

h and cooled down to T = 20 °C (heat and cool rate = 5 °C/min).

Transmission electron microscopy (TEM)

TEM sample preparation was done by pipetting 5 pL of 0.1 wt.% Au-HDL sample onto a carbon-coated
hexagonal 400 mesh copper grid. After one minute, a filter paper was used to remove excess fluid.
After air drying, the sample was imaged using a JEOL JEM1400+ microscope and the images were
analyzed with FlJI software.

UV-Vis spectrophotometric measurements

A Hitachi U-2010 UV-Visible spectrophotometer was used to measure UV-Visible absorbance spectra.
3.0 wt.% HDL solutions and Au-HDL mixtures were injected rapidly into 1 mm glass cuvettes and
incubated at 4 °C (in the fridge), 20 °C (room temperature) or 40-80 °C (using a water bath). The
samples were monitored at A = 300-800 nm for 5 h, 1.71 M NaCl was used as a reference. The Au-HDL

mixture incubated at room temperature was also monitored for 7 days.

For the investigation on dityrosine formation, 3 mL solutions of 0.01 wt.% HDL and Au-HDL mixtures
were prepared in 10 mm quartz cuvettes and measured from A = 250-800 nm. The solutions were also
treated with KCN for the investigating the effect on HDL and to extract the gold. Therefore, 10 uL of
174 uM KCN solution (11.6 mg/mL, 1.7 nmol, 10 molar equivalents against Au®") was added to the HDL

solution and Au-HDL mixture. After 1 h of exposure to air, the samples were measured again.

Fluorescence spectroscopy measurements

Fluorescence spectroscopy measurements were done on an Agilent Cary Eclipse Fluorescence
Spectrophotometer, using 10 mm quartz cuvettes. Excitation spectra were measured from A = 250-
390 nm with Aem = 410 nm, emission spectra were measured from A = 350-500 nm with Ae = 325 nm,
slits were set at 5 nm. The HDL solution and Au-HDL mixture with and without KCN treatment were

prepared as described for the UV-Vis spectrophotometric measurements.

Fourier-transform infrared spectroscopy (FTIR)
The FTIR of HDL and Au-HDL were measured using a Tensor 27 Fourier transform spectrophotometer.

Interferograms were accumulated over the spectral range 4000-500 cm™ with a resolution of 4 cm™.
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For each measurement, 11 scans were taken. The samples were freeze-dried prior to the

measurement, prepared in KBr pellets and measured at ambient conditions.

Qualitative analysis of Au-HDL gels using electrophoresis

Denaturing SDS-PAGE gel electrophoresis was done to qualitatively analyze the protein content in the
Au-HDL gel in time, according to the manufacturer’s protocol. A 6.0 wt.% HDL stock solution was
prepared in 1.71 M NaCl. The HDL stock solution was divided over 11 microcentrifuge tubes, 33.3 pL
each. To 10 microcentrifuge tubes, 33.3 pL of Au®* solution (of 250 molar equivalents) was added. The
mixtures were allowed to incubate for a specific time period (0-240 minutes). After each time period,
0.5 mL of LDS sample buffer was added to the reaction mixture and mixed for 15 minutes. Then, 0.5
mL of sample buffer, containing 20% glycerol and 4% B-mercaptoethanol was added to the same
reaction mixture. The total concentration of protein in each sample was 1 mg/mL. The samples were
heated at 100 °C for 5 minutes and kept in the freezer till loading. 8 uL of a pre-stained PageRuler
protein ladder (10-250 kDa) and 20 uL of each sample was loaded into wells of a pre-casted NUPAGE
4-12% Bis-Tris gel. The gel was fixed in a ThermoFisher Scientific mini gel tank. After filling the gel tank
with 1x MOPS SDS running buffer, the electrophoresis was run at 200 V for 1 h. After removing the gel
from the tank, the gel was washed with deionized water and gently shaken in Coomassie R-250 staining
solution for 1 h. The gel was finally de-stained in a solution containing 30% of methanol and 10% of

glacial acetic acid in deionized water.
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2.5 Supporting Information
Au* reduction by HDL

Figure S2.1 TEM image of Au-HDL mixture (0.1% (w/v)) after 3 days of preparation. Scale bar is 200 nm.
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Figure S2.2 (A) Time-dependent ODaqp plots of 3.0% (w/v) HDL solutions in 1.71 M NaCl incubated at T = 4 °C (black dotted
line), 20 °C (red dotted line), 40 °C (blue dotted line), 60 °C (magenta dotted line) and 80 °C (olive dotted line). (B) Solid UV-
Vis absorbance and (C) LSPR absorbance (at A = 555 nm) and (D) ODa4qo spectra of Au-HDL mixture incubated at T = 80 °C
followed for 5 h (insets) optical photographs showing gradual color change of the Au-HDL mixture at different time intervals.
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FTIR study of Au-HDL interactions
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Figure S2.3 FTIR spectra of HDL (top, black graph) and Au-HDL network (bottom, red graph) in the 4000-500 cm-! frequency
region at ambient conditions. The arrows are pointing at the SH stretching vibrations.

SDS gel electropherogram of Au-HDL mixtures followed in time
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Figure S2.4 SDS gel electropherogram of the protein marker (lane 1), native HDL (lane 2) and Au-HDL gels in time (lane 3-12:
0, 10, 20, 30, 40, 50 60, 120, 180 and 240 mins).
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Additional UV-Vis absorbance and fluorescence spectra
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Figure S2.5 Fluorescence (A) excitation (Aem = 410 nm) and (B) emission spectra (Aex = 325 nm) of 0.01% (w/v) HDL (dashed
line) and Au-HDL mixture (solid line) in 1.71 M NaCl at different time intervals (0-5 h, every 30 min). The peak marked * arised
from an artefact during measurement.
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Figure S2.6 (A) UV-Vis absorbance and (B) fluorescence excitation (Aem = 410 nm) spectra of 0.01% (w/v) HDL (dashed line)
and Au-HDL mixture (solid line) in 1.71 M NaCl before and (A’,B’) after KCN treatment at different time intervals (0-5 h, every
30 min, indicated by the black arrow).
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Au?*-induced gel network and AuNPs formation of BSA and WPI
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Figure S2.7 Solid UV-Vis absorbance spectra of (A) Au-BSA and (B) Au-WPI mixtures incubated at 20 °C followed in time from
0-7 days. The characteristic LSPR peaks of AuNPs increased in time, indicated by the arrows. (C) Derived OD4oo spectra of BSA
(black dotted-line) and WPI (red dotted-line) against time.
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Chapter 3

Abstract

Hollow microparticles (MPs) are of great relevance in materials industry for a wide range of
applications, such as catalysis, coatings, and delivery of theranostics. Here, we report the formation of
hollow MPs through the assembly of lipoproteins in CaCO; templates. Proteins interact in the pores of
CaCOs; templates through attractive hydrophobic forces and form dense edges of the hollow MPs. To
further cross-link the proteins, Au** was added to initiate a redox reaction, where proteins were
oxidized forming inter- and intramolecular covalent bonds, while Au®* is reduced and formed gold
nanoparticles (AuNPs). The obtained protein-based hollow MPs had a diameter of 6 um and the AuNPs
were embedded in their surface. Through this research, we suggest a new route to design biobased
Au-protein hollow MPs in simple steps, which can allow new possibilities for carrying functional

molecules and bioimaging.
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3.1 Introduction

Microparticles (MPs) offer advantageous structural and functional abilities as a carrier system, which
are of interest in a wide range of applications, such as,! encapsulation,? tissue engineering,® 4 and
biosensing.® ® Whereas the majority of the MPs are fabricated with synthetic polymers,” it is of great
importance to use biobased materials, such as proteins, to expand the range of developing

biocompatible MPs with functional properties.

For the preparation of protein MPs, proteins are forced to assemble together through the use of liquid
or solid templates. The formation of stable MPs includes interactions of reactive amino acid side
groups of neighboring protein molecules or the use of cross-linkers, like glutaraldehyde, resulting in a

protein gel network.

Besides the formation of MPs with a homogeneous core, hollow MPs are also of high interest because
of their ability to encapsulate large quantities of guest molecules in their hollow core.® Hollow MPs are
mostly obtained with the aid of a hard® or soft’® templates, which have to be removed through
thermolysis or extensive acidification, requiring the use of large amounts of chemicals and tedious
process steps. Therefore, the use of biobased molecules and environmentally friendly processes to

create hollow MPs are highly desired.:t

Herein, we demonstrate a facile method to fabricate hollow MPs using egg yolk high-density
lipoproteins (HDL), inside sacrificial CaCOs templates (Scheme 3.1). HDL spontaneously forms the
hollow MPs, due to intra-protein hydrophobic forces, while to increase the rigidity of the MPs, Au®*
ions are used, which has been reported to cross-link HDL through a redox reaction.'? The cross-linking
method is based on the oxidation of HDL amino acids and their subsequent covalent bonding, while
residual amino acid groups of proteins act as natural reduction sites of Au® ions and synthesize gold
nanoparticles (AuNPs), which are located on the surface of the MPs. The resulting hollow protein MPs
have a well-defined size, morphology and high stability. The ability to produce stabilized hollow protein
MPs, using Au®* ions, with embedded AuNPs, opens avenues for manipulating and navigating
microcapsules for controlled release and target delivery. The CaCO; templates can be easily
decomposed at acidic pH,*® releasing stable Au-HDL-MPs. The large inner voids of the Au-HDL MPs
could encapsulate and protect molecules of interest. The molecules of interest could be encapsulated
through co-precipitation with the proteins and CaC0Os,'* or through passive diffusion into the protein

MPs.2® The embedded AuNPs makes the Au-HDL MPs an attractive platform as multimodal imaging

agent due to their optical,'® '’ photothermal,'®*° and high attenuation coefficient properties.?
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Scheme 3.1 Schematic representation of fabrication of protein hollow MPs. (I) HDL was encapsulated into CaCO; templates
through co-precipitation with CaCl, and Na,COs. (1) HDL was encapsulated inside the CaCO3 template (gray). For route (lll-a),
HDL-MPs (blue sphere) were released from the template by lowering the pH. The HDL-MPs collapsed upon dehydration. For
route (lll-b), Au3* ions were added to HDL-encapsulated CaCO3 templates to induce in situ HDL network formation, followed
by reduction of Au3* and synthesis of 10-60 nm AuNPs (red spheres) before template removal. The resulting Au-HDL-MPs
formed wrinkled, deflated structures after dehydration.

3.2 Results and Discussion

Spherical and porous CaCOs were synthesized by direct mixing of soluble salts of Ca** and COs* to
initiate precipitation at supersaturation?! and was used as template for the protein MPs, since it offers
alarge inner surface area for encapsulation, is biocompatible, economically friendly,? easy to prepare
and sacrificial under mild conditions (e.g. by chelating reagents or under acidic conditions).* The
proteins could be encapsulated through diffusion into pre-synthesized CaCOs; templates or by co-
precipitation during CaCO; synthesis.?

3.2.1 HDL encapsulated into the CaCO3 templates

HDL is a relatively hydrophobic and insoluble protein, which forms aggregates in aqueous solutions.?
The aggregates were too large to diffuse into pre-synthesized CaCO; templates. For this reason, HDL
molecules were incorporated in the CaCO; through co-precipitation, which were expected to form a
particle at the core of the CaCO; template.

When HDL was mixed with CaCl, before the addition of Na,COs, the ions interacted to form the CaCO;
template, and simultaneously encapsulated HDL aggregates and precipitated (Scheme 3.1 I-1l). The
CaCOs; templates with the encapsulated HDL were collected and initially analyzed using TEM to get
information on macroscopic morphology. The obtained HDL/CaCO; complexes appeared to be
spherical with a diameter around 3.5-5.2 um and a high electron density, caused by the high mass and
crystallinity of the CaCOs; templates (Figure 3.1 A). It has to be noted that also some cubic shapes were

2L 233 50 it was assumed that those did not

observed. However, cubic CaCOjs structures are non-porous,
contain HDL. Next to TEM, SEM was used for analyzing the surface structures of the HDL/ CaCO;

complexes (Figure 3.1 B). In the SEM image, it was observed that the crystal surface was composed of
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Figure 3.1 The high mass and crystallinity of the CaCO; templates provides a high contrast for (A) TEM and (B) SEM (scale bars
are 5 um), inset shows single particles (scale bars are 1 um). (C) Light diffraction reveals a size distribution of HDL-
encapsulated CaCO; templates with a diameter of 6 um. (D) FITC-labelled HDL in CLSM reveals that HDL is distributed at the
edges of the CaCO; templates, forming dense rings (scale bar is 25 um, thickness is 0.6 um). (E) Corresponding fluorescent
profile plot of (inset) a FITC-HDL-encapsulated CaCO3 template, indicated by the white box in (D). (F) Schematic illustration of
the cross-section of an HDL-encapsulated CaCO; template.

smaller single particles (Figure 3.1 B, inset). Spherical, micron-sized CaCOs; is synthesized through
aggregation of primary CaCOs nuclei, which instantly formed by mixing Ca** and COs>.% The surface
structure is most likely composed of smaller, single CaCOs nuclei.

To further evaluate the size distribution of the CaCOs/HDL templates, their sizes were measured using
light diffraction. As it is shown in Figure 3.1 C, the size distribution was bimodal with peaks at 0.6 pm
and 6.7 um. Previous reports have suggested a size distribution of the CaCOs templates around 4-6
um,?* which agrees with the results we obtained from the TEM analysis. Therefore the smaller peak at
0.6 um, obtained during the laser diffraction analysis, was attributed to the non-encapsulated HDL

aggregates.

To investigate the presence of HDL molecules inside the CaCOs templates, HDL was covalently labelled
with fluorescein isothiocyanate (FITC) before co-precipitation. Using CLSM, the fluorescence of FITC
(green color) was detected from the HDL-encapsulated CaCOs templates, indicating that the excitation

).26 As it is shown at the

wavelength could penetrate the porous templates (Figure 3.1 D, Figure S3.1
detailed fluorescence profile plotin Figure 3.1 E, a higher fluorescent signal was observed at the edges
of the templates, while it gradually decreased from the surface to the internal core, showing the

formation of shell-like hollow MPs, as it is given schematically in Figure 3.1 F. The protein border inside
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the templates had a thickness of 2.0 + 0.5 um. The formation of the hollow protein MPs in the CaCOs
template was surprising because it has been reported earlier when proteins such as bovine serum
albumins® and PB-lactoglobulins” were encapsulated in the same template, they formed
homogeneous protein MPs. The proposed mechanism of the encapsulation of soluble proteins in the
CaCOs; templates was that the proteins adsorb onto the surface of primary CaCOs nanoparticles and
are captured mechanically into the inner pores of CaCO; during colloidal aggregation of the CaCOs;
nanoparticles.?> However, HDL proteins are poorly soluble and form big aggregates in aqueous
solutions, and also in the presence of Ca®" ions. Therefore, it was hypothesized that the HDL
aggregates, due to their large size (>100 nm),?* could not adsorb in the pores (20-60 nm)?* of the CaCOs
templates during the formation, but were only deposited on the core of the template at a later stage,

making a thin spherical film around it.

3.2.2 Properties of hollow HDL microparticles

Itis possible that strong attractive hydrophobic forces exist between the HDL molecules in the confined
environment of the CaCOs; template, which was expected to be the force that can keep the hollow
protein MPs intact when the template will be removed (Scheme 3.1 Ill-a). During the CaCOs synthesis,
the proteins were under alkaline conditions (pH > 10), which results in exposure of hydrophobic groups
and increases hydrophobic interactions.?® The charge of the HDL molecules was expected to have
minor impact, since it was weak and did not exceed the |20| mV at the storage and CaCOs;
decomposition conditions (Figure S3.2).

To investigate the stability of the hollow protein MPs, we initially used CLSM to visualize the particle
microstructure (Figure 3.2 A, Figure S3.3). The fluorescent signal was again predominantly observed at
the edges of the HDL-MPs. The fluorescence profile plot showed the highest fluorescence intensity at
the edges, but a significant decrease from the surface to the internal core (Figure 3.2 B). This shows
the conservation of the protein distribution within the template after releasing the HDL-MPs from the
templates. However, the protein border thickness was decreased to 1.6 + 0.4 um, which suggests that
some proteins were released from the HDL-MPs during the template removal. This could be due to the
weak hydrophobic interactions, which could not keep all the proteins together. Additionally, the HDL-
MPs were aggregated, which could be due to the hydrophobic nature of HDL, leading to extensive
hydrophobic interactions between neighboring HDL-MPs.

Next, TEM imaging was applied to study the HDL-MPs structure. The HDL-MPs appeared as slightly
loose protein matrices with low density (Figure 3.2 C, Figure S3.4) and diameter of 4.7-7.5 um. The
protein-protein interactions in the hollow MPs were constituted by weak hydrophobic forces, resulting
in a system with low density. Furthermore, since it was not clear in the TEM image whether the MPs
kept their hollow structure, TEM imaging was also done on an ultramicrotome thin section of an HDL-
MP (Figure 3.2 D). In the thin section, a dark-colored border was observed, which consisted of proteins.
No proteins were observed in the internal core of the HDL-MP, which confirms that the HDL-MPs

formed a hollow structure with a low protein density (Figure 3.2 E).

