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Abstract

The aim of this thesis is to understand the connection between molecular, meso
and macroscales of enzymatically cross-linked proteins. It was hypothesised that
the techno-functional properties at macroscale, such as bulk rheology and foam sta-
bility, are affected by the structure of nanoparticles at mesoscale. The approach
was to make a-lactalbumin (a-LA) nanoparticles by using two different enzymes,
horseradish peroxidase (HRP) or microbial transglutaminase (mTG), to produce an
open and compact mesoscale structure, respectively. In addition to the control over
the mesoscale structure, the size of the nanoparticles can be independently controlled
by varying the dosage of hydrogen peroxide in the case of HRP and by thermal in-
activation in the case of mTG. The other important parameters determining the size
are protein concentration and ionic strength. The size (radius of gyration) range that
could be achieved by varying the above mentioned control parameters is 20 — 200 nm.
The polydispersed nanoparticles were separated by asymmetrical flow field flow frac-
tionation (AF4) and characterised inline with multi angle light scattering (MALS).
Polymerization of apo a-LA with HRP and mTG proceeds in a step growth way i.e.
first monomers react to form oligomers and the oligomers are cross-linked to form
polymers (nanoparticles). Extensive cross-linking of a-LA with HRP gives rise to not
only di-tyrosine cross-links, but also tri—octa tyrosine cross-links, which was hitherto
unknown. The two different mesoscale structures result in gels of different storage
moduli. The storage modulus of gels made by concentrating the o-LA/mTG nano-
particles was around ten times higher than that made with open nanoparticles. The
half-life time (¢g.5) of the foam made with o-LA nanoparticles was two to six times
higher than that of the monomeric a-LA. The higher foam-stability of the a-L A nan-
oparticles as compared to the monomeric a-LA is due to their higher thickness of the
interfacial layer and thin films. In conclusion, it is shown that the techno-functional
properties of a-LA are directly correlated to the size and meso-scale structures of the
nanoparticles and enzymatic cross-linking is an effective way to control them.
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Chapter 1

General Introduction

Proteins are important functional ingredients in foods [1]. In addition to nutri-
tional and bio-functionality, proteins also have important techno-functional proper-
ties, such as gelation, emulsification and foam stabilisation |2(-5]. There are many
physico-chemical parameters that determine the techno-functional properties of pro-
teins, molar mass (M,,) and size (hydrodynamic radius, Ry or radius of gyration,
R,) being two of them. The size and mass of small native proteins can be increased,
for example, by heating the native proteins to induce aggregation and form protein
particles [6]. Heat-induced protein particles are known to increase the foam stability in
many systems [7H9]. The size and mass can also be increased by chemical or enzymatic
cross-linking [5},10+12]. In past decades, there have been many articles on function-
ality of enzymatically cross-linked proteins, mostly in situ i.e. in bulk |10/13H15|.
From in situ studies it is not easy to understand the relation between the molecular
scale details and macroscale functionality. In contrast to those studies, this thesis
focusses on the use of enzymatic cross-linking to modify the proteins. In this way
nanoparticles (polymers) can be prepared ex situ that can later be used to impart a
specific functionality (figure . This approach may allow us to better understand
the link between molecular scale details and macroscale functionality and this is the
main goal of this thesis. It should be noted that the use of adjective nano in the case
of enzymatic cross-linking is to highlight that that the typical size of enzymatically
cross-linked protein particles aimed in this thesis is in the range 5 — 500 nm [16]
(figure . Main questions in this topic were what range of properties can be ob-
tained by enzymatic cross-linking and how these properties are affected by enzyme,
substrate and solution conditions. In addition, routine methods are needed for the
characterisation of the structure of the protein nanoparticles. Once these questions
are answered, the aim of this thesis is to link various length scales, such as molecu-
lar, meso, and macroscale in enzymatic cross-linking of proteins. The aim is to see
if the macroscale functionality is related to the physico-chemical properties of the
protein nanoparticles at mesoscale. Information available on the structure-function
relation in the case of enzymatic cross-linking of globular proteins is rather limited as
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Figure 1.1: Various length and time scales used to describe the formation, structure and
functionality of enzymatically cross-linked protein nanoparticles.

compared to heat-induced protein particles. To illustrate the point, lets consider the
example of globular milk proteins. From an abundance perspective, the major glob-
ular protein in bovine milk is S-lactoglobulin (8-LG), followed by a-LA-lactalbumin
(a-LA) and minor amount of bovine serum albumin (BSA). These proteins have been
extensively studied in the case of heat-induced protein particles e.g. |§|, Vari-
ous types of 5-LG particles have been made by heating at different pH and ionic
strengths . There have been many studies on the relation between the types of
protein particles obtained by heating and their functional properties e.g. . In
comparison to heating studies, studies on enzymatic cross-linking of globular milk
proteins to obtain nanoparticles are scant. A few examples of cross-linking of glob-
ular milk proteins in the past two decades are provided in table The examples
were selected from studies where there was also a characterization of particle mass or
structure or functionality done.