The surface morphology of the HDL-MPs was further examined by SEM (Figure 3.2 F). After the
template removal, the HDL-MPs resembled flattened circular discs. During SEM imaging, drying and
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Figure 3.2 (A) FITC-labelled HDL-MPs (scale bar is 25 pm, thickness is 0.9 pm) in CLSM reveals that the HDL distribution in the
HDL-MPs is conserved after template removal. (B) The corresponding fluorescent profile plot of (inset) a single HDL-MP,
indicated by the white box in (A). The dense protein network provides contrast for (C) TEM (scale bar is 1 pm) and the (D)
cross-section (0.05 pm) of the HDL-MP shows that the proteins formed a hollow core-shell morphology (scale bar is 0.5 um,
sample is stained with uranyl acetate and lead citrate). (E) Schematic illustration of the cross-section of an HDL-MP. (F) SEM
image of HDL-MPs, coated with tungsten (scale bar is 5 um). (G) 3-D AFM images of HDL-MPs, with corresponding height
scale bar.

high vacuum conditions are applied. These conditions could have caused collapsing of the hollow HDL-
MPs, which could be due to the absence of proteins in the internal core and weak protein-protein
interactions, resulting in low structural integrity of the HDL-MPs in a dried state.?® To further

investigate the structural stability of the HDL-MPs, in terms of rigidity and self-standing, the particles
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were dried on a solid substrate under ambient conditions and imaged with AFM. The AFM images show
the topography of the HDL-MPs, where the raised (indicated by white-to-light brown color) and
lowered (dark brown color) structures are determined. Upon drying, the HDL-MPs had a flattened,
collapsed shape with a porous surface with a thickness varying from 0.01-0.7 um (Figure 3.2 G). The
collapsing of the hollow protein MPs upon drying, indicated that it is necessary to cross-link the

proteins, so they will retain their structure.

3.2.3 Using Au3* ions to enhance the rigidity of the hollow protein MPs

Covalent cross-linking of the proteins allows conserving and stabilizing the spherical structure upon
template removal. In our previous research, we demonstrated that the addition of (=150 molar
equivalents) Au®* ions to HDL resulted in gel network formation and subsequent AuNPs synthesis.'?
The Au®* ions are known for their strong oxidizing properties on, for instance, thiol- or amine-

30, 31 and,

containing side groups of amino acids, resulting in di-amino acid covalent bonding
subsequently, gel network formation. Additionally, several available amino acid side groups (e.g.
tryptophan, tyrosine, aspartic acid, phenylalanine) can act as reduction sites of Au**ions and synthesize
AuNPs.3%3 |n a previous work, FTIR analysis showed the formation of disulfide bonds and fluorescence
spectroscopy the formation of dityrosine in the gel networks.!? Increasing the amounts of Au* ions

resulted in a faster formation of the gel networks. However, no changes in morphology were observed.

Therefore, 250 molar equivalents of Au®* ions were added to HDL-encapsulated in CaCO; templates to
induce protein-protein interactions and covalent cross-linking of proteins (Scheme 3.1 Ill-b). During
the incubation of the Au®*/HDL/CaCOs system the suspension gradually changed from white to pink
(after 2 h), then to red, indicating the interactions of Au** with the HDL molecules and the subsequent
formation of AuNPs (Figure $3.5 A). Increasing the amounts of Au3* accelerated the color formation of
the Au®/HDL/CaCO; system. The red color was derived from the characteristic localized surface
plasmon resonance (LSPR) absorption of AuNPs, which can be found in the region of A = 500-600 nm.3¢
After precipitation of the HDL/CaCOs; complexes, it was observed that only the solid templates
appeared red- colored, while the solution remained transparent (Figure S3.5 B), showing that both HDL
and AuNPs were located at the templates. It is important to mention here that the formation of AuNPs
and the subsequent red color was not observed in the absence of HDL, clearly proving that the AuNPs
formed after their diffusion into the templates and their interaction with the HDL molecules that were
entrapped. After removal of the templates, the red color of the Au-HDL-MPs was conserved (Figure
$3.5 C). This suggests that HDL not only reduced the Au®* ions for the formation of AuNPs, but also
stabilized the AuNPs through steric stabilization effects, adsorption to the AuNP surface and by
coordinating Au3* to numerous functional amino acid groups (e.g. amine and carboxylate groups). The
steric stabilization could decrease the potential toxicity of the AuNPs, however, since contradictive

information on this matter has been published,?” further investigation is needed.

To confirm whether the red color is derived from AuNPs, the Au-HDL MPs solutions were measured
with UV-Vis absorbance at A = 400-800 nm (Figure S3.5 D). The spectra demonstrated the appearance
of an absorption peak centered at A = 555 nm after 2 h of incubation, which confirmed the presence
of the AuNPs.
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The Au®* ions and AuNPs formation after template removal may have an impact on the spherical
protein structure. For this reason, the microstructure and protein distributions in the protein MPs were
studied with CLSM, after labeling HDL using FITC (Figure 3.3 A, Figure S3.6). The CLSM images showed
dense rings, which means that the spherical protein structures were still intact after template removal.
The fluorescence profile plot also showed a high fluorescence peak, which corresponds to the observed
ring, and a gradual decrease from the surface to the internal core (Figure 3.3 B). The protein border
had a thickness of 1.9 + 0.4 um, which was similar to the thickness before template removal (Figure
3.1 D). Based on these results, the protein distribution and spherical structure seems to be preserved
within the hollow MPs after template removal through the addition of Au* ions.

Next, TEM was used for analyzing the hollow MPs structure after the addition of Au®*. In the TEM
image, the MPs appeared as dense protein matrices with a size distribution of 1.6-3.1 um (Figure 3.3
C, Figure S3.7). Besides the protein MPs, small, dark and spherical spots, with sizes between 10-60 nm,
were observed. The AuNPs have a higher electron density than the protein matrix, and this contrast is
sufficient to detect the AuNPs in the protein matrix. Based on the contrast difference, the appearance
of the red color and the LSPR absorbance, the spherical spots in the TEM image were assigned to
AuNPs. However, it could not be clearly observed on the TEM image whether those AuNPs are located
on the surface or inside the protein matrix. Therefore, TEM imaging was done on an ultramicrotome
thin section (0.05 um), after agarose embedding (Figure 3.3 D). In the thin section, a dark border was
observed, which consisted of stained proteins, and there were some dense electron regions observed
in the internal core of the MPs. This confirmed the MPs formed a stable and rigid hollow structure. The
AuNPs were predominantly observed on the outside of the dark borders of proteins. This suggests the
ability of Au* ions to infiltrate the CaCOs templates at the protein surface and there they are reduced
to AuNPs (Figure 3.3 E). The darker shades that were observed in the TEM image in Figure 3.3 C could
be attributed to folds and creases in the structure, which caused a higher local electron density. These
folds are likely formed upon dehydration of the hollow- structure morphology of the hollow MPs under

drying and high vacuum conditions during TEM imaging.

Additionally, the surface morphology of the Au-HDL-MPs was further examined by SEM (Figure 3.3 F).
After template removal, the Au-HDL-MPs appeared flatten with folds and creases structures. The
deflated, wrinkled particle structure likely resulted from the hollow-like and cross-linked shell structure
of the Au-HDL-MPs, which collapsed upon drying due to the removal of water, but still the protein
molecules remained in the border of the MP. AFM was used to study the effect of dehydration on
rigidity and self-standing properties of the hollow Au-HDL-MPs (Figure 3.3 G). The drying of Au-HDL-
MPs resulted in the formation of a deflated, wrinkled particle shape with a thickness varying from 0.1-
1.7 um. The thickness of the Au-HDL-MPs was two times higher than the HDL-MPs, indicating that the
wall thickness of Au-HDL-MPs was more rigid upon dehydration. This was also observed in the CLSM
images, where the wall thickness of the Au-HDL-MPs was higher than of the HDL-MPs (Figure 3.2 A,
Figure 3.3 A). Based on that, we hypothesized that the wall thickness is higher due to the covalent

cross-linking of the Au-HDL-MPs, which improved the stabilization of the structures upon dehydration.

45



Chapter 3

60 4

40

Intensity (-)

20+

1.7 um

5um

Figure 3.3 (A) FITC-labelled Au-HDL-MPs (scale bar is 25 pm, thickness is 0.9 um) in CLSM reveals that the HDL distribution in
the Au-HDL-MPs is conserved after cross-linking and template removal. (B) The corresponding fluorescent profile plot of
(inset) a single Au-HDL-MP, indicated by the white box in (A). The dense protein network and AuNPs provide a high contrast
for (C) TEM (scale bar is 1 um) and the (D) cross-section (0.05 um) of the Au-HDL-MP shows that the AuNPs are concentrated
at the edges of the protein MP surface (scale bar is 0.5 pm, sample is stained with uranyl acetate and lead citrate). (E)
Schematic illustration of the cross-section of an Au-HDL-MP with AuNPs on the surface. (F) SEM image of Au-HDL-MPs, coated
with tungsten (scale bar is 5 um). (G) 3-D AFM image of two neighboring Au-HDL-MPs, with corresponding height scale bar.
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3.2.4 Stability of the hollow protein MPs at different pH conditions

After preparation of the different particle systems, analytic methods were used to study the stability,
in terms of aggregation, of the MPs at different pH values. DLS measurements allowed a comparison
of the diameters of the cross-linked (Au-HDL-MPs) and non-cross-linked hollow MPs (HDL-MPs) (Figure
3.4 A). For HDL-MPs, the average size distribution was 0.93 um at pH 1-3, whereas the sizes increased
to 7.7 um (+19%) at pH 4-10, and decreased to 0.45 um at pH 11-12. However, it was observed that
the sizes of the Au-HDL-MPs were stable around 6.4 um (+7%) at the pH range 1-12. Before removal
of the template, the size distribution of the HDL-encapsulated CaCO; was 6.7 um (Figure 3.1 C). The
sizes of HDL-MPs were slightly larger at pH 4-10 than before the removal of the template. At the
extreme low (pH 1-3) and high (11-12) pH values, the sizes were significantly decreased. These results
suggest that the HDL-MPs were not stable in size against pH. In contrast, there were no major changes
observed in size of the Au-HDL-MPs after template removal and pH titration. The HDL-MPs and Au-
HDL-MPs sizes were originated from the templates (Figure 3.1 C), which indicates that the MPs are
inverse replicates of the CaCOs templates. Additionally, the pH did not affect the size of the Au-HDL-
MPs, indicating that the Au-HDL-MPs are predominantly stabilized by covalent protein-protein
interactions. These covalent bonds were derived from oxidized amino acids, like cysteine and tyrosine,
due to the addition of Au®** ions.*?

Another important factor in colloidal stability is the surface charge. Zeta-potential measurements
allowed a comparison of quantitative values of the overall surface charge and colloidal stability
between HDL-MPs and Au-HDL-MPs (Figure 3.4 B). The zeta-potential as a function of pH showed that
HDL-MPs have surface charges below |30| mV and a zero surface charge point at pH 7.3. The Au-HDL-
MPs have an effective zeta-potential of about -30 mV at pH 4-12, and a zero surface charge point at
pH 2.9. When zeta-potential values are >|30| mV, the particles are electrostatically stabilized and
cause electrostatic repulsion between the particles and prevent aggregation. However, when the zeta-
potential values are <|30| mV, attractive forces exceed electrostatic repulsion, causing the particles
to aggregate.”’ At pH 4-10, the HDL-MPs sizes were increased and the particles bear surface charges
of > | 20| mV. Based on that, we concluded that electrostatic repulsion caused swelling of the charged

shells. However, a size decrease was observed at pH 7, which is close to the surface zero charge point.
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Figure 3.4 The effect of pH on (A) sizes, as derived from DLS measurements, and (B) zeta-potential of HDL-MPs (black dots)
and Au-HDL-MPs (red dots). Separate protein-MPs solutions with pH 1-12 were prepared for each individual measurement.

47



Chapter 3

The decrease in size of the HDL-MPs could be due to attractive forces, resulting in shrinkage.
Additionally, the high zero surface charge point of the HDL-MPs indicates that strong hydrophobic
interactions stabilize the HDL-MPs.38 At the extreme pH values, the surface charges were |30| mV and
the sizes were significantly decreased. This indicates that the high surface charge, and thus high
repulsion, at the extreme pH values could lead to more extreme swelling of the HDL-MPs. The swollen

HDL-MPs were likely sedimented during the size measurements, resulting in significant size decrease.

The low zero surface charge point of the Au-HDL-MPs suggests that the positively charged groups (e.g.
lysine, arginine) of the Au-HDL-MPs are reduced, resulting in a more negative charge. This could be
caused by interactions of positively charged groups with the obtained AuNPs,*® or due the nucleation
of the AuNPs,*! or the oxidation of the positively charged groups.® Since we observed that Au-HDL-
MPs sizes were stable against pH and have zeta-potential values of -30 mV, we concluded that the
covalent cross-linking of the Au-HDL-MPs improved the stabilization of the structures upon template

decomposition and could be accelerated by increasing the amounts of Au®* ions.

3.3 Conclusion

In this research, we successfully fabricated stable hollow protein MPs with an average size distribution
around 6 um. For the formation of the hollow MPs, CaCOs was used as a template. HDL molecules are
interacting in the pores of the template through attractive hydrophobic forces and are predominantly
concentrated at the edges of the CaCO3; template. However, it appeared that the hydrophobic forces
were not enough to sustain the structure of the MPs. Therefore, Au* ions were added to the HDL
molecules encapsulated in CaCOs, as it has been shown that Au®* reacts rapidly with HDL molecules
causing protein oxidation and cross-linking. At the same time, Au® ions are reduced from the amino
acids of the proteins and form AuNPs, which are embedded in the surface of the hollow MPs. The
hollow MPs with AuNPs were stable in terms of aggregation and self-standing properties. The design
we propose here of stable protein hollow MPs opens new avenues for constructing hollow MPs in
simple steps using biobased molecules. Besides that, the presence of AuNPs on the surface of the
hollow MPs makes the suggested system an attractive platform as carrier of therapeutics and at the
same time a multimodal imaging agent due to their optical, high electron density, and high attenuation
coefficient properties.
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3.4 Experimental section
3.4.1 Materials

Fresh hen eggs were purchased from a local organic farm De Hoge Born, Wageningen, the Netherlands.
Sodium chloride (NaCl, >99.5%), 1 M NaOH and 1 M HCI solutions were purchased from VWR
international B.V. Gold(lIll) chloride hydrate (HAuCls-xH,0,99.5%), Fluorescein-5-isothiocyanate (FITC,
>95%), calcium chloride (CaCl,, >93%), sodium carbonate (Na,COs;, >99.5%) and 76 mm dialysis tubing
cellulose membrane (MWCO = 14 kDa) were purchased from Sigma Aldrich. All chemicals were used

without further purification and deionized water was used throughout the experiments.
3.4.2 Methods

Extraction of HDL

HDL was extracted from egg yolk according to the method developed by Castellani,** with slight
modifications. Hen eggs were cracked and the egg yolks were separated manually from the albumen.
The egg yolks were carefully rolled on a paper tissue to remove the chalazae and adhering albumen.
The yolk membranes were then punctured, using a glass pipette, and their contents were collected
and pooled in a beaker cooled in iced water. The liquid yolks were diluted with three volumes of 0.17
M NaCl (1% (w/v)) and homogenized by stirring for 1 h. The yolk was fractionated into plasma and
granules by centrifugation at 10,000 x g for 45 min at T = 4 °C, using a Thermoscientific Sorvall Legend
XFR centrifuge. The pellet (granules) was washed with 0.17 M NaCl and centrifuged once more. The
granules were suspended in 1.71 M NaCl (10% (w/v)) and the solution’s pH was adjusted to 7.25, using
1 M NaOH. The mixtures were collected in dialysis tubings and were dialyzed against deionized water
with 3 changes over 24 h. The HDLs were precipitated. The content of the dialysis tubings were
collected and centrifuged. The pellets, rich in HDL, were collected and freeze-dried, using a Salmenkipp
alpha 2-4 plus freeze-dryer at a temperature of T =-76 °C and pressure of 0.0090 mbar for 72 h.

Labelling of HDL with FITC

FITC was coupled to HDL through an isothiocyanate/amine reaction. 2 mg of FITC was added to 2 g of
HDL (with a molar ratio of ~1:1) dissolved in 50 mL of 1.71 M NaCl. The mixture was allowed to react
overnight, while covered against light. The mixture was then dialyzed against deionized water with 5
changes over 48 h. The content of the dialysis bag was collected and centrifuged. The supernatant was
discarded and the pellet was washed again with deionized water before freeze-drying. The molar ratio

of FITC coupled to HDL was 0.8, based on UV-Vis absorbance measurements.

Preparation of HDL-encapsulated CaCOs templates

For encapsulation of HDL into porous, spherical CaCO; templates, a standard procedure reported by
Volodkin et al. (2004)* was followed with slight modifications. 20 mL of a 0.33 M Na,CO; solution was
rapidly poured into 20 mL of 0.33 M CaCl, containing 5 mg/mL of HDL (100 mg, 0.24 umol, mwyup =
422,480 kDa*), while stirring at 700 RPM using a magnetic stirrer. A white precipitate formed instantly.
The stirring speed was subsequently increased to 2500 RPM for 30 s. The sample was then removed
from the stirring plate and was left standing for 15 min to facilitate the formation of CaCOs. The

49



Chapter 3

suspended HDL-encapsulated CaCOs; was collected by centrifugation at 3,000 x g for 5 min (Thermo
Scientific ST 8R centrifuge) and washed 3 times with 10 mL of 1.71 M NaCl to remove non-bound HDL.

Preparation of HDL-MPs

HDL-MPs were prepared by dissolution of the CaCOs templates. The CaCO; was removed by adjusting
the pH of the suspended HDL/CaCOs templates from 9.6 to 1.5 by addition of a 1 M HCl solution. While
lowering the pH, some foam formation due to protein flocculation was observed. The formed HDL-
MPs were precipitated by centrifugation (10,000 x g, 10 min, T = 4 °C) and washed 3 times with 10 mL

of deionized water, pH 7.

Preparation of Au-HDL-MPs

Au* ions were added as a solution (59.2 umol, 250 molar equivalents to initial HDL concentration, at
pH 7) to 30 mL of suspended HDL-encapsulated CaCOs templates, in 1.71 M NaCl. The mixture was
allowed to incubate at T = 50 °C, while being stirred at 700 RPM, for 5 h. The templates were removed
by adjusting the pH of the solution to 1.5 by addition of a 1 M HCI solution. Finally, the Au-HDL-MPs
were collected by centrifugation (10,000 x g, 10 min, T = 4 °C) and washed 3 times with 10 mL of
deionized water, pH 7.

3.4.3 Characterization

Transmission Electron Microscopy (TEM)

TEM sample preparation was done by pipetting 6 uL of sample onto a carbon-coated hexagonal 400
mesh copper grid. After 1 min, a filter paper was used to remove excess fluid. After air drying, the
samples were imaged using a JEOL JEM1400+ microscope, operating at 120 kV. The images were

analyzed using FlJl software.**

For the ultramicrotome sample preparation, the HDL-MPs and Au-HDL-MPs were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate/citrate buffer and incubated for 1 h, after which they were washed
3 times with 0.1 M phosphate/citrate buffer. The pellets were re-suspended in 100 pL of 2% gelatin in
0.1 M phosphate and were solidified after 20 min at 4 °C. The pellet was removed from the tube by 15
min incubation in 2.5% glutaraldehyde in 0.1 M phosphate/citrate buffer. The specimens were cut into
small pieces (approximately 1 mm?) and were fixated again for 1 h, after which they were washed 6
times with 0.1 M phosphate/citrate buffer. The specimens were fixated again, this time with 1%
osmium tetroxide for 1 h, after which they were washed 3 times with MilliQ water. Thereafter
dehydration with ethanol was applied, substituting the deionized water for 30%, 50%, 70%, 80%, 90%,
96% (5 min for each step) and 2x 100% ethanol (10 min). Once the specimens were in 100% ethanol,
the specimens were infiltrate with Spurr embedding liquid in 3 steps: 2:1, 1:1, 1:2 (ethanol:Spurr, 30
min per step). Then the specimens were left in 100% Spurr for 1 h and was refreshed once more and
incubated overnight. The next day the Spurr was refreshed once more for 1 h, after which the samples
were polymerized for 8 h at 70 °C. Once the specimens were hardened, they were sectioned into 50
nm thin coupes by using the Leica Ultramicrotome UC7 Rapid. The sections were collected with
formvar film 150 mesh copper TEM grids. The sections were stained by incubation for 10 min in 2%

uranyl acetate, after which they were washed 5 times with MilliQ. Then the sections were stained by
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incubation for 2 min in lead citrate (under a CO,-free environment), after which they were washed 2

times with CO,-free water and 3 times with MilliQ.

Scanning Electron Microscopy (SEM)

A 20 pl droplet of sample was put onto a mica sheet surface. After 1 minute, the excess fluid was
removed. 100 uL of deionized water was used to remove excess, non-stuck particles from the mica
surface. The surface was dried by a filter paper and was then mounted onto a sample holder containing
carbon adhesive tab. Before imaging, the sample was coated with tungsten. The samples was then
imaged with a FEI Magellan 400 SEM, operating at 2 kV and the images were analyzed using FlJI
software.

Size and surface charge

For size determination of the HDL-encapsulated CaCOs; templates, suspensions in a hydro dispenser
were measured by light diffraction (Bettersizer Instruments). The sizes of Au-HDL-MPs and HDL-MPs
were measured by dynamic light scattering (DLS) measurements at 173°, with a 400 mW argon-helium
laser, operating at a wavelength of A = 632 nm at room temperature (Malvern ZS Nanosizer). For the
surface charge and stability of HDL, HDL-MPs and Au-HDL-MPs, a dip cell was inserted into the solution
to measure the zeta-potential (Malvern ZS Nanosizer). The HDL, Au-HDL-MPs and HDL-MPs samples

were prepared as 1 mL solutions in deionized water at pH of 2-12.

Confocal Laser Scanning Microscopy (CLSM)

For CLSM imaging, FITC-labelled HDL was used instead of HDL. The HDL-encapsulated CaCO3, HDL-MPs
and Au-HDL-MPs were imaged using a Leica SP8-SMD microscope. The FITC was excited with Aexmax =
490 nm and emission was collected at Aemmax = 525 nm. The laser intensity for HDL-encapsulated CaCO3
and HDL-MPs was set at 50% and for Au-HDL-MPs at 60%. The images were analyzed using FlJI

software.

Atomic Force Microscopy (AFM)

Mica surface discs were freshly cleaved by adhesive tape detachment. A 20 uL droplet of sample was
put onto a mica sheet surface. After 1 min, a filter paper was used to remove excess fluid. 100 uL of
deionized water was used to remove excess, non-stuck particles from the mica surface. The surface
was dried by a filter paper, under a stream of nitrogen and dried in air overnight. AFM images were

recorded on a Bruker Multimode 5 and processed with Nanoscope Analysis 1.5 software.

UV-Vis spectrophotometric measurements
UV-Vis measurements of the Au-HDL-MPs were done using a Hitachi U-2010 UV-Visible

spectrophotometer at A = 400-800 nm, using deionized water as a reference.
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3.5 Supporting Information

Additional CLSM image of CaCOs encapsulating HDL
A 3D construct of a series of Z-stack images of the FITC-labelled HDL encapsulated in CaCO; templates
allowed to visualize the localization of HDL throughout the templates. Figure S3.1 shows that the

fluorescent signal of the FITC-labelled HDL is present throughout the whole template, but not
homogeneously distributed.

Figure $3.1 CLSM Z-stack (3D reconstruction) of FITC-labelled HDL encapsulated in CaCO3 templates (scale bar is 25 um).

Zero surface charge point of HDL

To determine the point of zero surface charge of HDL, zeta-potential measurements were done on HDL
solutions at pH 2-12.
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Figure S3.2 The effect of pH on zeta-potential of HDL, the point of zero surface charge was found at pH 5.6.
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Additional CLSM and TEM images of HDL-MPs

Figure $3.4 Overview TEM image of HDL-MPs, scale bar is 5 pm.
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Following the synthesis of AUNPs in time

Au**ions were added to CaCOjs encapsulating HDL. Initially, the CaCOs encapsulating HDL were yellow
colored (Figure S3.5 A, t =0 and 0.5 h). The CaCOs; encapsulating HDL gradually changed from yellow
to pink, then to red as growth proceeded (t = 2-5 h). When the CaCO; flocculated, the solutions were

transparent and the precipitates were colored (Figure S3.5 B). The color evolution of the CaCOs;

encapsulating HDL originates from the characteristic LSPR absorption of AuNPs, indicating the
formation and growth of AuNPs inside the CaCOs templates. When the templates were removed, the
Au-HDL-MPs were stable in solution and retained their red color (Figure S3.5 C) The LSPR absorption

of the AuNPs was confirmed by UV-Vis absorbance spectra, which demonstrated the appearance and

increase of absorption peaks in time in the region of A = 500-600 nm (Figure S3.5 D).
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Figure S3.5 Pictures of (A) suspended and (B) flocculated Au-HDL-MPs in CaCO3 templates and (C) Au-HDL-MPs released from
the templates at time points of 0-5 h. (D) Normalized UV-Vis absorbance spectra of Au-HDL-MPs showing a clear red shift of
the LSPR peaks in time, as indicated by the arrow. The spectra were normalized at A = 400 nm. Samples were taken at t =0,

0.5,2,3.5and 5 h.
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Additional CLSM and TEM images of Au-HDL-MPs

Figure $3.6 CLSM Z-stack (3D reconstruction) of FITC-labelled Au-HDL-MPs (scale bar is 25 pm).

Figure $3.7 Overview TEM image of Au-HDL-MPs, scale baris 5 pm.
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Chapter 4

Abstract

Microparticles can function as carriers for different components such as pharmaceuticals and food
ingredients. Hollow microparticles can enhance the capacitance as carriers due to their large interior
void. Previously, for preparing microparticles, polymers have been assembled into a spherical structure
through the use of templates, such as porous CaCOs, followed by cross-linking of the polymers and
selective removal of the templates. However, this method often results in the formation of spherical
microparticles with a solid core. Here we use proteins with different aggregate size distributions (<10
nm or >100 nm) to either form solid or hollow microparticles. Proteins were mixed with CaCl, and
Na,CO; solutions, which from CaCO; microcrystals (with 20-60 nm pore size) with encapsulated
proteins. Here it will be shown that when the dispersed protein aggregates are smaller than the pore
sizes, the proteins were uniformly distributed into the CaCO3; templates. However, when the protein
aggregates were larger, the proteins were accumulated at the template edges. Before removal of the
templates, the proteins were cross-linked through the use of Au®* ions, which oxidize and cross-link
proteins and are reduced to form gold nanoparticles (AuNPs). After removal of the templates, the
uniformly distributed proteins formed solid microparticles and the proteins accumulated at the edges
formed hollow microparticles. This method of fabrication of solid and hollow protein microparticles,
with embedded AuNPs, could be used for generating biomaterials with a broader range of applications,
such as hosting molecules and multimodal imaging due to the presence of the AuNPs.
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4.1 Introduction

Microparticles are extensively used in biomedical research as carriers of targeted molecules,® as
biosensors,? or for bioimaging.? Microparticles can be categorized based on their core density, thus as
solid and hollow. The advantage of hollow microparticles is that a large interior void is available for
hosting active molecules, such as drugs, genes, or metal nanoparticles.* Microparticles are often
constructed using synthetic polymers, like polyurethanes,® poly(vinyl chloride),® silanes,” and
polymethacrylates.® However, there is an increased interest in using biobased polymers, like proteins,
because they are readily available from renewable sources.’ Proteins are excellent candidates for the
preparation of microparticles due to the diverse nature of their monomers, which are amino acids. The
different amino acid groups in proteins, provide a variety of chemically active sites (e.g. thiol, amine,

carboxylic acid groups) for binding guest molecules.'®

The most commonly used method to assemble proteins into microparticles, is through the use of
spherical templates of porous CaCOs; due to its large inner surface area for encapsulation,
biocompatibility, easy synthesis and mild sacrificial conditions (e.g. by chelating reagents or under
acidic conditions).*>** The CaCOs templates can act as a cage, holding proteins together,** or as a core,

.15 After cross-linking the proteins and selective removal of the

on which proteins can form a shel
templates, protein microparticles can be obtained.!® It has been reported that when proteins are
encapsulated into CaCOs templates, solid protein microparticles are obtained.!®* However, in our
previous research we show that egg yolk high-density lipoproteins (HDL), assembled into uniquely
hollow protein microparticles.”” We hypothesize that the formation of solid or hollow protein
microparticles depends on the size of the protein aggregates. When the protein aggregates are smaller
than the CaCOs template pore sizes (20-60 nm)?*, the proteins uniformly distribute inside the template
and form solid protein microparticles. However, when the protein aggregates are larger, they

accumulate at the template edges and form hollow protein microparticles.

Here we use proteins with a difference in their tendency to aggregate in an aqueous environment and
their subsequent reduced solubility to fabricate solid and hollow protein microparticles (Scheme 4.1).
[B-lactoglobulin (B-lac) and Bovine Serum Albumin (BSA) were used as representatives of the highly
soluble proteins, while caseins and HDL were used as representatives of aggregated proteins. The
proteins were mixed with solutions of CaCl, and Na,COs and were entrapped into the CaCOs templates
that were formed. Soluble proteins lead to a uniform distribution inside the templates, while the less
soluble proteins lead to accumulation at the template edges. Before removal of the templates,
proteins were cross-linked through a redox reaction using Au®* ions.'® This methodology is based on
the oxidation of protein amino acids and their subsequent covalent cross-linking. At the same time,
the residual amino acid groups of proteins act as reduction sites of Au* ions and synthesize gold
nanoparticles (AuNPs). The embedded AuNPs can have a functional role in bioimaging due to their

optical properties.?
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Scheme 4.1 Scheme of the design of solid and hollow protein microparticles, based on different proteins. Top row: soluble
proteins (blue spheres), such as f-lac or BSA, are co-precipitated with CaCl, and Na,COs and adsorb on the CaCOs nuclei. After
aggregation of the CaCOs nuclei, micron-sized, spherical CaCOs/protein complexes were formed with homogeneous
distribution of proteins. After encapsulation, Au3*ions are added to induce in situ covalent cross-linking of the proteins inside
the templates. Subsequently, Au3* ions get reduced and form AuNPs (red spheres). Upon decreasing the pH, the CaCO;
dissolves and the solid-like protein microparticles are formed. Bottom row: when using poorly-soluble or aggregated proteins,
such as caseins or HDL, the proteins are concentrated at the edges of the templates, resulting in protein microparticles with
a hollow-core structure.

This method for the fabrication of hollow and solid microparticles, with embedded AuNPs, will provide
possibilities for the formation of highly functional particles for a broad range of applications, such as

hosting guest molecules,?? and multimodal imaging.?%

4.2 Results and Discussion

4.2.1 Protein size distribution in CaCl, and Na,COs solutions

CaCOs; templates will be made from CaCl, and Na,COs solutions, in which the proteins are present. To
investigate the size of the proteins in the presence of the CaCOs precursor solutions, dynamic light
scattering (DLS) was done on the proteins in aqueous (native), CaCl, or in Na,COs solutions. In Figure
4.1, the size distributions of the proteins in different aqueous solutions are shown. The graphs of B-lac
and BSA showed monomodal size distributions for the proteins of approximately 5.3 nm and 6.7 nm,
respectively, under all conditions. The graph of caseins, under native conditions, showed a multimodal
size distribution of 33 nm, 350 nm, and 2700 nm. When casein was dispersed in a CaCl solution, a
bimodal size distribution was observed of 60 nm and 940 nm. However, when casein was dispersed in
a Na,COs solution, the bimodal size distributions were shifted to 10 nm and 1170 nm. The graphs of
HDL under native conditions and in Na,COs solution showed a monomodal size distribution around 13
nm. However, when HDL was dispersed in CaCl, solution, a multimodal size distribution was observed
of 55 nm, 700 nm, and 5070 nm.

B-lac and BSA are relatively soluble proteins in an aqueous environment and did not change in size
when mixed with Na,COs or CaCl; solutions. Caseins and HDL show larger sizes when dispersed in CaCl,

solution. The larger sizes could be caused by Ca?* induced aggregation. Caseins and HDL contain
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Figure 4.1 Size distributions of B-lac, BSA, caseins, and HDL in native state (blue line), in 0.33 M CaCl, (black line), and 0.33 M
Na,CO;s (red line) solutions.

phosphoserine amino acids, of which the phosphate group strongly binds Ca?* ions.?® 27 And in
presence of Ca%* ions, caseins are assembled into micellar structures and HDL forms large aggregates
through calcium-phosphate linkages and hydrophobic interactions. Thus to prevent aggregation of the
proteins in the starting solution, they were dispersed in Na>COs solution, before addition of CaCl; for

the encapsulation in CaCOs templates.

4.2.2 Protein distribution in CaCO5; templates

The CaCO; templates were then synthesized, in presence of the four different proteins. The Ca%* and
COs* ions form CaCO; microcrystals, while entrapping proteins.'® 22 The obtained protein/CaCO;
complexes precipitated. To analyze the effect of proteins on the formation of the CaCOs, the size
distributions of protein/CaCO; complexes suspensions were measured using light diffraction. Figure
4.2 A shows the size distributions of the suspensions of the protein/CaCOs complexes. For B-lac, BSA,
and casein, bimodal size distributions were observed of 0.5 um and 5.0-6.5 um (Figure 4.2 A-I-11), while
for HDL a multimodal size distribution was observed of 0.5 um, 4.3 um, and 170 um (Figure 4.2 A-IV).
Previous reports have suggested a size distribution of the CaCO3; templates around 4-6 um,?*3! which
corroborates with the size ranges (4.3-6.5 um) obtained in this research. Therefore, the smaller peaks
at 0.5 um were attributed to non-encapsulated protein aggregates. The larger sizes for HDL/CaCOs
complexes (170 pm) was attributed to aggregation due to low repulsive forces® between the
HDL/CaCOs; complexes.
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Figure 4.2 (A) Light diffraction measurements and (B) SEM images of CaCOs; templates synthesized through co-precipitation
with (1) B-lac, (1) BSA, (Ill) caseins and (IV) HDL (scale bars are 5 um). Insets in B show single particles (scale bars are 1 um),
samples were coated with tungsten.