Current state of enzymatic cross-linking of proteins

Different types of enzymes have been reported to cross-link food proteins. Examples
are oxidative enzymes, such as peroxidase, tyrosinase, laccase and transferases, such
as transglutaminase . Due to formation of inter-molecular covalent bonds
between monomeric proteins, protein polymers or (nano-)particles are formed e.g.
see [19H29) in table Most of the work on enzymatic cross-linking of proteins has
so far focused on the molecular details, such as; 1) The effect of the structure of
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substrate protein, 2) Cross-linking with mediators [30}/31] 3) Identification of cross-
linked residues [14}[32H34], 4) The final (end use) functionality at the macro-scale,
such as gelation [29[35,/36]. Some generic conclusions from these studies are that
random coil proteins (e.g. caseins) are enzymatically cross-linked to a higher extent
than globular proteins (e.g. whey proteins). Globular proteins require pre-treatment,
such as heating or breakdown of disulphide bonds in order to be cross-linked |29}
37). In structural studies, a-lactalbumin (a-LA) turns out to be a favoured model
protein since its tertiary structure can be decreased by removal of Ca?T ion (apo
form) bound to it by using chelating agents, such as ethylenediamine-tetraacetic acid
(EDTA) [38], thereby avoiding the need of heat treatment. The apo form of bovine
a-lactalbumin (a-LA) has been found to be more amenable to enzymatic cross-linking
than the holo form [21},39].The apo a-LA is known to polymerize and form particles
when cross-linked using horseradish peroxidase (HRP) or microbial transglutaminase
(mTG) (table [26,[39H46]. Moreover, these two enzymes (HRP and mTG) are
known to target different amino acids (described later) on substrate proteins [21}
401/441147) . Amongst these studies on enzymatic cross-linking of the a-LA, only a
few have attempted to investigate the mesoscale structure of the cross-linked protein
particles ( [43[/46] in table [L.1)).

There are many experimental observations on size/structure function relations
in the case of heat-induced protein particles [2,/5,[18,/48]. On the contrary, informa-
tion available on the structure-function relation in the case of enzymatic cross-linking
is rather limited (table . Hence, it is difficult to correlate the observed func-
tionality to the constituent ingredients in the case of enzymatic cross-linking. For
example, emulsion, foaming and gelling properties were shown to increase in some
cases and to decrease in others when some food proteins were enzymatically cross-
linked [49]. To understand the functionality of enzymatically cross-linked proteins,
protein nanoparticles with controlled size and structure are needed in the intermedi-
ate scale (mesoscale). Further understanding can be obtained by linking the physical
and chemical details at three hierarchical length-scales in the case of enzymatic cross-
linking of proteins i.e. molecular scale, mesoscale and macroscale (figure . The
focus of this thesis is on enzymatic cross-linking of bovine apo a-LA with HRP or
mTG to form a-LA nanoparticles that can later be used as ingredients for achieving a
desired techno-functionality. The hypothesis is that the techno-functional properties
at macroscale are determined by the nanoparticle structures at mesoscale (figure .
Further, it is hypothesized that formation and structure of nanoparticles at mesoscale
is affected by the molecular scale details of the protein and the enzyme used for cross-
linking (figure . More specifically, it is hypothesised that more cross-links per
particle i.e. a higher cross-link density will result in improved functionality.
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Table 1.1: Enzymatic cross-linking of globular milk proteins. +/—"indicates the presence or absence of the factor, DP is the degree

of polymerization (DP = MEW™™ /Mmomomer - caleulated from the reported My, ).