The morphology of the protein/CaCO; complexes and their surface structure were then analyzed using
SEM (Figure 4.2 B I-1V). In the SEM images of the CaCOs; templates, containing 3-lac and BSA, spherical
structures with a smooth surface were observed (Figure 4.2 B-1,11). However, when the CaCOs; template
were synthesized in presence of caseins or HDL, irregular, spherical-like protein/CaCOs; complexes
were observed with a rough surface (Figure 4.2 B-III,IV). B-lac and BSA are 7 nm in size, which could
not be observed on the particle surface, leading to a smooth surface. However, caseins were
assembled and encapsulated as 940 nm aggregates in the spherical CaCOs template, which lead to a
rougher surface. HDL, however, formed smaller (55-700 nm) aggregates, which lead to a smoother

surface in comparison to caseins.

The SEM images do not provide information on the protein distribution inside the templates,
therefore, to detect and track the proteins, confocal laser scanning microscopy (CLSM) was used. For
that, the proteins were covalently labeled with fluorescein isothiocyanate (FITC) before mixing with
the precursor salts. The CLSM images of the protein/CaCO; complexes with all four FITC-labelled
proteins are presented in Figure 4.3. In the CLSM images of the CaCO; templates containing B-lac or
BSA, dense spherical shapes are observed (Figure 4.3 A-l,11). The CaCO; templates containing caseins
or HDL showed dense protein rings with a darker internal core (Figure 4.3 A-lII,IV). However, since
some variations in the shape fill of the templates were observed, a more detailed analysis was done
by plotting the fluorescent signals throughout the protein/CaCOs; complexes (Figure 4.3 B). The
fluorescent profile plots of B-lac and BSA show a constant fluorescent signal throughout the templates
(Figure 4.3 B-1,11). In contrast, the fluorescent signal of caseins was the highest at the edges of the

templates and decreased by ~40% towards the inner core (Figure 4.3 B-IIl). For HDL, a ~60% decrease
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Figure 4.3 (A) CLSM images of CaCOs templates synthesized through co-precipitation with (1) B-lac, (I1) BSA, (Ill) caseins and
(IV) HDL (scale bars are 25 pm, thickness 0.5 um). (B) The fluorescent profile plots corresponding to single (inset) FITC-protein-
encapsulated CaCO3 templates, indicated by the white boxes in A.

of fluorescent signal was observed towards the inner core (Figure 4.3 B-IV). The CLSM images and
corresponding fluorescent profile plots show that 3-lac and BSA form a uniform distribution inside the

templates. However, caseins and HDL accumulate at the edges of the templates.

It was hypothesized that the differences in protein distributions in the templates, uniform or
accumulated at the edges, were caused by the differences in sizes of the protein aggregates. When
CaCl; and Na,COs solutions are mixed in presence of the proteins, porous CaCOs nuclei crystals are
formed, on which the proteins can adsorb.? % This is followed by mechanical capture of proteins
during colloidal aggregation of the CaCOs; nuclei, forming micron-sized spherical protein/CaCO3
particles. B-lac and BSA are present in sizes of approximately 7 nm, so they adsorbed on the initial
CaCOs nuclei and fit in the inner pore size (20-60 nm)*° of the final CaCOs microparticle. This resulted
in an evenly distributed in the spherical CaC0s.!® However, caseins and HDL were present as large
aggregates, larger than the inner pore sizes of CaCO;. Additionally, the adsorption affinity of protein
aggregates to the CaCOjs surface is lower due to their less defined contact area.3? As a result, they could
not be absorbed on the initial nuclei formed, but they were entrapped at a later stage and were

accumulated at the edges of the protein/CaCOs particles.

4.2.3 Obtaining solid and hollow protein microparticles

To obtain the protein microparticles formed in the CaCO3; templates, CaCOs was removed under acidic
conditions. However, before removing the template, it is important to cross-link the proteins and
prevent the dissociation of the structures formed.'® To induce cross-linking with the minimum effect
on the spherical structures, Au®* ions were added. It has been reported that Au®* induces protein-
protein covalent cross-linking through a redox reaction that takes place at temperatures below the
unfolding point of proteins.'® Au3* can oxidize thiol- or amine-containing side groups of amino acids

(e.g. cysteine, lysine) and from covalent bonding.'® At the same time, Au®* ions are gradually reduced
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Figure 4.4 (A) Light diffraction measurements and (B) CLSM images of FITC-labelled (1) B-lac, (Il) BSA, (Ill) casein and (IV) HDL
microparticles (scale bars are 25 um, thickness 0.5 um). (C) The fluorescent profile plots corresponding to single (inset) Au-
protein-MPs, indicated by the white boxes in B.

to Au* and Au®, forming AuNPs. A gradual color change was observed after the addition of Au®** ions to
the protein/CaCOs; mixture. The reaction mixtures turned from white to pink to red/purple, due to the
characteristic surface plasmon resonance absorption of AuNPs.Y’

An indication of the conservation of the spherical structures of the protein microparticles, after cross-
linking with Au®** and removal of the template, is by measuring their size distribution. The size
distribution data of the obtained protein microparticles, using light diffraction measurements, are
presented in Figure 4.4 A. The obtained graphs show that the size distributions of the protein
microparticles are in the same size range as before template removal (Figure 4.2 A). However, there
are also size distributions observed, which are larger in size than the individual particles. This indicates
that the spherical structures are stabilized upon template removal and did not rupture into separate
pieces. However, the larger sizes indicate that some microparticles flocculated. The flocculation was
reversible and can be attributed to hydrophobic attractive forces.*?

To confirm whether the protein microparticles kept their structures after cross-linking and template
removal, we labelled the proteins with FITC and visualized the obtained protein microparticles using
CLSM (Figure 4.4 B). The CLSM images of the B-lac and BSA dispersions demonstrate the presence of
spherical particles at a narrow size distribution with a uniform density (Figure 4.4 B-1,11). On the other
hand, the CLSM images of the casein and HDL dispersions show again the presence of particles at a

narrow size distribution, but with an empty core, as was observed before the template removal (Figure
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4.4 B-IIL,IV). The corresponding fluorescent profile plots of -lac and BSA microparticles show a
constant fluorescent signal throughout the protein microparticles (Figure 4.4 C-1,11). In the case of the
casein microparticles, the highest fluorescent signal was observed at the edges of the templates, which
decreased by ~60% towards the core (Figure 4.4 C-11l). The HDL microparticles had a similar fluorescent
signal profile but with a ~75% decrease in the core (Figure 4.4 C-IV).

For analyzing the protein microparticle morphology, SEM was employed as well (Figure 4.5 A). In the
SEM images, similar to before the template removal, spherical B-lac and BSA microparticles were
observed with a smooth surface (Figure 4.5 A-l,11). The obtained casein microparticles have a rougher
surface than before the template removal, however, they appear as a bit flattened with folds and
creased structures (Figure 4.5 A-1ll). During SEM imaging, the protein microparticles are under drying
and vacuum conditions. The fact that the B-lac and BSA microparticles retained their spherical
structures without flattening upon drying, is additional proof that they have a dense and solid protein
core (Figure 4.5 A-l,I1). The hollow casein microparticles keep their structure after template removal,
but were flattened upon dehydration. In the case of the HDL hollow microparticles, a relatively smooth
surface could be observed, which formed discs, similar to blood cells ,upon drying for the SEM analysis
(Figure 4.5 A-1V). The formation of the HDL discs indicates the formation of a homogeneous network

after the cross-linking, which results in hollow particles with elastic and deformable edges.

In addition to SEM, TEM imaging was done on the protein microparticles to investigate their
morphology and density (Figure 4.5 B). In the TEM images, the B-lac and BSA microparticles appeared
as dense and spherical protein matrices (Figure 4.5 B-1,11). The casein and HDL microparticles had areas
with light grey color and darker shades (Figure 4.5 B-1II,1V) that were similar to the folds and creases
structures observed in the SEM images. The light areas on the casein and HDL microparticles is an
indication that they are less dense areas than the dark black areas observed with the B-lac and BSA

particles.

Figure 4.5 (A) SEM and (B) TEM images of ((I) B-lac, (I1) BSA, (l1l) casein and (IV) HDL microparticles (scale bars are 5 um).
Insets show single particles (scale bars are 1 um). SEM samples were coated with tungsten.



Chapter 4

4.2.4 AuNPs on the solid and hollow protein microparticles

In the SEM and TEM images some spherical nano-sized particles are observed on the surface of all the
protein particles. The nanoparticles could be originated from proteins, remaining CaCOs, or AuNPs that
formed after the addition of Au®* to initiate cross-linking of the proteins. To investigate the nature of
the nanoparticles, we performed SEM energy-dispersive X-ray spectroscopy (EDX) as presented in
Figure 4.6. Figure 4.6 A shows the SEM image of a single microparticle made with B-lac (1), BSA (l1),
caseins (1), and HDL (IV), where the nanoparticles are observed on the surface of the microparticles.
Figures 4.6 B-D show the EDX analysis for carbon (Figure 4.6 B), gold (Figure 4.6 C) and an overlay of
carbon and gold (Figure 4.6 D) for each protein microparticle. When the particles were analyzed for
carbon (Figure 4.6 B), a carbon signal could be observed throughout the whole particles. However,
there was no signal present at the location of the nanosized spherical particles, showing that the

nanoparticles on the surface are not carbon-based materials. When the microparticles were analyzed

Figure 4.6 (A) SEM images of (I) B-lac, (I1) BSA, (Il1) casein and (IV) HDL microparticles and the corresponding elemental X-ray
maps of (B) carbon, (C) gold, (D) overlay of carbon (green) and gold (red). The images are 5x5 um.
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for Au, a clear Au signal could be detected at the spots where the nanoparticles were present (Figure
4.6 C). The elemental mapping of Au and overlay of the mapping of both carbon and Au (Figure 4.6 D),
show that the AuNPs, that were formed after the reduction of Au*, were spread on the surface of the
protein microparticles. AuNPs can interact with sulfur and amine groups of the protein amino acids,3*
which bind the AuNPs on the protein particle surface. Besides that, it has been reported that AuNPs
are positively charged, due to Au ions (Au** and/or Au*) that remain on their surface and are not
reduced to Au®.3> All proteins used are negatively charged at pH 7, therefore it is possible that attractive
electrostatic forces took place between the positively charged AuNPs and the negatively charged

proteins to hold the AuNPs on the protein microparticle surface.

4.3 Conclusion

In this research, we showed that solid and hollow protein microparticles can be formed, based on the
difference in the tendency of the proteins to aggregate in an aqueous environment and their
subsequent solubility. When the dispersed protein assemblies are below the size of the CaCOs inner
pores (i.e. B-lac, BSA), the proteins are uniformly distributed inside the templates. This uniform
distribution is conserved after cross-linking and template removing, resulting in solid protein
microparticles. However, when the dispersed protein assemblies have a larger diameter than the
CaCOs inner pores (i.e. caseins, HDL), the proteins accumulate at the edges of the template. This
resulted in the formation of hollow protein microparticles. The mechanism suggested for using the size
of protein aggregates for the fabrication of solid or hollow protein microparticles opens new paths on
the design of biocompatible and functional particles. The use of proteins has the advantage that their
chain is comprised of a combination of amino acids, which provide a variety of chemically active sites
to interact with hosted molecules. The protein microparticles can find applications as carriers of
therapeutics, and besides that, the presence of the AuNPs makes the suggested hybrid structure an
attractive platform as a multimodal imaging agent due to the optical, high electron density, and high

attenuation coefficient properties of AuUNPs.
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4.4 Experimental section
4.4.1 Materials

Fresh hen eggs were purchased from a local organic farm De Hoge Born, Wageningen, the Netherlands.
Sodium chloride (NaCl, >99.5%), 1 M NaOH and 1 M HCI solutions were purchased from VWR
International B.V. B-lactoglobulin from bovine milk (B-lac, 85%), Serum albumin from bovine blood
(BSA, 98%), caseins from bovine milk (87-94%), gold(lll) chloride hydrate (HAuCls:xH,0O, 99.5%),
Fluorescein-5-isothiocyanate (FITC, >95%), calcium chloride (CaCl,, 293%), sodium carbonate (Na,COs;,
>99.5%) and 76 mm dialysis tubing cellulose membrane (MWCO = 14 kDa) were purchased from Sigma
Aldrich. All chemicals were used without further purification and deionized water was used throughout

the experiments.

4.4.2 Methods

Extraction of HDL

HDL was extracted from egg yolk according to the method developed by Castellani et al.,?® with slight
modifications. Hen eggs were cracked and the egg yolks were separated manually from the albumen.
The egg yolks were carefully rolled on a paper tissue to remove the chalazae and adhering albumen.
The yolk membranes were then punctured, using a glass pipette, and their contents were collected
and pooled in a beaker cooled in iced water. The liquid yolks were diluted with 3 volumes of 0.17 M
NaCl (1% (w/v)) and homogenized by stirring for 1 h. The yolk was fractionated into plasma and
granules by centrifugation at 10,000 x g for 45 min at T = 4 °C, using a Thermoscientific Sorvall Legend
XFR centrifuge. The pellet (granules) was washed with 0.17 M NaCl and centrifuged once more. The
granules were suspended in 1.71 M NaCl (10% (w/v)) and the solution’s pH was adjusted to 7.25, using
1 M NaOH. The mixtures were collected in dialysis tubings and were dialyzed against deionized water
with 3 changes over 24 h. The HDLs were precipitated. The content of the dialysis tubings was collected
and centrifuged. The pellets, rich in HDL, were collected and freeze-dried, using a Salmenkipp alpha 2-

4 plus freeze-dryer at a temperature of T =-76 °C and pressure of 0.0090 mbar for 72 h.

Labelling of proteins with FITC

FITC was coupled to the proteins by an isothiocyanate/amine reaction according to the manufacturer’s
protocol. Briefly, 100 mg of protein was dissolved in 20 mL of 0.1 sodium carbonate buffer, pH 9, by
stirring (5 mg/mL protein). For each protein solution, 18.4 uL of 26 nM FITC in DMSO was added, while
gently and continuously stirring. The mixture was allowed to react overnight, while covered against
light. The mixture was then dialyzed against deionized water with five changes over 24 h. The contents
of the dialysis bags were collected and used directly for further experiments by adding solid precursor
salt to the FITC-protein solutions.

Preparation of protein-encapsulated CaCOs templates

For encapsulation of proteins into porous, spherical CaCOs; templates, a procedure reported by
Volodkin et al. (2004)® was followed with slight modifications. 20 mL of a 0.33 M CaCl, solution was
rapidly poured into 20 mL of 0.33 M Na,COs containing 5 mg/mL of B-lac, BSA, casein, or HDL while

stirring at 700 RPM using a magnetic stirrer. A white precipitate formed instantly upon mixing. The
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stirring speed was subsequently increased to 2500 RPM for 30 s. The sample was then removed from
the stirring plate and was left standing for 15 min to facilitate the formation of CaCOs. The suspended
protein-encapsulated CaCOs was collected by centrifugation at 7,200 x g for 5 min (Thermo Scientific

ST 8R centrifuge) and washed 3 times with 10 mL of deionized water to remove non-bound protein.

Preparation of Au-protein microparticles

Au®** ions were added as a solution (59.2 umol, at pH 7) to 30 mL of suspended protein-encapsulated
CaCOs; templates, in 1.71 M NaCl. The mixture was allowed to incubate at T = 50 °C overnight, while
being stirred at 700 RPM. The templates were removed by adjusting the pH of the solution to 1.5 by
the addition of a 1 M HCI solution. Finally, the Au-protein microparticles were collected by

centrifugation (7,200 x g, 5 min) and washed 3 times with 10 mL of deionized water.

4.4.3 Characterization

Size distributions

For size determination of the protein-encapsulated CaCO3 templates and Au-protein microparticles,
suspensions in a hydro dispenser were measured by light diffraction (Bettersizer Instruments). The
effect of the presence of salts on the protein size distribution was measured by dynamic light scattering
(DLS) measurements at 173°, with a 400 mW argon-helium laser, operating at a wavelength of A = 632
nm at room temperature (Malvern ZS Nanosizer). For native conditions, 3-lac and BSA were dissolved
in 5 mM Tris-HCl buffer pH 7, caseins in deionized water pH 10, and HDL in 1.71 M NaCl pH 7. 5 mg/mL
protein solutions were prepared in 0.33 M CaCl, and 0.33 M Na,COs.

Scanning Electron Microscopy (SEM)

A 20 pL droplet of the sample was put onto a mica sheet surface. After 1 minute, the excess fluid was
removed. 100 uL of deionized water was used to remove excess, non-stuck particles from the mica
surface. The surface was dried by a filter paper and was then mounted onto sample holders containing
carbon adhesive tabs. Before imaging, the sample was coated with 10 nm tungsten. The samples were
then imaged with a FEI Magellan 400 SEM, operating at 2 kV and the images were analyzed using FlJI
software.3” Elemental maps of carbon and gold were obtained with the use of an Aztec Energy-

dispersive X-ray Spectrometer.