Enzyme (EC number) Source Substrate Special condi- Degree of Ry or Functionality Ref.
tions polymeriz- Ry to
ation My
scaling
Fungal WPI + DTT - - Gelation 19
Laccase (1.10.3.2) Fungal a-LA —Ca?t < 3500 0.5 Enhanced thermal- T&
stability
Tyrosinase (1.14.18.1) Fungal a-LA —Ca?t < 140 - Enhanced thermal-  [20]
stability
Microbial WPI - - - Gelation [19]
. Horseradish ao-LA +Ca2t >2 - - [21]
Peroxidase (1.11.1.7) HRP(type VI-a) a-LA —Ca?t >4 - Decrease of Foam- [22]
T= 20,37°C stability
HRP(type VI-a) a-LA —Ca?t ~ 100 04 * Enhanced thermal-  [46]
stability and gela-
tion
Microbial WPI DTT+Ca?* - - Gelation [23,
24]
Microbial WPI - - - Enhanced thermal-  [25]
Transglutaminase (2.3.2.13) stability
Microbial a-LA - >4 - Reduction of  [26]
dilatational surface
viscosity, reduced
emulsion stability
Microbial B-LG +DTT ~3—-17 - Steep increase in  [27]
viscosity, gelation
Microbial a-LA +DTT £Ca?t > 100 0.44 - (28]
Guinea pig liver  a-LA +DTT +Ca’?t > 100 0.31 - [28]
Microbial WPI ~+heat shock > 14 - Enhanced thermal [29]

stability and in-
creased precipita-
tion at pH close to
pl

WPI = whey protein isolate, DTT = dithiothreitol



O+M —— P

M+M —— O
2
oO+0 —— p

0  Conversion (%) 100

Figure 1.2: Schematic illustration of 1) chain growth and 2) step growth mechanisms of
nanoparticle formation. The evolution of degree of polymerization (DP) with conversion of
monomers (M) in to oligomers (O) and polymers/particles (P) for two different ways of
particle formation: 1) chain growth and 2) step growth.

Mechanism of protein particle formation (polymeriza-
tion)

A knowledge of the process of protein particle formation is required to control the
size, mass and structure of the particles. In the simplest case, the polymerization
(particle growth) of proteins during enzymatic cross-linking can follow either chain
growth type (process 1) or step growth type (process 2) as depicted in figure
In a chain growth type of mechanism, a monomer is linked to existing oligomer and
in this way polymers are formed while in step growth kind of mechanism, initially
all the monomers react to form oligomers and then oligomers react in next step to
form polymers. These two types of polymer growth mechanism can be distinguished
from each other by monitoring the degree of polymerization (= MECY /MMom) as a
function of monomer conversion. In the case of chain growth, the molar mass increases
steadily with conversion while in the case of step growth high molar mass polymers are
obtained only at very high conversions (figure . These are of course two extreme
examples of growth mechanism and there could be mixed regimes in some cases.
The process of protein particle formation by heating involves a step growth type of
mechanism [5]. When heated above their denaturation temperature, globular proteins
unfold and that results in aggregation primarily through hydrophobic interactions,
but may also involve di-sulfide exchange/shuffling and hydrogen bonding. In this first
step, primary (smaller) particles are formed, which can later link with each other
to form secondary (larger) particles [17]. The secondary particle growth depends on
type of protein, solution pH and ionic strength and leads to formation of fibrils, fractal
or compact particles [5[17] (figure . In the case of fractal particles, the fractal
dimension (dy) of the secondary particles is determined by the limiting mechanism
operational during the collision and linking of primary particles. If the process is lim-
ited only by the diffusion of primary particles and every collision results in formation
of a link between them, then the resultant secondary particles are open type with low
fractal dimension (dy ~ 1.8). This is generally known as diffusion limited cluster ag-
gregation (DLCA) [50], where the term cluster implies small primary particles. The
process of formation of secondary particles can also be controlled by reactivity of
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primary particles. In this case dense secondary particles are formed with dy ~ 2.1
and the process is known as reaction limited cluster aggregation (RLCA) [50].

Characterization of nanoparticles: molecular scale

The functionality of protein particles is expected to depend on their structure. There
are two aspects of the particle structure: physical and chemical. The chemical de-
tails that are important for particle properties are the number of cross-links (cross-
linking density), distribution of cross-links (inter-molecular or intra-molecular) and
the length of these cross-links. For example, in the case of protein cross-linking by
oxidative enzymes, such as HRP, cross-links are formed between tyrosine residues
to form a di-tyrosine (Yz). Identification of the formed Yy is usually performed by
measuring increase in absorbance around UV 318 nm (pH > 7) [51] or by fluorescence
emission peak at 420 nm after excitation at 315 nm (pH > 7) [52,/53]. It has been
suggested that UV 318 nm could also be used for quantification of Yy [41]. But, if
Y is present in a mixture with Y,, (n > 2, oligo-tyrosine), there could be artefacts
in quantification using UV 318 or fluorescence. Previous studies have reported that
covalent crosslinks, such as Yy and Y3, are stable under the acid hydrolysis conditions
(6 M HCI, 110 °C, 20 — 24 h) [33]. Hence, acid hydrolysis followed by LC-MS seems
to be a robust method for quantification of mixtures containing Y5 and oligo/poly-
Tyr [54155]. So, identification and quantification of cross-links formed in proteins by
oxidative enzymes such as HRP can be done by using a combination of all the above
techniques for detection of Y5 and acid hydrolysis followed by LC-MS for quantifica-
tion of Yo. In the case of an enzyme such as mTG, a different strategy can be used.
The amount of ammonia released during the formation of a Lys-Gln cross-link can be
used for quantification. Alternatively, the number of cross-links can easily be quan-
tified using a spectrophotometric method for quantifying free lysine. The results of
ammonia release are typically well correlated with the estimation of free lysine using
trinitrobenzenesulfonate (TNBS) [56] or o-phtaldialdehyde (OPA) assay [57}58].

Characterization of nanoparticles: mesoscale

The use of the term structure with respect to particles is ambiguous, since it may
cover many different aspects of the particle, such as static or dynamic structures.
Here, the term static structure is used for describing the structure of nanoparticles
under Brownian motion in a solvent. This may include parameters, such as size, shape,
density, and secondary /tertiary structure of the protein (monomer) in the particle [59].
The shapes can be sphere, rod, coil or a branched chains (ﬁgure [5]. The branched
chains varies in size and density depending on the degree of branching and distribution
of branches [60]. The term dynamic is used for implying that the structure of particles
change when they are subjected to external mechanical, hydrodynamic or physico-
chemical conditions. For example, this occurs when; 1) They are compressed at
an interface in a Langmuir trough, 2) During area change of drops/bubbles as they
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Figure 1.3: Overview of various possible mesoscale structures of a single chain / branched
polymer/particle.

undergo Ostwald ripening in emulsions/foams, 3) They are subjected to shear flow,
4) If the pH/ionic strength of the solution are changed, 5) If the solvent quality is
changed. The response of particles to these dynamic situations can be combined in
the term softness. The softness of the particles is expected to depend on the cross-link
density. Hence, particles with similar size, shape and density may still show different
properties, if the number of internal cross-links is varied. The secondary structure
of monomeric protein molecules in the nanoparticles may also change as a result of
extensive cross-linking and that could affect their dynamic structure. Hence, the
structure of nanoparticles is required to be studied at different levels; at the level of
monomeric protein and at the level of particles.