Confocal Laser Scanning Microscopy (CLSM)

For CLSM imaging, FITC-labelled proteins were used during the experiments. The protein-encapsulated
CaCOs; and Au-protein microparticles were imaged using a Leica SP8-SMD microscope. The FITC was
excited with Aexmax = 490 nm and emission was collected at Aemmax = 525 nm. The laser intensity for
protein-encapsulated CaCOs; was set at 30% and for Au-protein microparticles at 50%. The images were

analyzed using FlJI software.

Transmission Electron Microscopy (TEM)
TEM sample preparation was done by pipetting 6 pL of sample onto a carbon-coated hexagonal 400

mesh copper grid. After 1 min, a filter paper was used to remove excess fluid. After air drying, the
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samples were imaged using a JEOL JEM1400+ microscope, operating at 120 kV. The images were

analyzed using FlJI software.
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Chapter 5

Abstract

Protein-based microgels are used in various fields, such as in sensors, catalysis, separation technology,
and encapsulation of host molecules. Compared to common spherically shaped microgels, branched
(urchin-like) microgels have attracted considerable attention due to their much higher surface area to
volume ratio. However, common templating methods for preparing microgels often result in spherical
microgels due to the fixed shape of the templates. Here we report the fabrication of urchin-like and
spherical microgels through the use of egg yolk high-density lipoproteins (HDL) within a fully aqueous
droplet reactor (FADR), followed by cross-linking. The FADR is composed of an aqueous two-phase
system (ATPS), in which HDLs are compartmentalized in the droplet phase. HDL is then cross-linked
through the use of Au®* ions, which oxidize and cross-link proteins and are reduced to form gold
nanoparticles (AuNPs). We show that random aggregates, urchin-like, and spherical microgels can be
formed by changing the HDL concentration and pH values in the FADRs. We propose that this method
for generating urchin-like and spherical microgels may be used for generating other biomaterials for

applications in drug delivery and photocatalytic reactions.
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5.1 Introduction

Microgels are an intriguing class of polymeric materials, partly because they are soft, while having a
stable structure of the cross-linked network.! These properties offer possibilities for multivalent
bioconjugation for specific targets>* and the incorporation of bioactive molecules,> ® which make

microgels attractive vehicles for sensing, catalysis, and encapsulation and releasing applications.

Microgels are predominantly fabricated with synthetic polymers, like poly-acrylates,” polylactide, and
polyurethane.! Synthetic polymers are synthesized by polymerization of monomers, which allows
control over their properties, such as mechanical, thermal stability, length, functional groups.®
However, synthetic materials are often produced from monomers derived from non-renewable
resources. Accordingly, there is an increasing interest to use biobased materials, which are readily
available from renewable resources.® Amongst the available biobased materials, proteins are excellent
candidates for the preparation of microgels due to the presence of different amino acid residues, which

contain chemically active sites (e.g. thiol, amine, carboxylic acid groups) for cross-linking.°

In our previous research, it was found that proteins can be cross-linked through the use of Au®** ions.'
The Au®** ions oxidize protein amino acids and subsequently covalently cross-link proteins, specifically
egg yolk high-density lipoprotein (HDL), and form a gel network. Upon protein oxidation, residual
amino acid groups of proteins act as natural reduction sites of Au®** ions and synthesize gold
nanoparticles (AuNPs). It was also found that the Au®* ions could be used to initiate cross-linking of
proteins inside a solid template, such as porous CaCOs, to form protein microparticles with embedded
AuNPs.? By using proteins with different aggregate size distributions, such as B-lactoglobulins, bovine
serum albumins, caseins, and HDL, we could form protein microparticles with solid or hollow-core
densities. However, the protein microparticles have a fixed size and spherical shape due to the solid

CaCO; templates.

The majority of the microgels have a spherical shape because it has a uniform and predictable surface
area.'®* However, non-spherical microgels, e.g. urchin-like (containing multiple branches), provide a
much higher surface area to volume ratio, depending on the height and thickness of the branches. The
urchin-like microgels expose more active sites for functionalization with targeting molecules!* or
absorption of light to improve photocatalytic reactions.'® Microgels can be formed by using liquid
biphasic systems, or emulsions, as droplet reactors. An emulsion is a transient system of two
immiscible solutions, of which one liquid is dispersed (droplet phase) into the other liquid (continuous
phase). The droplets serve as compartmentalized microreactors for preparing microgels. Moreover,
the droplets can deform by changing the volume of the droplet phase in presence of the continuous
phase.'® The change in volume creates an osmotic pressure, which could aid in forming branches on
the droplets. The most well-known pair for making emulsions is organic solvent (oil) and water, which
do not mix due to differences in hydrophobicity/hydrophilicity. The use of organic solvents and (edible)
oils is undesired because it can cause denaturation of biological compounds at the interfaces. As an
alternative, fully aqueous droplet reactors (FADRs), which are prepared by emulsification of aqueous
two-phase systems (ATPSs), are considered of great potential. ATPSs are mixtures of immiscible

aqueous solutions, containing high concentrations of multiple water-soluble additives, that phase
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separate at above a critical concentration threshold.'” Formation of FADRs from ATPSs does not

require oil or organic phases and can be easily removed through dialysis or centrifugation.

In this research, we will show that we can form microgels within a FADR, by using Au®* ions to cross-
link the proteins (Scheme 5.1). HDL was compartmentalized in an ATPS of a Na,SO, solution as droplet
phase, dispersed in a polyethylene glycol (PEG) solution as continuous phase. The Au*ions were added
as an aqueous solution, which oxidizes protein amino acids and subsequently forms covalent cross-
linking between the proteins. By preparing the FADRs at low, medium, high HDL concentrations (5-40
mg/mL) and pH values (5-9), followed by the addition of Au®* ions, different shapes of microgels could

be obtained, such as cross-linked random aggregates, urchin-like microgels, and spherical microgels.

PEG 1000
RPM
HDL dispersed in HDL-loaded ATPS HDL-in-Na,SO, droplet
Na,SO, in PEG, while stirring
1| |
| |
Low HDL conc., low pH Medium HDL conc., High HDL conc., high pH

medium pH
Au* jons Au*ions l Au* ions l

Random aggregates Urchin-like Spherical

PEG Na,SO, HDL

Scheme 5.1 Schematic overview of protein microgel formation within a FADR. HDL was loaded in Na,SO4, before mixing with
PEG. A Na;SO4-in-PEG ATPS type was formed, while stirring, compartmentalizing HDL. The FADRs were prepared at low HDL
conc. (5 mg/mL), low pH (pH 5), medium HDL conc. (10-20 mg/mL), medium pH (pH 7), and high HDL conc. (40 mg/mL), high
pH (pH 9). Au3*ions were added as an aqueous solution (at 500 molar equivalents to HDL) to cross-link the proteins. After 30
minutes of stirring, the FADRs were diluted 10x with deionized water. FADRs prepared at low HDL conc., low pH, resulted in
the formation of random aggregates. Urchin-like microgels were obtained at medium HDL conc., medium pH. Spherical
microgels were obtained at high HDL conc., high pH.
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5.2 Results and Discussion

The microgels were prepared using a FADR, where the droplets serve as compartmentalized
microreactors. The FADRs were made from an ATPS of solutions of PEG and Na,;SO4, which do not mix.
The FADRs were loaded with HDL at low, medium, and high HDL concentrations and pH values to study
the behavior of HDL in the droplet phase in the ATPSs. This was followed by the addition of Au** ions
as an aqueous solution to initiate protein oxidation and cross-linking. Different shapes of microgels,
such as random aggregates, urchin-like, and spherical, were obtained at low, medium, and high HDL
conc. and pH conditions, respectively. The structures of the obtained microgels were imaged with
brightfield and fluorescence microscopy, and confocal laser scanning microscopy (CLSM).

5.2.1 Loading HDL in fully aqueous droplet reactors at pH 5-9

FADRs can be prepared from pairs of non-charged polymers (e.g. PEG and dextran (Dex)), non-charged
polymer with a salt (e.g. PEG and Na,S0.), non-charged and charged polymer (e.g. PEG and chitosan),
and two co-charged polymers.*® The most commonly used ATPS pair is made of PEG and Dex. However,
Dex can directly reduce Au®* ions,*® which would affect the reactivity between the Au3* ions and the
proteins. Additionally, HDL is poorly soluble in PEG and Dex because HDL has a high molecular weight
and solubilizes under high ionic strength conditions.?° Accordingly, the FADRs were prepared from
solutions of PEG and Na,SO4, which are known to separate into two immisicible liquid phases, either
rich in PEG or Na,SO,.%* Additionally, a 7:3 volume ratio of PEG/Na;SO4 was chosen to create a FADR
with Na,SO; as the droplet phase, and PEG as the continuous phase (Supporting Information, Figure
$5.1).

To investigate the behavior of HDL in the FADRs, the ATPSs were loaded with HDL under acidic (pH 5),
medium (pH 7), and alkaline (pH 9) conditions. The pH determines the net electrical charge on proteins
and can play an important role in the interactions between the ions of the salt and the protein.?? When
proteins are at pH conditions close to their point of zero charge (pH 5.6),'? there is not enough
electrostatic repulsion between the proteins and they tend to aggregate and precipitate.?> However,
when the pH conditions are further below or above their point of zero charge, the proteins have a
higher surface charge and repel each other. To visualize the location of HDL loaded in the ATPS, 12.5%
of the HDL was replaced with covalently labeled fluorescein isothiocyanate (FITC) HDL, stirred for 30
minutes, and imaged with brightfield and fluorescence microscopy. Figure 5.1 shows the brightfield,
fluorescent and overlay (merged) of brightfield and fluorescent images of FADRs loaded with HDL, at
pH 5-9. In the brightfield images, the droplets could be observed, while in the fluorescent images, the
HDL was visualized by the green color derived from the fluorescent signal of the FITC-HDL and was
observed inside the droplets. In the brightfield microscopy images, the droplets of the FADRs at pH 5-
9 appeared in sizes ranging from sub-micron to 200 um. The interfacial tension between the two
immiscible aqueous phases is reported to be extremely low (~1 uN/m),** and phase separates, after
stop stirring, within seconds. After loading the FADRs with HDL, the differences in droplet sizes indicate
that the proteins did not stabilize the droplet interface, which resulted in droplet merging and different
droplet sizes. It has been reported earlier that the adsorption energy of proteins, such as B-lac®® and

whey protein,?® are too low to stabilize the FADR. In summary, these results show that loading the
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Fluorescence Brightfield

Merged

“de

Figure 5.1 Brightfield, fluorescent and merged microscopy i
7, and pH 9, after 30 minutes of stirring at 1000 RPM. Scale bars are 150 um.

FADR with HDL, prepared at a PEG/Na,SO,4 volume ratio of 7:3, allows compartmentalizing HDL in the
Na,SO4 droplet phase. Additionally, the pH did not affect the partition of the HDL since the HDL was
only observed inside the droplets. However, the HDL does not stabilize the interface because the ATPSs

phase separate within seconds after stop stirring.

In addition, the fluorescent and merged microscopy images in Figure 5.1 clearly demonstrated that
HDL was compartmentalized within the Na,SOs-rich droplet phase at pH 5-9. However, when the FADR
was prepared at pH 5, the HDL was densely confined as aggregates in the droplets, while at pH 7 and
9, HDL was more evenly confined and homogeneously distributed. The differences in behavior of HDL
at pH 5-9 could be explained by the differences in surface charge at pH 5-9. The FADR at pH 5 formed
HDL aggregates because it is close to the point of zero charge of HDL. However, in the FADRs at pH 7-
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9, HDL has a higher surface charge (> -20 mV),'? and the repulsion between the proteins resulted in a

homogeneous confinement within the droplet phase.

5.2.2 Affinity partitioning of HDL and Au3* ions in the FADRs

The formation of microgels in FADRs relies on the prefential partitioning of the reactants (polymers,
cross-linkers, etc.) between the two different phases.?’ The differences in affinity partitioning should
lead to the retention of one reactant (the proteins) in the droplet phase, while the other reactant
(cross-linkers) can freely migrate from the continuous phase into the droplet phase to react with each
other.?” We have already observed that HDL is compartmentalized within the Na,SOs-rich droplet
phase (Figure 5.1). The other reactant is Au®**, which will be used for oxidation and cross-linking of
HDL.!! To determine the preferential partitioning of the HDL and Au®* ions reactants towards the two
different aqueous phases, the amounts of reactants in the separate aqueous phases were measured.
For this purpose, the FADRs were either loaded with HDL and/or supplemented with Au®* ions and
stirred for 30 mins. Subsequently, the ATPSs were allowed to macroscopically phase separate by
stopping stirring. Then, the recovery extents and partition coefficients (K) were calculated
(Experimental Section). The recovery extent provides the percentage of a reactant (HDL or Au®')
partitioned in either of the phases in respect to its initial concentration added into the ATPS. The
partition coefficient (K) estimates the distribution of the reactant in the ATPS.22 When the K<1, the
compound has a higher affinity towards the bottom (Na,SOs-rich) phase, and when K>1 to the top
(PEG-rich) phase.

Table 5.1 shows the recovery extent and K values for the ATPSs samples either loaded with HDL and/or
supplemented with Au®*ions. When the ATPS was loaded with HDL, the recovery extent was ~25 folds
higher in the Na,SOs-rich phase than in the PEG-rich phase (Figure 5.2, left column). In contrast, when
the ATPS was supplemented with Au®* ions, in the absence of HDL, the recovery extent of the Au®* ions
was ~9 folds higher in the PEG-rich phase than in the Na,SO4-rich phase (Figure 5.2, middle column). It
is noteworthy that the sum of HDL and Au®* recovery was not 100% because a portion of HDL and Au®*
ions did not dissolve in either of the ATPS phases and precipitated. When HDL and Au®** ions were
concurrently present in the ATPS, the sum of the recovery extents of HDL and Au®* ions decreased ~25
and ~3 times, respectively (Figure 5.2, right column). Additionally, the Kup. and Ka, increased ~158 and
~5 times, respectively.

Table 5.1 Amounts, recovery and K of reactants (HDL and Au3* ions determined by ATPSs loaded with HDL and/or
supplemented with Au3*ions

H 0,
Rea:;:;r;t in Phase o Recoverxiﬁ) Ko, Kao
HDL PEG-rlch- 3.2+1.2 0.04
Na;SO4-rich 81.1+4.9
Au**ions PEG-rich 68.4+0.8 91
Na,SO4-rich 7.5+0.5 )
HDL and PEG-rich 29+0.3 24.8+0.7 6.3 452
Au**ions Na,SOs-rich | 0.5+0.0 0.5+0.1 ’ )
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Figure 5.2 Schematic representation of the partition of HDL and Au3* ions in ATPSs, after stirring and phase separation. The
yellow spheres represent HDL, which are loaded in the ATPS. The red spheres represent Au3* ions, which are added during
stirring the ATPS.

These results show that HDL has a high partitioning preference towards the Na,SOs-rich phase, which
corroborates with the observations of the compartmentalized HDL in the microscopy images in Figure
5.1. However, Au®* has a partitioning preference towards the PEG-rich phase, and a weak partitioning
preference towards the Na,SOs-rich phase. The combination of HDL-in-Na,SO, and Au**-in-PEG could
lead to compartmentalization of HDL in the droplet phase, while Au** ions could still migrate between
the two immiscible phases. This could then result in a reaction between the Au®* ions and HDL inside
the droplets and form microgels. After supplementing Au®* ions to the HDL-loaded ATPS, a decrease in
recovery extents of both reactants was observed. This is due to the formation of solid materials, which
sedimented, and were not part of the ATPS anymore. Based on the decrease of recovery extents, it
was assumed that the Au®* ions induced cross-linking of the proteins, resulting in the formation of solid

microgels.

5.2.3 Formation of microgels under different reaction conditions

After calculations of the recovery extents and partition coefficients of HDL and Au®* ions, the effect of
HDL concentrations (5-40 mg/mL) and pH values (pH 5-9) on the structures of the microgels was
investigated. After the addition of Au3* ions, solid structures (microgels) were formed within 30
minutes, which sedimented after stopping stirring. The structures of the microgels in the FADRs were
then studied by brightfield and fluorescence microscopy before and after 10x dilution with deionized
water. In Figure S5.2, the FADRs at different conditions are shown before (uneven columns) and after
10x dilution with deionized water (even columns). The FADRs were diluted with water because the
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microgels were clustered together inside the droplets and dilution decreases the interfacial tension
between the two immiscible phases, and allows mixing of the phases. Solid microgels were already
formed within 30 minutes after the addition of the Au3* ions, indicating that HDL rapidly interacts with
the Au®* ions and gets cross-linked. Moreover, multiple microgels were observed in a single droplet,
which were separed after dilution. This indicates that the cross-linking did not occur between
neighboring microgels. Therefore, it was hypothesized that the HDL-in-Na,SO4 droplets have a fixed
size during stirring of the FADRs and a droplet would only from a single microgel. When the FADRs

were stopped stirring, the droplets merged, and as a result, contained multiple microgels.

Different microgels structures were observed, such as random aggregates, urchin-like, and spherical
microgels, which will each be discussed separately. Representative images of these structures are

shown in Figure 5.3.