The mesoscale structure (size, shape, conformation, etc.) of protein particles are
often characterised using scattering or imaging techniques. Examples are small angle
x-ray scattering (SAXS), small angle neutron scattering (SANS), multi-angle light
scattering (MALS), scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM). Often there are three main
challenges for these characterisations: 1) Polydispersity, 2) The modification of struc-
tures during sample preparation e.g. in SEM, TEM and AFM, and 3) Accessibility
for routine analysis e.g. SAXS and SANS. Multi-angle light scattering (MALS) con-
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nected in-line to a separation technique, such as size exclusion chromatography (SEC)
or asymmetrical flow field flow fractionation (AF4), can be used for routine analysis.
The advantages are in-line separation into monodispersed fractions and no artefacts
related to structural modifications. The parameters that can be obtained from AF4-
MALS and used to describe the protein nanoparticles are molar mass (M,,), radius
of gyration (Ry), fractal dimension (dyf), and size to mass scaling (Ry ~ M},). The
hydrodynamic radius (Rp) can be obtained from dynamic light scattering (DLS).
Typically, v = 0.33 for solid spheres, 1 for rods, 0.5 for flexible polymers in a theta
solvent and around 0.6 for polymers in good solvent (figure [60]. A R,/R}, ratio
of 0.77 indicates a compact sphere, R,/Rj, > 2 indicates an rod and 1 < R,/Rj, < 2
indicates random coil or branched macromolecule (figure [6162]. AF4 is a relat-
ively new separation technique and is gaining interest in pharmaceutical industry for
separation and characterization of protein based formulations. So far, there are relat-
ively only a few examples of the use of AF4 for characterization of food proteins.The
separation in AF4 takes place by a balance of hydrodynamic drag on particles and
diffusivity (figure 1.4). In the normal mode of elution, small particles are eluted first
and then the large particles elute later since they are retained more close to the mem-
brane (figure [60]. The advantages of AF4 over SEC are that in AF4 pre-filtration
or centrifugation of samples is not required and the pressures in channel are low, so
the soft nanoparticles are not deformed that much [60]. This helps in getting rid of
artefacts typically observed in the analysis of high molar mass branched polymers [63].
When these high molar mass branched polymers were separated by SEC, an upturn
in the conformation plot of M,, versus R, was observed. It was speculated that this
was due to poor separation of branched polymers in SEC resulting from trapping
of side chains in bead pores. These artefacts were not observed when the samples
were separated and analysed by AF4 [63]. In AF4, typically, a trapezoidal channel
is used for maintaining a constant cross-flow rates across the membrane (figure .
The AF4 is generally coupled to concentration detectors, such as UV and RI and
a static light scattering detector (MALS) [60]. The M,, and R, for each separated
fraction are fitted from the measured concentration (UV or RI) and the intensities
of the scattered light at various angles (figure ) using Rayleigh-Gans-Debye ap-
proximation [60]. The intensity of the scattered light is plotted against the angle of
observation for a single or variable concentration of particles. To neglect the concen-
tration dependence, extrapolation of the scattered light intensity to zero angle can be
done at a fixed particle concentration and this procedure is called a Debye plot [60].
Various light scattering formalisms are employed to make Debye plots, such as Zimm,
Debye, or Berry formalism [60]. For Rayleigh (isotropic) scatterers (2R, < A/20), all
the formalisms provide similar fits. But for larger particles (2Ry > A/20), there are
deviations between the fits from various formalisms and appropriate models must be
chosen for estimations of M,, and R,. For example, the Berry formalism has been
found to be very robust for particles with size in the range A > 2R, > X/20 [64].
The fractal dimension, dy, is estimated from the angular dependence of the
scattered light intensity i.e. from the slope of the power law regime in the plot
of particle scattering factor, P(q) versus the scattering wave vector (g) normalized
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Figure 1.4: Schematic of the AF/ flat channel flow cell (a). The first step in Af4 separa-
tion 1s the focusing of particles at the beginning of a channel (b), followed by elution where
particles are separated based on hydrodynamic size (c). The in-line separated particles are
then characterised by MALS (d). In (d), only two detectors are depicted but in reality there
are 18 detectors surrounding the flow cell (picture taken from Google images).

with R, , i.e. P(q) ~ (¢R,)~% for qR, > 1 . The true fractals are scale
invariant and the structure is similar at large range of magnifications (self-similar).
In food systems, typically the self-similarity is satisfied only for a certain range of
length scales since these are stochastic fractals . The scaling relations apply to
both types of fractal structures. The number of primary particles within a secondary
particle (V) have a scaling relation with the size of the secondary particle (R) and
the size of the primary particles (r) as shown in figure as given by N = (R/r)%r.
There are two ways to obtain d; ; one from high ¢ as described above and the other
from low ¢ (dy = 1/v). The low ¢ data mainly reflects the nanoparticle structure at
the dimensions ~ R, while high ¢ data shows the zoomed in structure at the dimen-
sions ~ r (figure[1.3). These two numbers would be similar for a true fractal, however
for a stochastic fractal particles these can vary.