Random aggregates

In Figure 5.3 (left column) and Figure S5.2 (5-40 mg/mL HDL, pH 5, and 5 mg/mL HDL, pH 7-9),
structures with sizes between 10-50 um with different shapes (elongated, spherical-like) were
observed. Since the structures vary a lot in size and shape, we defined those structures as random
aggregates. The random structures were formed at pH 5, independently of the HDL concentration.
Before addition of Au®* ions, we observed that HDL was present as aggregates at pH 5, due to low

repulsive forces (Figure 5.1). Therefore, it was hypothesized that the formation of homogeneous

Low HDL conc., Medium HDL conc., High HDL conc.,
low pH me(_jium pH high pH
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Figure 5.3 Merged brightfield and fluorescence microscopy images of random aggregates (5 mg/mL HDL, pH 5), urchin-like
(20 mg/mL, pH 7), and spherical microgels (40 mg/mL HDL, pH 9) before (top row) and after 10x dilution (bottom row). The
FADRs were supplemented with 500 molar equivalents of Au3* ions to HDL, at corresponding pH. Scale bars are 150 um.
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microgels was hindered by the presence of the aggregates. Additionally, random structures were
formed at 5 mg/mL HDL, independently of the pH. It has been reported earlier that when HDL
concentration or amount of Au®* ions are too low, no protein gel network could be obtained.!* The
molar equivalents of Au®* ions was fixed, which suggests that the HDL concentration was too low to
form a stable gel network. As a result, the loose gel network broke during droplet merging and formed

random protein aggregate structures.

Urchin-like microgels

In Figure 5.3 (middle column) and Figure S5.2 (10-20 mg/mL HDL, pH 7-9), elongated structures
containing multiple branches (urchin-like) were observed. Similar urchin-like microgels were also
reported for Ca®*-polymerized alginate in a PEG-Dex ATPS through osmotic pressure.? We hypothesize
that a similar phenonemon occurs within our system. The Au*ions were added as an aqueous solution,
which could create a concentration gradient in the HDL-loaded FADR. Due to the change in
concentration gradient, water, PEG, and Au®* ions migrate in the PEG-rich phase. Next, the HDL-in-
Na SO, droplets go out-of-equilibrium with the surrounding PEG-rich phase. A new equilibrium would
be reached by diffusion of water, HDL, and Na;SO,, out of the droplets to the PEG-rich phase, as
branches. The Au®* ions surrounding the HDL-in-Na,SO, droplets then rapidly induced cross-linking of

the HDL in the branches, resulting in the formation of urchin-like microgels.

Spherical microgels

In Figure 5.3 (right column), spherical microgels were observed for microgels prepared in a FADR of 40
mg/mL HDL, pH 9. There were no branches observed on the surface, which indicates that the HDL-in-
Na2SO, droplets were stable against the concentration gradient, caused by the agoeus Au®* solution,
at these conditions. This could be due to the high surface charge of HDL at pH 9, which lead to stronger
adsorption of HDL at the PEG/Na,S0O, interface.®® The droplets were more stable, which prevented

migration of water and HDL, resulting in cross-linking of HDL in a spherical shape.

5.2.4 Protein distribution in urchin-like and spherical microgels

After studying different conditions for obtaining urchin-like and spherical microgels, we analyzed the
protein distribution within the microgels by confocal laser scanning microscopy (CLSM). In Figure 5.4,
images of 1 um slices and z-stack projections (45x and 66x 1 um slices, respectively) of the urchin-like
and spherical microgels are shown. The 1 um slices allow visualization of the protein distributions at
the center of the microgels, while the z-stack projections shows the protein distribution on the
microgel surface. In the CLSM image slice of the urchin-like microgel, the fluorescence was observed
in the border of the structures, and was further spread into branch-like structures. However, there was
no fluorescence observed inside the border. The projection of the urchin-like demonstrated the
presence of an elongated structure with branches. In the CLSM image slice of the spherical microgel,
circular structures were observed with a uniform fluorescence distribution. The projection showed
spherical structures with smooth surfaces. When the FADR was prepared at 40 mg/mL HDL, pH 7-9,
the HDL was homogeneously distributed within the droplets (Figure 5.1). After addition of Au*ions in
the FADR at pH 9, this homogeneous distribution of HDL was conserved, resulting in the formation of

a spherical microgel. However, at pH 7, the proteins were distributed on the edges, in branch-like
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Figure 5.4 CLSM images of 1 um slices and Z-stack projection (3D reconstruction) of microgels prepared at 40 mg/mLHDL and
500 molar equivalents of Au3* in PEG/Na,SO4 at pH 7 (urchin-like), and pH 9 (spherical) after 10x dilution with deionized
water. Scale bars are 50 um. The schemes below the CLSM images represent the movement of HDL after addition of Au3*ions
from the droplet phase to the continuous phase, forming urchin-like microgels. At 40 mg/mL HDL, pH 9, the droplets were
stable and the HDL remained uniformly distributed inside the droplets, forming spherical microgels.

structures, and absent in the core. This suggests that the addition of Au® ions to FADRs prepared at
10-20 mg/mL HDL, pH 7-9 destabilizes the droplet phase. The HDL migrated from the Na,SO4-rich
droplet phase to the PEG-rich phase, forming branches on the droplets. During the migration of HDL,
the Au®* ions rapidly interacted with HDL and initiated cross-linking. The branches remained on the

droplet, forming a solid, cross-linked urchin-like microgels.

5.3 Conclusion

In this research, we showed that microgels can be formed through compartmentalizing the proteins in
a FADR, followed by cross-linking through the addition of Au* ions. Different shapes of the microgels,
including random aggregates, urchin-like, and spherical, were obtained by changing the HDL
concentrations (5-40 mg/mL) and pH values (5-9). Random aggregates were obtained when the
proteins were at pH conditions close to their point of zero charge, and when the HDL concentrations
were too low to form a stable gel network. Urchin-like microgels were formed when the HDL-in-Na,SO4
droplet phase got out-of-equilibrium, through addition of an aqueous solution of Au®*ions, and formed
cross-linked branches. However, at 40 mg/mL HDL, pH 9, the HDL-in-Na,SO, droplet phase remained
stable and their spherical structures were conserved after cross-linking. The use of FADRs for microgel
preparation method can be used and implemented for generating biocompatible spherical and urchin-
like structures, which may find applications different fields, such as catalysis, optical switches, or

sensors.
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5.4 Experimental section
5.4.1 Materials

Fresh hen eggs were purchased from a local organic farm De Hoge Born, Wageningen, the Netherlands.
Sodium chloride (NaCl, >99.5%), 1 M NaOH and 1 M HCI solutions were purchased from VWR
international B.V. Gold(lll) chloride hydrate (HAuCls-xH,0,99.5%), Fluorescein-5-isothiocyanate (FITC,
>95%), Fluorescein Isothiocyanate-Dextran (FITC-Dex), polyethylene glycol (Mw = 3.350 kDa), sodium
sulfate (Na;S04), and 76 mm dialysis tubing cellulose membrane (MWCO = 14 kDa) were purchased
from Sigma Aldrich. All chemicals were used without further purification and deionized water was used

throughout the experiments.
5.4.2 Methods

Extraction of HDL

HDL was extracted from egg yolk according to the method developed by Castellani,* with slight
modifications. Hen eggs were cracked and the egg yolks were separated manually from the albumen.
The egg yolks were carefully rolled on a paper tissue to remove the chalazae and adhering albumen.
The yolk membranes were then punctured, using a glass pipette, and their contents were collected
and pooled in a beaker cooled in iced water. The liquid yolks were diluted with 3 volumes of 0.17 M
NaCl (1% (w/v)) and homogenized by stirring for 1 h. The yolk was fractionated into plasma and
granules by centrifugation at 10,000 x g for 45 min at T = 4 °C, using a Thermoscientific Sorvall Legend
XFR centrifuge. The pellet (granules) was washed with 0.17 M NaCl and centrifuged once more. The
granules were suspended in 1.71 M NaCl (10% (w/v)) and the solution’s pH was adjusted to 7.25, using
1 M NaOH. The mixtures were collected in dialysis tubings and were dialyzed against deionized water
with 3 changes over 24 h. The HDLs were precipitated. The content of the dialysis tubings were
collected and centrifuged. The pellets, rich in HDL, were collected and freeze-dried, using a Salmenkipp
alpha 2-4 plus freeze-dryer at a temperature of T =-76 °C and pressure of 0.0090 mbar for 72 h.

Labelling of HDL with FITC

FITC was coupled to the proteins by an isothiocyanate/amine reaction according to the manufacturer’s
protocol. 100 mg of protein was dissolved in 20 mL of 0.1 sodium carbonate buffer, pH 9, by stirring (5
mg/mL protein). For each protein solution, 18.4 L of 26 nM FITC in DMSO was added, while gently
and continuously stirring. The mixture was allowed to react overnight, while covered against light. The
mixture was then dialyzed against deionized water with 5 changes over 24 h. The contents of the
dialysis bags were collected and centrifuged. The supernatant was discarded and the pellet was

washed again with deionized water before freeze-drying.

Formation of HDL-loaded FADRs and protein microgels

Initially, HDL was dissolved in a 15% (w/w) Na>SO, solution at different concentrations (5, 10, 20, and
40 mg/mL) and the pH was adjusted to 5, 7, and 9. A 40% (w/w) PEG solution, at the same pH, was
added to the HDL-in-Na,SO4 solution, in a 3:7 volume ratio with a total volume of 3 mL. The ATPSs were
stirred at 1000 RPM, using a magnetic stirring bar and stirring plate. In the meantime, a 0.1 M Au®*

stock solution, in deionized water was prepared at pH 5, 7, or 9. The aqueous Au®* solutions were
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rapidly injected into the FADRs to have 500 molar equivalents of Au®* to HDL (0, 53.5, 107, 213, and
426 pL). The FADRs were stirred for 30 minutes at 1000 RPM. When left sitting, the resultant mixture

separated into a PEG-rich phase, a salt-rich phase and solidified microgels.

Determination of the amounts, recovery, and partition coefficients of Au3*ions and HDL in the
PEG-rich and Na;SOas-rich phases

The amounts of HDL in the PEG-rich and Na,SO4-rich phases, and ATPS, were measured both in absence
and presence of Au®*. Known weights of the different phases were dried in the oven at 70 °C.
Subsequently, the protein contents were determined by DUMAS (Thermo Quest NA 2100 Nitrogen and
Protein Analyser) using a protein-to-nitrogen conversion factor of 6.25. The measurements were

averaged over 3 samples.

The amounts of Au* in the PEG-rich and Na;SO4-rich phases, and ATPS, were measured both in absence
and presence of HDL. Known weights of the different phases were diluted and treated with a
microwave acid (10% aqua Regia and H,0;) digestion. The Au®* concentrations were then analyzed
with a Perkin EImer AVIO 500 inductively coupled plasma (ICP-OES) analyzer. The measurements were

averaged over 3 samples.

The recovery of the reactant (r) was defined as the amount of the compound in 1 of the phases, after
mixing and reaching the equilibrium, relative to the total amount of the compound added to the ATPS.

My,1 phase (ng) £100

Recovery extent (%) = -
1,ATPS

The partition coefficient (K) was defined as the ratio between the equilibrium amounts of the

partitioned reactant in the PEG-rich and Na,SOs-rich phases.

K. = My in PEG (mg)
= —
My in Na,S0, (mg)

5.4.3 Characterization

Brightfield and fluorescence Microscopy

To visualize the HDL, 5 mg of HDL was replaced with FITC-labelled HDL. 50 uL droplet of sample was
placed on a microscopy slide and covered with a coverslip before imaging. The samples were imaged
using a Leica DMi8 epifluorescence microscope with a non-immersion 20x magnification objective lens,
100% laser intensity and an exposure time of 278 ms. The FITC was excited at a wavelength Ae = 460-
500 nm and the emission was collected at Aem = 512-542 nm, using a FITC filter cube. The images were

analyzed using Flll software.?

Confocal Laser Scanning Microscopy (CLSM)
For CLSM imaging, the Au-HDL microgels were imaged using a Leica SP8-SMD microscope. The FITC
was excited with dexmax = 490 nm and emission was collected at Aemmax = 525 nm. A z-stack was taken

with a z-step of 1 um. The images were analyzed using FlJI software.
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5.5 Supplementary Information

Type of FADRs at different volume ratios

In the formulation and utilization of FADRs it is of importance to know which phase makes the
continuous and which one is the dispersed (droplet) phase. The density of a 15% (w/w) Na,SO4 solution
(1.3 M, 1.14 g/cm?®) is higher than that of a 40% (w/w) PEG solution (0.01 M, 1.02 g/cm3), so, in a vial,
the top phase is PEG, while the bottom phase is Na,SOs. To study the different FADRs type (PEG-in-
Na,SO. or Na,S0:-in-PEG), ATPSs of PEG and Na,SO. solutions were prepared at different volume
ratios. To visualize the Na,SO4 phase, fluorescein isothiocyanate (FITC)-labelled dextran (Dex) was
used, which partitions only in the ATPS phase.>® The FADRs prepared at different volume ratios were
stirred for 30 mins at 1000 RPM. After stirring, the samples were put between two microscopy slides

and imaged with fluorescence microscopy.

Figure S5.1 shows images of droplets, in which the fluorescent signal of the FITC-Dex was green
colored. It has to be noted that the FADRs phase separate within seconds because the ATPSs are not
stabilized. In the images of the FADRs prepared with PEG-to-Na,SO4 volume ratios of 1:9-4:6, black
droplets were observed in a green colored continuous phase, while at volume ratios of 6:4-9:1, green
droplets were observed in a black continuous phase. In the image of the FADR with a volume ratio of
5:5, both green and black droplets were observed. We found that at volume ratios of PEG-to-Na;S04 <
1, the FADR type was PEG-in-Na,SO4, and at PEG-to-Na,S0. > 1 Na,S0:-in-PEG. However, at PEG-to-
NaxSO4 = 1, a bi-continuous phase was observed. The type of FADR is determined by the system
properties, such as viscosity, density, interfacial tension, and rate of phase separation.>* We found that
PEG-in-Na;S04, Na;S0s-in-PEG, and bi-continuous types of FADRs could be formed based on the

volume ratios.
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Figure S5.1 Fluorescent microscopy images of FITC-Dex loaded PEG/Na,SO, FADRs at volume ratios of 1:9, 2:8, 3:7, 4:6, 5:5,
6:4, 7:3, 8:2, and 9:1. After 30 minutes of stirring at 1000 RPM, the samples were imaged. Scale bars are 500 pm. The FITC-
Dex partitioned in the Na,SO4-rich phase. PEG-in-Na,SO4 FADRs were observed at volume ratios >1, and Na,SO4-in-PEG FADRs
at volume ratios >1. A bi-continuous FADR was observed at volume ratio = 1.

Microgels prepared in FADRs at different HDL conc. and pH values

FADRs were prepared at different HDL concentrations (5-40 mg/mL) and pH values (5-9). After the
addition of 500 molar equivalents of Au®* ions to HDL, at corresponding pH, and stirring for 30 mins,
solid structures were obtained. The microgels were imaged before (uneven columns) and after 10x
dilution with deionized water (even columns). Random aggregates were observed when FADRs were
prepared at 5-40 mg/mL HDL, pH 5, and 5 mg/mL HDL, pH 7-9. Urchin-like microgels were observed
when FADRs were prepared at 10-20 mg/mL, pH 7-9. Spherical microgels were observed when FADRs
were prepared at 40 mg/mL HDL, pH 9. A mixture of urchin-like and spherical microgels was obtained
at 40 mg/mLHDL, pH 7.
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Figure S5.2 Brightfield, fluorescent and merged microscopy images of 5-40 mg/mL HDL-loaded ATPS, supplemented with 500
molar equivalents of Au3*ions, at pH 5-9, and after 10x diluted with deionized water. Scale bars are 150 um.
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Chapter 6

6.1 Introduction

The research described in this thesis was focused on the formation of protein gel networks for
constructing protein-based materials. Among the protein-based materials, macrogels, microparticles
with solid and hollow core densities, and microgels with spherical, and branched (urchin-like) were
constructed. To this end, Au® ions were used to initiate covalent cross-linking of the proteins. The
Au**-initiated oxidation and cross-linking method allowed for constructing protein-based materials by
assembling proteins into spherical structures through the use of templates. As emerging and
concomitant benefit, the Au®* ions got reduced and formed gold nanoparticles (AuNPs), which
provided a wider range of applications, due to their physical and chemical properties, such as optics

(fluorescence, absorbance, and scattering)* and electronics.?

Chapter 2 is dedicated to obtain insights in the interactions between Au** ions and proteins, and the
obtained soft-solid gel materials were characterized. In Chapters 3 and 4, we used spherical, porous
CaCo; as solid templates to construct protein microparticles. Furthermore, we used an aqueous two-
phase system (ATPS) to compartmentalize proteins in droplets to construct protein microgels in
Chapter 5.

6.2 Main findings

Protein cross-linking can be achieved through oxidation pathways. However, the mechanisms of
protein oxidation have been less elucidated.? In Chapter 2, we used Au®* ions, which have strong
oxidizing properties,* for cross-linking proteins. Egg yolk high-density lipoprotein (HDL) was used as a
model protein, which has poor gel network forming abilities during heating. When the amount of Au®*
ions was too low (10-100 molar equivalents of Au** to HDL), the proteins formed aggregates, but no
stable gel networks. When 150 molar equivalents of Au** were added, a soft-solid material was formed
after 1 day, as a result of a stable gel network. With further increasing the amounts of Au®* ions, the
time for the gel network formation decreased to 1 h. We noticed that after 1 day of preparation, the
soft-solid material obtained a red color. The red color was derived from the AuNPs, which formed due
to Au* reduction by electron donating residual amino acid groups (e.g. tryptophan, tyrosine). We then
investigated the modification of residual groups of amino acids caused by the addition of Au®* ions.
We found that thiols formed disulfide bonds and tyrosine formed dityrosine.