Influence of conditions, substrate and enzymes on cross-
linked structures

The physico-chemical conditions of the protein solutions such as temperature, ionic
strength and pH have a huge effect on the products obtained after enzymatic cross-
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linking. For example, the cross-linking of apo a-LA using HRP at 37 °C led to
formation of more higher molar mass particles (> 60 kDa, assessed from size exclu-
sion chromatography, SEC) than that of 20°C for the same extent of cross-linking [39].
Moreover, the variation of ionic strength and pH was reported to be an important
parameter to direct the molar mass distribution of protein particles [39]. For the same
conversion of monomeric a-LA, almost two times more dimers of a-lactalbumin were
formed at low ionic strength (0.1 mM ammonium acetate) than at high ionic strength
(100 mM ammonium acetate) [39]. Similarly, approximately two times larger (> 60
kDa) particles were formed at pH 5.9 than at pH 6.8 and ionic strengths of 0.1 — 10
mM ammonium acetate, while there was no major difference at 100 mM ammonium
acetate [39]. It was proven that dimerization of a-LA using HRP takes place between
two tyrosine residues (Tyrl8-Tyr50) [40]. It was speculated that formation of a di-
tyrosine cross-link could lead to opening up of a-LA structure that would expose other
tyrosine residues to water. However, involvement of all the four tyrosines of a-LA
in cross-linking was not proved. Particles of Rj up to 25 nm were produced by se-
quential dosage of HoO4. Higher degrees of polymerization (DP) of apo a-LA can be
achieved with HRP by employing a strategy of sequential dosage of HoO to prolong
the active life-time of HRP [21},/22,46]. The sequential HoO5 dosage methodology is
also applied in this work to produce a-LA particles with high DP. The scaling expo-
nent between Rj and M,, of 0.4 was found [46]. When this reaction was continued,
two distinct phases were observed in the increase of Rj with time. This suggested
that small particles formed initially were further cross-linked to form larger particles
(two stage process).The mTG is one of the most researched enzymes for cross-linking
globular proteins. It has been speculated that many Lys and Gln residues in a globu-
lar protein might be inaccessible to mTG despite being the fact that they are present
on surface. It was suggested that glutamine residues in a-helices are difficult to be
attacked by mTG [66]. Furthermore, the steric hindrance from adjacent side chains
has been suggested to reduce the reactivity of target amino acids in native globular
proteins [42]. A comparative study on cross-linking of a-LA with either guinea pig
liver transglutaminase (gTG) or with mTG has revealed that the initial cross-linking
rate was higher for gTG. However, on extensive reaction, mTG was found to form
higher molar mass protein particles. These particles were analysed by SEC coupled to
multi-angle light scattering (MALS) and a R, to M,, scaling exponent was found to
be around 0.31 for gTG and 0.44 for mTG. Hence, the structures obtained after en-
zymatic cross-linking are dependent on the solution conditions, substrate protein and
the type of enzyme used. The enzymatic aspects are discussed next with a comparison
of HRP and mTG (figure 1.5).

Horseradish peroxidase (HRP)

Horseradish peroxidase (HRP) is a heme (Fe3T) containing glycoprotein of M, + 44
kDa and has been widely studied in the past [6771] (figure [L.5h). It contains two
Ca?T ions and the enzyme activity is known to be reduced by ~ 25% if one of them
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Figure 1.5: Crystal structure of HRP (isozyme C, PDB accession code 1H58) depicting the
heme centre and two calcium ions (black spheres) (a) and crystal structure of mTG (PDB
accession code 11U/4) depicting the cleft at the active site (b).

is removed . There are at least seven known isozymes of HRP but they have
the same catalytic mechanism. In presence of oxidizing substrates, such as hydrogen
peroxide (H2O2), HRP can catalyze the oxidation of electron donors, such as phenolic
moieties of tyrosine to form di-tyrosine covalent cross-links in proteins. The reaction
involves different oxidation states of the enzyme and the reactions mechanisms are
well reported . It involves three distinct catalytic steps. First, HRP is oxidized by
H505 leading to cleavage of HyO5 into water and incorporation of the oxygen atom
into compound I (first HRP intermediate). The compound I contains an oxoferryl
group (Fe*™ = O) and a porphyrin m-cation radical. Next, compound I oxidises
the reducing substrate molecule by transfer of a single-electron. The discharge of 7-
cation radical leads to the formation of the compound IT (second HRP intermediate,
Fe't = 0). Finally, the compound II is reduced back to the native form HRP (Fe?")
by a second substrate molecule. The ferryl iron returns to its ferric state during this
one-electron reduction and the oxygen accepts two protons to form a water molecule
and is released from the heme. In summary, one mole of HRP in presence of one
mole of HyO9 can generate two moles of free radicals (stoichiometrically equal to one
covalent cross-link). The concentration of HoOy and the enzyme exposure time are
known to inactivate the enzyme through two different pathways i.e. one in presence
and other in absence of donor substrate . This inactivation caused by higher
concentrations of HoO5 limits the extent of conversion and degree of cross-linking
during the reaction. Hence, a strategy of sequential dosage of HoOs was developed
to prolong the active life-time of HRP [21}[22[46]. HRP induced oxidation of tyrosine
(Y), tyrosine containing peptides or proteins is known to lead to formation of the di-
tyrosine (Ys) . In biological systems, oxidation with peroxidase results in
Yo, tri-tyrosine (Y3) and tetra-tyrosine (Yy) .,.,. Two isomers of Yo and three
isomers of Y3 have been found so far in natural stems (figure . The Y5 can be
either a iso-Ys (3,0") or a ortho- ortho Y, (3,3) .\ The Y3 can be iso-trityrosine,
pulcherosine and ortho-trityrosine |2 . When low molar mass phenolic substrates are
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dityrosine iso-dityrosine trityrosine iso-trityrosine pulcherosine

Figure 1.6: Isomers of dityrosine and trityrosine.

cross-linked with peroxidase, they polymerize to high molar mass. For example, cross-
linking of L-tyrosine (Y) or N-acetyltyrosine with horseradish peroxidase (HRP) led
to formation of high molar mass polymers [78]. Based on the reported molar mass
of these polymers, the degree of polymerisation (DP) of Tyr can be estimated to be
around 25. It is unknown if oligo-tyrosine cross-links could also be formed during
extensive cross-linking of proteins with peroxidase.

Microbial transglutaminase (mTG)

Microbial transglutaminase (mTG) derived from Streptoverticillium mobaraense has
a M, of 37.86 kDa [79,/80]. The mTG is known to be active over a wide pH range
between pH 4.0 and 9.0 but is most active between 6.0 and 7.0 [81H83]. The en-
zyme adopts a disk-like shape with a deep cleft at the edge of the disk, where a
single cysteine residue (Cys-64) is located in the active site and is involved in the
cross-linking mechanism [30] (figure [L.5p). MTG catalyses an acyl transfer reaction
between -carboxyamide groups of glutamine residues (acyl donor) and the e-amino
groups of lysine residues (primary amino groups, acyl acceptor) (reaction-a in figure
1.7). This results in cross-linking of glutamine and lysine residues through ¢ — (-
glutamyl) lysine iso-peptide bond [84] (reaction-b in figure [1.7). There is a side re-
action possible in the absence of an amine substrate [84]. When the reaction system
does not contain free lysine residues or primary amines, water becomes the acceptor
of acyl groups. This results in deamidation of the carboxyamide groups of glutamine
residues and glutamic acid and ammonia are formed (reaction-c in figure [81}[85].
A hypothetical catalytic mechanism of mTG was postulated [80], which is based on
the ping pong mechanism of guinea pig liver TG proposed earlier [86], comprising
the following steps. First, a glutamine substrate binds to catalytic cysteine residue
in a binary complex as thioester. Next, ammonia is dissociated with the formation
of an acyl enzyme intermediate. Finally, the acyl enzyme intermediate reacts with a
second substrate i.e. an acyl acceptor (primary amine) to form a 7-glutamyl-amine
product. The enzyme intermediate can also react with water to form glutamic acid.
The enzyme looses its activity within a few minutes at 70 °C [82,83)].

Many studies on protein cross-linking with mTG show that cross-linking of Lys-
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Figure 1.7: Various reactions catalysed by mTG: (a) and (b) Acyl transfer and cross-linking
reactions, respectively and (c) deamidation.

Gln is most dominant reaction leading to formation of protein particles. Apparently,
other side reactions that have been suggested e.g. deamidation do not take place when
there are sufficient amount of proteins with accessible lysine residues. Compared to
other types of TG, mTG has been reported to have little deamidation activity [87(88].
Deamidation reaction occurred only when the lysine residue was blocked. It was
reported that mTG deamidated 7.7% of the Gln residue in citraconylated a,i-casein
(i.e. when the lysine residues were blocked) and there was no polymerization in this
case, while almost all the intact agj-casein was polymerized (when lysine was not
blocked) [87]. When the cross-linking of casein components (as1-, - and k-casein)
using guinea pig liver TG was followed by trinitrobenzenesulfonate (TNBS) method,
as well as by measurement of the ammonia released after reaction, the moles of lysines
reacted were same as the moles of ammonia released per mole of the protein [56].
These studies indicate that deamidation will not occur as long as there are accessible
free lysine residues in the protein.