In Chapter 3, we investigated the use of Au® ions for cross-linking HDL inside CaCOs templates to
construct protein microparticles. First the encapsulation of HDL inside CaCOs was studied and then
obtained protein microparticles, after cross-linking through Au®* ions and template removal, were
characterized. HDL was encapsulated inside CaCOs templates by synthesis of CaCOs in presence of the
proteins. We found that 5 um spherical HDL/CaCO3; complexes were obtained, in which HDL was
accumulated at the edges of the template, leaving an empty core inside the template. When the
templates were removed, without cross-linking, spherical microparticles with a hollow core were
obtained. The particles were not stable against pH, in terms of aggregation, because the HDLs were
connected with each other through weak hydrophobic forces. To improve the stability of the hollow

protein microparticles, we added Au®* ions to the HDL/CaCOs; complexes before template removal. The
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Au?* ions initiate covalent protein cross-linking, which improved the stability of the obtained protein

microparticles.

In Chapter 4, we used proteins with a different tendency to aggregate in an aqueous environment and
their subsequent reduced solubility to fabricate solid and hollow protein microparticles, through the
use of CaCO; templates. The different proteins were B-lactoglobulin (B-lac), Bovine Serum Albumin
(BSA), casein, and HDL. We found that using -lac and BSA resulted in the formation of spherical
protein/CaCO; complexes with a smooth surface and uniform protein distribution inside the templates.
However, using caseins and HDL resulted in the formation of irregular shaped protein/CaCOs;
complexes with a rough surface and the proteins were accumulated at the template edges. The
differences in the protein distributions (uniform, or accumulated at the edges) were attributed to the
sizes of the proteins. B-lac and BSA were present in sizes of 7 nm and fit inside the pore sizes of CaCOs
(20-60 nm),® while caseins and HDL were present as large aggregates (ranging from 30-5000 nm in size)
and did not fit inside the CaCOs inner pores. To obtain protein microparticles, the proteins were cross-
linked, using Au®* ions, and the templates were removed. The protein distributions of the formed
protein microparticles were conserved after cross-linking and template removal. Additionally, the
formation of solid and hollow protein microparticles was confirmed by imaging the particles under dry
and vacuum conditions. Solid microparticles had a rigid structure, while hollow microparticles
flattened and formed creased structures. Finally, the presence of the AuNPs, embedded in the gel
network structure, was confirmed by SEM(-EDX) and TEM.

Next to the use of solid templates, liquid templates could be used for the formation of protein
microgels. In Chapter 5, we investigated the use of Au®* ions for cross-linking HDL in a fully-aqueous
droplet reactor (FADR) to construct protein microgels with urchin-like (branched) and spherical shapes.
The FADR was prepared of an aqueous two-phase system (ATPS) of a Na,SO4 as droplet phase,
dispersed into polyethylene glycol (PEG) as continuous phase. HDL was compartmentalized in the
Na,SO, droplet phase, while stirring. For cross-linking the proteins inside the droplets, Au®* ions were
added as an aqueous solution, which participate in the PEG-rich phase. When the Au*ions were added
to the HDL-loaded ATPS, solid microgels were formed, which sedimented. The shapes of the microgels
were affected by reaction conditions of the FADRs, such as protein concentrations (5-40 mg/mL) and
pH values (5-9). When the HDL concentrations (5 mg/mL) and/or pH (5) were too low, no stable protein
gel network could be obtained, which resulted in the formation of random aggregates. The FADRs
prepared at 10-20 mg/mL HDL, pH 7-9, resulted in the formation of multiple branches on the microgels
(urchin-like), after addition of the Au®* ions. However, the FADR prepared at 40 mg/mL HDL, pH 9,
resulted in the formation of spherical microgels. The different FADRs reaction conditions could be
destabilized after the addition of the aqueous Au** ions, which resulted in formation of branches on

the microgels. However, when the FADRs were stable, spherical microgels were obtained.

On the basis of the main findings described in the experimental chapters in this thesis, we can conclude
that the use of Au®* ions for cross-linking proteins is promising for constructing protein-based
materials. Adding Au®" ions to a protein dispersion resulted in the formation of macrogels.
Microparticles were obtained through cross-linking the proteins inside spherical, porous CaCOs;
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templates. By using soluble or aggregated proteins, solid and hollow microparticles were formed.
Furthermore, the addition of Au®* ions to HDL in FADRs resulted in urchin-like and spherical microgels.

An overview of all the experimental chapters found in this thesis and their main findings is given in
Figure 6.1.
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Figure 6.1 Overview of thesis outline and main findings.

6.3 Main findings put into a wider perspective

The main findings of this thesis are split into the use of Au®* ions for cross-linking proteins, AuNPs

synthesis by proteins, constructing hollow particles, and alternative cross-linking methods.

6.3.1 Protein cross-linking and gel network formation through Au3*ions
Cross-linking of proteins, and subsequently gel network formation, is mostly done by changing reaction

conditions, such as temperature, protein concentration, pH, ionic strength, pressure, or through the
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addition of chemical or enzymatic cross-linking agents.® Protein cross-linking could also be done
through oxidation. However, protein cross-linking through oxidation is much less studied and the
mechanisms are only partly elucidated. Additionally, the oxidative modifications of proteins could
affect their physical properties, such as solubility, hydrophobicity, water-holding capacity, and the
ability to form gel networks.? It has been reported that, in addition to changing reaction conditions,
mild oxidative modifications of proteins increases protein-protein interactions and improves the gel
network formation abilities, while strong oxidative conditions weakens the gel network formation
abilities.> However, the use of oxidative agents, like metal ions, for direct gel network formation

(without changing additional reaction conditions) was not explored yet.

In this thesis, we showed that Au* ions can be used to induce protein cross-linking and gel network
formation of egg yolk HDL (Chapter 2). The use of Au®* ions for the formation of protein gel networks

has some advantages over the use of heat:

e Alower minimum protein concentration was required (3% (w/v) vs. 5% (w/v)’), so less protein
material is required for constructing protein-based materials

e Au**ions react with multiple types of residual group of amino acids (e.g. amines, thiols) and is
therefore applicable to other proteins (e.g. BSA and WPI).

e No additional heating was required, the protein cross-linking even occurred at 4 °C.

e The Au**ions provided a dual functionality to the design, next to protein cross-linking, AuNPs
were formed. No separate AuNPs synthesis is required for incorporating AuNPs in a gel
network.

e The AuNPs conserved their optical properties, when embedded in the gel network, and
provided a novel hybrid-soft nanocomposite material.

However, safety issues of the obtained materials were not discussed, which we will address below.

Safety issues regarding protein-based materials constructed through the use of Au3* ions

Next to the advantages of the use of Au®* ions for initiating the formation of protein gel networks, the
potential safety and biocompatibility issues of the materials should be addressed. The oxidized protein
products in the material and the presence of unreacted Au®* ions will be considered as the main

potential harmful components.

The addition of Au®* ions to proteins leads to modifications of diverse residual groups of amino acids
of the proteins, through oxidation, which have potential toxic effects. The oxidation of the proteins
could modify the cleavage sites of proteases (e.g. serine, cysteine, aspartic acid)® or decrease their
accessibility.® Consequently, the protein-based materials are not easily broken down in the body.
Additionally, toxic compounds, such as methionine sulfoximine and a-aminoadipic acid, could be
formed directly in the material or during metabolism in the body.X® Moreover, amino acid oxidation
products are similar to their native amino acids and could replace them. For example, m- and o-
tyrosine could be mis-incorporated into proteins during synthesis, which could affect the protein

functionality and lead to cytotoxicity.!! Finally, the reactivity of the oxidized residual groups of amino
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acid does not stop upon formation of the protein-based material. When the material is inside the

organism, the oxidative modifications could be transferred from the material to the body proteins.?

Uncontrolled release of Au®* ions in the body could cause long-term adverse effects or be lethal
because they could bind to proteins and DNA.* Even though most of the Au** ions in the gel network
are reduced and formed AuNPs, there could be some unreacted Au®* ions present in the material. To
detect the presence of gold at different oxidation states (Au**, Au*, and Au®) in the material, X-ray
photoelectron spectroscopy (XPS) could be used. An example of an XPS spectrum of a material

containing gold is shown in Figure 6.2.
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Figure 6.2 Example of a high-resolution Au4f XPS spectrum with different gold oxidation states, copied from ref. 16.

With XPS, the intensity of the Au 4f;/; and 4fs/, core levels and binding energy values are measured.
Based on the position and shift of the binding energy, the oxidation state of gold can be determined.
The different oxidation states of gold, with their corresponding binding energy are: Au® (84 eV, 87.8
eV), Au*(85 eV, 89.1 eV), and Au** (87.3 eV, 90.4 eV).1316

If there are still unreacted Au®* ions detected in the material, a reducing agent could be added to the
material to reduce all the Au®* ions and synthesize AuNPs. Examples of mild reducing agents include
citrate,’ single amino acids,*® or carbohydrates.'® AuNPs are considered to be inert, compared to Au®*
ions. However, there is very few information available about the short and long term health effects of

AuNPs in organisms, which should also be considered.?

6.3.2 Au®* reduction and AuNPs synthesis by proteins

Au®* ions are strong oxidative agents* and can form AuNPs through reduction of Au®* to Au* and Au°.
Proteins have been reported as reducing and stabilizing agents for the formation of AuNPs.'* However,
only a few reports acknowledge that the exposure of proteins to Au®* ions leads to changes in the
protein structure, such as cross-linking, through oxidation.?! In fact, much research has been focused

on using proteins for the synthesis of AuNPs.2? In addition to using Au®* ions for the formation of
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protein gel networks, we also explored different pH conditions for HDL and Au®" ions to synthesize
AuNPs with different shapes.

Synthesis of hexagonal- and/or triangular-shaped AuNPs
We found that protein concentrations below 1.5% (w/v) and/or adding below 150 molar equivalents
of Au®* ions did not result into a protein gel network. To synthesize AuNPs using HDL, we used lower

protein concentrations (0.1% (w/v)) to avoid protein gel network formation.

When proteins are at acidic conditions (pH 1-4), amino acids with carboxylic acid side groups, such as
aspartic and glutamic acid, are involved in Au®* reduction.?® It has been reported that aspartic acid not
only acts as reducing agent, but also as shape-directing agents for the formation of hexagonal and
triangular gold nanoplates.? To study the effect of acidic conditions (pH 1-4) on the AuNPs shapes, by
using HDL, UV-Vis absorbance and TEM was used. In Figure 6.3, the UV-Vis absorbance spectra of the
AuNPs synthesized with HDL at pH 1-4 are shown.
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Figure 6.3 UV-Vis absorbance spectra, pictures, and TEM images of 0.1% (w/v) HDL in deionized water with 250 equivalents
of Au3*ions, at pH 1-4, after 2 weeks of preparation.

The UV-Vis spectra detects the surface plasmon resonance absorbance of the AuNPs, which is strongly
dependent on the AuNPs size, shape, surface, and aggregation state.?” The UV-Vis spectra show
absorbance peaks at A = 550 nm (pH 2-4), and at A = 780 nm (pH 3-4), and an increase in absorbance
at A = 1100 nm (pH 2). However, the UV-Vis absorbance spectrometer in our lab cannot measure
absorbance above A = 1100 nm, so the absorbance peak could not be determined. At pH 1, no
absorbance was observed because the AuNPs were sedimented. The absorbance at A = 550 nm
corresponds to surface plasmon resonance of spherical AuNPs.?® The absorbance at A = 780 nm and
around A = 1100 nm corresponds to in-plate dipole and quadrupole plasmon resonance of gold
nanoplates, for example triangular shaped.?” The peaks are broadened because the particles are > 100

nm in size and due to the presence of transversal and longitudinal surface plasmon resonances.?® To
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analyze the shapes of the synthesized AuNPs at pH 1-4, TEM was used. In Figure 6.3, the TEM images
of the AuNPs synthesized at pH 1-4 (from bottom to top) are shown. When the AuNPs were synthesized
using HDL, at pH 1, hexagonal-like and triangular-like AuNPs structures, with sizes between 2-5 pm
were observed. In the sample prepared at pH 2, AuNPs with triangular structures with rounded and
sharp corners, of 200-500 nm, were observed. At pH 3-4 mixtures of triangular and spherical shaped
AuNPs with different sizes 20-50 nm were observed. A possible growth process of the hexagonal and
triangular shaped AuNPs was proposed as three distinctive stages: reduction of Au® ions to gold nuclei,
induction process for formation of hexagonal- and/or triangular-shaped seeds, and the growth of the
seeds into nanoplates.?? The proteins may aid in directing the growth of the hexagonal- and/or
triangular-shaped seeds, according to the “surface wrapping” mechanism.? With increasing pH, the
AuNPs decrease in size and have a different shape (hexagonal and/or triangular at low pH and spherical
at higher pH). These trends could be related to changes in the conformation of HDL structure with pH.
The pH has an effect on the charges on the proteins, which could affect the strength of interaction
between the proteins and the gold seeds. This could then lead to AuNPs shapes at different pH.

Synthesis of fluorescent AuNPs

When proteins are at alkaline conditions (pH 10-13), amino acids with aromatic side groups, such as
tyrosine, tryptophan, and phenylalanine, are involved in Au** reduction.®® It has been reported that
the strong reducing properties of the tyrosine results in the formation of fluorescent AuNPs, which
have sizes below 3 nm. However, when Au®* ions are at alkaline conditions, they hydrolyze to hydrated
gold oxides, which are less reactive. Therefore, to synthesize fluorescent AuNPs, by using HDL, the Au®*
ions were first added under acidic conditions, before addition of NaOH to increase the pH to 12. To
analyze the optical properties of the AuNPs, obtained with HDL, the solutions were put under visible
(tube light, TL) and UV (A = 365 nm) light. In Figure 6.4, the images of the AuNPs solutions under TL
and UV light are shown.

TL Uv TL

—— Absorbance
——Exc
Em

Absorbance (-)
e ——
Fluorescence intensity (-)

0 T

undiluted 100x diluted ** 0 &0 o

Wavelength (nm)

Figure 6.4 Pictures of the Au-HDL aqueous solutions under TL and UV light. UV-Vis absorbance (black line), excitation (Aem =
640 nm, red line) and emission (Aex = 380 nm, green line) spectra of the Au-HDL aqueous solutions. The solutions were
prepared as 2% (w/v) HDL in deionized water with ~84.5 molar equivalents of Au3* ions, at pH 12. The images and spectra
were taken 1 day after preparation.
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The color of the AuNPs solution turned from yellow to light brown under visible. When under UV light,
the light brown solution of the AuNPs emitted an intense red fluorescence. The fluorescence was still
detected when the solution was diluted 100 times with deionized water. The red fluorescence
indicates the presence of AuNPs with sizes <3 nm (proteins only exhibit blue fluorescence due to the
presence of aromatic side groups of amino acids). To confirm the optical properties, UV-Vis absorption,
and fluorescence excitation and emission spectra were measured, which are shown in Figure 6.4. The
UV-Vis spectrum showed an absorption at A = 280 nm. However, there was no surface plasmon
resonance absorbance detected in the region of A = 550 nm. This suggests that the AuNPs are <3 nm,
which have no surface plasmon resonance absorbance. The fluorescence spectra show excitation and
emission peaks at A = 380 nm and A = 640 nm, respectively. The wavelength of fluorescent AuNPs
depends on the size of the AuNPs, where smaller and larger AuNPs emit at shorter and longer
wavelengths, respectively. This red emission wavelength was close to the reported red emission from
AuNPs synthesized with BSA and pepsin,® which consisted of 25 gold atoms. Therefore, it was
assumed that HDL synthesized AuNPs with ~25 atoms.

By using HDL at acidic or alkaline conditions, different AuNPs were synthesized. At acidic conditions, a
mixture of large hexagonal and/or triangular shaped AuNPs were obtained, while small, red
fluorescent AuNPs were obtained at alkaline conditions. Therefore, it is of apparent interest to
investigate the synthesis of AuNPs, using proteins, at different concentrations and pH values.

6.3.3 Hollow particles

In the general introduction (Chapter 1), we categorized the protein gels based on their dimensions as
macrogels, microgels and microparticles. The majority of the microgels and microparticles have a
spherical shape because it is consistent and has a predictable surface area.?! However, we found in
Chapter 3 and 4 that further classification can be done on the core densities, such as solid (uniform
matrix) and hollow (empty core). The hollow particles offer advantageous properties over their solid
counterparts due to their low density and large internal voids.3? Therefore, the most important
applications of hollow particles is the storage of compounds inside, coatings, as nanoreactors for
confined reactors, and fillers.3® There are various methods available to construct hollow particles,
which we will address below. Additionally, alternative (bio)polymers for constructing hollow particles,

as described in Chapter 3 and 4, will be discussed.

Methods for constructing hollow particles

Hollow particles can be obtained through different methods, which are illustrated in Figure 6.5:
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Figure 6.5 Schematic representation of different methods for the formation of hollow particles. (I) The Kirkendall effect, (I1)
Osmogen-mediated, (lll) layer-by-layer assembly, (IV) interfacial polymerization, (V) self-assembly, (VI) and through co-
precipitation of aggregates during template synthesis.

1. The Kirkendall effect

A solid particles and reactant (in solution or gas phase) react at their interface, which leads to outward
diffusion of the core elements of the solid particle towards the growing composite, and leaving a cavity

inside the particle.3*
2. Osmogen-mediated

Water diffuses into the solid particle and the core elements of the solid particle migrate towards the

particle edges, leaving water in the core.®
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3. Layer-by-layer assembly

Deposition, or coating, of (bio)polymers onto the template, followed by selective removal of the
template.3®

4. Interfacial polymerization

Polymerization of two types of monomers at the interface of two immiscible phases (such as oil-water

and water-water systems) in droplet reactors.?”

5. Self-assembly
The polymers spontaneously assemble, without external driving forces, into hollow structures.3®
In Chapter 3 and 4, we describe a new method for forming hollow particles:

6. Through co-precipitation of aggregates during template synthesis

The template is synthesized in presence of large aggregates, which results in accumulation of the

aggregates on the template edges, leaving a cavity inside the particle.

However, not all of the above mentioned methods are directly applicable for the (bio)polymers to
construct hollow particles. The choice of an appropriate method is dependent on the physical and
chemical properties of the used (bio)polymeric materials.3® For example, self-assembly is limited to

polymers which have the property of directional exchanges, such as cyclodextrin-conjugated PEG.3®

Alternative (bio)polymers for constructing hollow particles

In our method described in Chapter 4, we found that small aggregate, soluble proteins (BSA and 3-lac)
resulted in the formation of solid microparticles and large aggregated, poorly soluble proteins (caseins
and HDL) hollow protein microparticles. Caseins and HDL contain phosphoserine amino acids, of which
the phosphate group strongly binds with the Ca® ions. In this case, the Ca?', from the template
precursor solution, induces aggregation of the proteins. We expect that proteins, assembled into large
aggregates through different methods, could also form hollow protein microparticles through the use
of CaCOs templates.

In this thesis, animal-derived proteins are used. As an alternative, plant proteins, such as from soy,
pea, lentils, are of interest due to their lower environmental impact. For isolating proteins from plant
sources, the proteins are exposed to harsh conditions, such as high temperatures, alkaline or acidic
conditions.*® This could lead to protein unfolding and the formation of small soluble aggregates*! and
large insoluble aggregates.®® The full fraction of plant protein isolates is a polydisperse dispersion of
soluble and insoluble proteins. A soluble fraction can be obtained by centrifugation of the plant protein
dispersion.®? It has been reported that the soluble fraction of soy protein isolate resulted in the
formation of solid protein microparticles.®® It would be interesting to investigate whether the use of
the polydisperse plant protein dispersion (with sizes >100 nm) would result into the formation of

hollow protein microparticles.
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Next to proteins, starch could be used as biopolymer because it is commercially available from low-
cost and renewable resources,** and is present as large aggregates (ranging from 0.4-53 pm) in
aqueous solutions.”® It has been reported that the starch affects the crystallization of CaCO; and
different morphologies of CaCOs; could be obtained, such as ring-like, cone-like structures, by changing
the starch concentrations.*® This study was only focused on the morphology of the synthesized
starch/CaCOs complexes. Therefore, it would be interesting to investigate whether starch would form

solid or hollow microparticles after template removal.

We only discussed two suggestions as alternative polymers for casein and HDL. However, we expect
more different types of synthetic, semi-synthetic, and biobased polymers should be explored for

constructing hollow protein microparticles through the use of CaCO; templates.

6.3.4 Alternative cross-linking methods

In this thesis, the focus was on using Au®* ions to initiate protein oxidation and subsequently cross-
linking to construct protein-based materials. However, for constructing macrogels, microgels and
microparticles, other cross-linking methods could be used as well. We also explored the use of other

metal ions and chemical cross-linkers, such as glutaraldehyde.

Alternative metal ions for initiating protein oxidation and cross-linking

In addition to Au®* ions, also other metal ions could be used for directly initiating protein oxidation.
Platinum(IV) (Pt**) and palladium(ll) (Pd?*) are similar to Au®* because they are noble metals and have
large positive reduction potentials.*” *® Additionally, Pt* and Pd*" can also be reduced to form
nanoparticles. Both Pt and Pd nanoparticles are widely used as catalysts and in biomedical
applications.*® Therefore, it is hypothesized that Pt** and Pd?* could be used as alternative metal ions

for Au®* ions to initiate protein cross-linking and gel network formation through a similar mechanism.

Next to noble metal ions, transition metal ions, such as iron or copper, also have oxidative properties.
However, their reduction potentials are lower compared to those of noble metals. Transition metals

can react with hydrogen peroxide and generate reactive oxygen species through the Fenton reaction:*°
Fe* + H,0;, 2 Fe* + OH + "OH

The formed reactive oxygen species can subsequently attack proteins either by addition or hydrogen
abstraction,®® or the production of carbonyls on amino acid residues.>? Several reducing amino acids
(e.g. tyrosine, aspartic acid) and agents (e.g. ascorbate, superoxide anions) can reduce Fe** back to

Fe2+.53

Some preliminary experiments were done by using Pt*, Pd?*, Fe?*, Fe3*, and Cu®* for cross-linking
proteins. We found that the addition of Pt?* to proteins did not result into a protein gel network. We
assumed that Pt** is an intermediate and is less reactive than Pt**. The addition of Pd®* resulted in the
formation of a protein gel network. Some spots in the gel network were brown colored, which was due
to the poor solubility of PdCl; in water. Fe?* forms a mixture of iron oxides and oxide-hydroxides, when
exposed to air and water, which was not reactive towards the proteins. When using Fe3* or Cu?*, higher

amounts (>1500 molar equivalents to HDL) were required for the formation of protein gel networks
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compared to Au®* (250 molar equivalents) at room temperature. Additionally, when the Fe3*- and Cu?*-
HDL mixtures were incubated at 40-80 °C, there was no gel network formation. This suggests that
transition metal ions form protein gel networks through a different mechanism compared to Au®* ions.

Further investigations are required for using metal ions for the formation of protein gel networks.

Chemical cross-linking by glutaraldehyde

Only the use of metal ions is discussed for constructing protein-based materials. However, proteins
can be cross-linked through their primary amines, carboxylic acids and sulfhydryls groups with
chemical cross-linkers, such as N-hydroxysuccinimide esters, maleimide, carbodiimide, and
glutaraldehyde.>* We also explored the use of glutaraldehyde as cross-linker to construct protein
microparticles through the use of CaCOs templates. Glutaraldehyde reacts with amine groups of amino
acids, such as lysine, and generates an imine (Schiff base).>® We added glutaraldehyde to B-lac, BSA,
casein, and HDL-encapsulated CaCOs templates to investigate whether we still formed solid and hollow
protein microparticles. To confirm whether the protein microparticles kept their solid and hollow

structures, after template removal, the proteins were labelled with FITC and visualized with CLSM. In

Figure 6.6 A-D, the images of the obtained protein microparticles are shown.

-l

Figure 6.6 (A-D) CLSM and (A’-D’) TEM images of (A) B-lac, (B) BSA, (C) casein, and (D) HDL microparticles. The proteins were
covalently labelled with FITC for CLSM imaging, scale bars are 25 um. The scale bars in the TEM images are 0.5 um.

The CLSM images of the B-lac and BSA microparticles demonstrate the presence of spherical particles
with a uniform fluorescence density (Figure 6.6 A,B). On the other hand, the CLSM images of casein
and HDL microparticles show the presence of spherical particles with an empty core (Figure 6.5 C,D).
Similar fluorescence distribution was observed in the protein microparticles obtained with Au®* ions in
Chapter 4. To investigate their morphology and density, TEM imaging was done on the protein
microparticles. The TEM images of the protein microparticles are shown in Figure 6.6 A’-D’. In the TEM

images of -lac and BSA microparticles, dense and spherical protein matrices are observed (Figure 6.6
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A’, B’). The casein and HDL microparticles had areas with light grey color and darker shades (Figure 6.6
C’,D’). Similar results were obtained with protein microparticles cross-linked through the use of Au®*
ions. However, no additional spherical nano-sized particles were observed due to the absence of
AuNPs. These results show that the hollow and solid particle formation is not limited to the use of

cross-linkers and it is expected that other cross-linking methods could also be used.

6.4 Summarizing main concluding remarks

We discussed that use of Au* ions provided a dual functionality to the design of protein-based
materials, by initiating oxidation and subsequent cross-linking of proteins, and formation of AuNPs,
embedded in the gel network. The Au3* ions react rapidly with the proteins (seconds after addition),
which allowed to construct protein-based materials at short time scales (minutes to 1 day). We used
egg yolk HDL as a model protein, but we also showed that the cross-linking could be applied to other
proteins (e.g. B-lac, BSA, and casein). Considering these advantages, the prospect for implementing
Au®* ions, or other metal ions, in the design of controlled gel networks is promising, especially after

carrying out future work in follow-up projects.

We also showed that we can construct macrogels, microgels, and microparticles through the use of
Au** ions. We did not only obtain spherical-shaped, solid protein-based materials, but we could also
form hollow protein microparticles and branched, urchin-like microgels. As a next step, other
(bio)polymers should be explored, which would open new perspectives to the formation of highly
functional particles for a broad range of applications, such as hosting guest molecules, multimodal bio-
imaging, nanoreactors for confined reactors, and many more.
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Summary

Chapter 1 provides the general introduction and outline of this thesis. In this chapter, we discuss the
use of proteins for constructing protein-based materials. Proteins are biopolymers with a complex
three-dimensional structure and consist of amino acids as monomeric units. The sequence of amino
acids (especially their functional residual groups) and the ordered protein structure can be used as
building blocks for assembling protein-based materials. Combining templates and cross-linking allows

to control the assembly of proteins into their final structure.
This thesis was focused on:

e Using Au®* ions for cross-linking proteins, through oxidation
e Constructing hollow and solid protein microparticles through the use of solid, CaCO3; templates

e Constructing spherical and urchin-like microgels inside fully aqueous droplet reactors

In Chapter 2, an alternative methodology for cross-linking proteins through Au®* initiated oxidation is
presented. Currently, proteins are cross-linked through changing environmental conditions (e.g.
temperature, pH, ionic strength) or using enzymatic or chemical cross-linking agents. Proteins can also
be cross-linked through oxidation, which can be initiated by reactive oxygen species, radicals,
radiation, or metal ions. However, protein cross-linking through oxidation is much less studied and the
mechanisms are only partly elucidated. Therefore, we investigated the interactions of Au®* ions with
amino acids, and used it to create covalent bonds between proteins (egg yolk high-density lipoprotein)
in an aqueous dispersion. Adding > 150 molar equivalents of Au®* to HDL resulted in the formation of
a gel network, while lower amounts only formed protein aggregates. The gel networks did not only
form at room temperature, but also at 4 °C. Additionally, at higher temperatures (T = 40-80 °C), the
time for gel network formation was decreased to less than 15 minutes. The gel network formation was
revealed by vial tilting method, rheology, optical density measurements, and confocal laser scanning
microscopy (CLSM) imaging. The interactions between Au®" ions and amino acids were further
characterized by Fourier-Transform Infrared Spectroscopy (FTIR), gel electrophoresis, and
fluorescence spectroscopy, showing that disulfide bonds and dityrosine cross-links were formed. Next
to the formation of gel networks, the soft material obtained a red color. By using UV-Vis absorbance
and TEM, we confirmed that the red color was derived from the formation of gold nanoparticles
(AuNPs). Using Au®* ions for covalently cross-linking proteins and formation of gel networks may

contribute to the design and construction of novel protein-based materials.

In Chapter 3, cross-linking proteins through the use of Au** ions was combined with CaCOs templates
to construct protein microparticles. CaCOs templates were synthesized by direct mixing of equimolar
CaCl, and Na;COs solutions to initiate precipitation at supersaturation. HDL was encapsulated into the
CaCO; templates by capturing the proteins during CaCOs synthesis. The obtained HDL/CaCOs
complexes are spherical and have sizes of around 5 um. HDLs interact in the pores of the CaCOs;
template through hydrophobic forces and are predominantly concentrated at the edges of the
template. After template removal, the spherical structure of the template and the protein distribution
were conserved. However, the protein microparticles collapse under dry conditions. Additionally, the
particles were not stable against pH, in terms of aggregation. The hydrophobic forces were not enough

to sustain the structure of the hollow protein microparticles. To enhance the rigidity of the hollow
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protein microparticles, Au* ions were added to the HDL/CaCOs complexes, before template removal.
The Au®* ions form covalent cross-links between amino acids, such as cysteine and tyrosine, which
stabilizes the spherical structure of the protein microparticles. Additionally, amino acids, such as
tryptophan and aspartic acid, act as reduction sites of Au®** ions and synthesize AuNPs. After cross-
linking and template formation, the protein distributions were conserved. Under dry conditions, the
protein microparticles were flattened, but contained folds and creases structures. When under
different pH conditions, the protein microparticles did not show aggregation. The AuNPs were
observed at the protein surface of the protein microparticles. The design of the stable hollow protein
microparticles, through the use of Au®* ions, opens new avenues for constructing hollow particles in
simple steps, using biobased molecules. Additionally, the presence of AuNPs, embedded on the protein
particle surface, allows new possibilities for carrying functional molecules and multimodal imaging.

In Chapter 4, we constructed solid and hollow protein microparticles by using proteins with a different
tendency to aggregate in an aqueous environment and their subsequent reduced solubility inside
CaCO; templates. The protein microparticles were fabricated by encapsulation through co-
precipitation and cross-linking by using Au®* ions. B-lactoglobulin (B-lac) and Bovine Serum Albumin
(BSA) are approximately 7 nm in size and fit inside the 20-60 nm pore sizes of the CaCOs; templates.
Synthesizing CaCOs templates in presence of B-lac or BSA resulted in the formation of spherical
protein/CaCOs; complexes with a smooth surface and uniform protein distribution inside the templates.
Caseins and HDL form large aggregates (30-5000 nm) during the CaCO; synthesis, due to the
interactions between Ca?* and phosphoserine amino acids. The protein/CaCOs; complexes, by using
casein or HDL, have a rough surface and the proteins are accumulated at the template edges. Protein
microparticles were then obtained after cross-linking the proteins, using Au** ions, and template
removal. The protein microparticles formed of B-lac or BSA conserved their uniform protein
distribution and were solid-like. Under dry conditions, the particles appeared dense and spherical.
Protein microparticles formed of caseins or HDL also conserved their protein distribution and were
hollow-like. Due to their hollow core, the particles flattened and had a wrinkled structure under dry
conditions. Finally, the protein microparticles had spherical, nano-sized particles present on their
surfaces. By using SEM-EDX, it was found that those particles were not carbon-based, but based on
gold. The AuNPs were formed by Au®* reduction by protein amino acids and were spread over the
protein microparticle surfaces. The method suggested for the formation of solid and hollow protein
microparticles, based on the sizes of the protein aggregates, opens new paths on the design of
biocompatible, functional particles. The protein microparticles can find applications as carriers of
therapeutics or imaging agents, while the embedded AuNPs provides an attractive platform as

multimodal imaging agent.

In Chapter 5, cross-linking proteins through the use of Au® ions was applied to proteins
compartmentalized in a fully aqueous droplet reactor (FADR) to construct protein microgels. FADRs
are composed of transient aqueous two-phase systems (ATPS), of which one aqueous phase is
dispersed into the other aqueous phase. HDL was compartmentalized in an ATPS of Na,SO, as droplet
phase and polyethylene glycol (PEG) as continuous phase. The FADRs were prepared at different
concentrations of HDL (5-40 mg/mL) and pH values (5-7). At pH 5, close to the point of zero charge,
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HDL formed aggregates in the droplet phase, while at pH 7-9, HDL was evenly confined and
homogeneously distributed. Au®* ions were then added as an aqueous solution to the FADRs to cross-
link the proteins and obtain microgels. The shapes of the microgels were affected by reaction
conditions of the FADRs. At low HDL concentration, and low pH, random aggregates were obtained.
The proteins already formed aggregates at pH 5, which hindered the formation of a stable protein gel
network. Additionally, when the protein concentrations are too low, no stable gel network could be
formed. At medium HDL concentration, and medium pH, the addition of the aqueous Au®* ions solution
creates a concentration gradient in the FADR. After reaching a new equilibrium, HDL and water diffuse
from the droplets to the PEG-rich phase, as branches, while getting cross-linked through the Au®* ions.
At high HDL concentration, high pH, the FADR was stable against the addition of the aqueous Au®* ions
solution, and spherical microgels were obtained. The use of FADRs for microgel preparation can be
used and implemented for generating biocompatible spherical and urchin-like structures, which may

find applications different fields, such as catalysis, optical switches, or sensors.

Chapter 6 provides a general discussion on the most important experimental outcomes of this thesis
and shows some results of other additional experiments. An outlook and suggestions for future

research are provided, ending with a general conclusion.
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