Comparison of HRP with mTG

An important point regarding the action of HRP is that enzymatic action on substrate
is limited only to the formation of a free radical. The collision of two such free radicals
residues leads to formation of a cross-link between them and this second step is a
non-enzymatic process. The difference between the action of mTG and HRP is that
cross-link formation in the case of mTG takes place in the active site of the enzyme.
So, the cross-linking step is a enzymatic process in the case of mTG as opposed to
HRP. Moreover, mTG contains only one free sulthydryl group and no di-sulfide bridges
(table , so it can be used to cross-link globular proteins in presence of a reducing
agent such as dithiothreitol (DTT). In the case of HRP, use of DTT might alter its
structure and hence its activity. So, the structural modifications of the substrate
globular proteins in the case of HRP has to be done by other methods. At present
there is not much information available on various methods to make the structure

13



Chapter 1. General Introduction

Table 1.2: Molar mass (M, ), secondary sructure, free sulfhydryl, disulphide links, metal
ions present and pl of a-LA, HRP and mTG.

Protein| M., Amino| Secondary Ligands pl Ref.
(kDa) | acids | structure (%) | and links

oa-LA | 14.18 | 123 a-Helix + | S-S=

310Hth = 7 S H=

4.6 WWwWWw.uniprot.org
(entry:

4
0
B-sheet = 3 Ca?t =1 P00711)
HRP | 43.99 | 308 a-Helix + | S-S = 4| 3.0- [67,69-70]
31oHelix =13 | SSH= 0| 9.0 (> 7
[B-sheet = 2 Ca,2Jr = 2 | isozymes)
Fe3t =1
Glyc—
osylation
< 20%
mTG | 37.86 | 331 a-Helix + 1SS = 01|89 [80]
310Helix = 11 | S-H=1

[-sheet = 8

of the globular proteins more flexible for enzymatic cross-linking. One other option
is pre-heat-shock of the substrate protein. In the case of a-LA, another option is to
remove the bound calcium ion can be removed by chelating to make it more reactive.
In this case, cross-linking of a-LA can be performed with mTG in the presence of a
chelating agent, such as EDTA, since the enzyme does not contain any metal ions.
But, the same cannot be done for HRP since it contains two bound calcium ions and
EDTA would also remove them. So, in the case of HRP removal of metal ligands
from the substrate protein would have to be done separately and then HRP must
be introduced. The most important difference between the two enzymes is that they
target different amino acid residues on the proteins. So, if the substrate protein
contains different number of these target amino acids, probably different cross-linking
densities (i.e. number of cross-links per particle) could be obtained by using these
two enzymes. In this regard, apo form of bovine a-LA is an ideal substrate protein
to be cross-linked by HRP and mTG and details of it are provided below.

a-Lactalbumin (a-LA)

a-LA is a calcium binding protein [89/90] (table[T.2). It is the second major whey pro-
tein in bovine milk [91]. It has widely been used as a model system for protein folding
studies since it has a stable molten globule state [92]. A molten globule is folding inter-
mediate of globular protein in between the native and denatured state |93]. Hence, a
molten globule has a native-like secondary structure and a fluctuating tertiary struc-
ture [94]. Molten globule state of a-LA is observed under various conditions. For
example, the acid-denatured state or as an equilibrium unfolding intermediate at a
moderate concentration of guanidine hydrochloride or urea [92}/93]. Removal of Ca?*
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ion also results in a partially unfolded state at pH ~ 7 and low ionic strengths. The
melting temperature of apo «-LA is 39 °C, while that of holo a-LA is 66 °C [95]. It
has been suggested that the apo a-LA at low ionic strength and around melting tem-
peratures has a conformation similar to a molten globule [93,/96]. Apo a-LA has also
been reported to be more sensitive to changes in pH and ionic strengths compared to
the holo form and it shows a variety of conformational states [95]. A more flexible
structure of apo a-LA at temperatures around 37 °C seems to be the reason for its
high degree of polymerization by enzymatic cross-linking.

The bovine a-LA is a small globular protein of molar mass (M,,) around 14.2 kDa,
hydrodynamic radius (Rj) = 1.88 — 2.5 nm [96] and radius of gyration (Ry) = 1.72
nm [97]. The hydrodynamic radii of holo form (+ Ca?*), apo form (- Ca?"), molten
globule and unfolded a-LA are 1.88 nm, 1.91 nm, 2.0 nm and 2.5 nm, respectively. It
has four tyrosine residues at position 18, 36, 50 and 103 in the amino acid sequence
and these are the main targets of HRP (figure . These tyrosine residues are not
equally solvent (water) exposed [98]. In the native state, only Tyr1l8 was found to be
exposed, while Tyr 36 and Tyr50 also became exposed in molten globule state. Tyr103
did not become available even in molten globule state. The location of four tyrosine
residues in the crystal structure of apo a-LA are roughly correlated with the solvent
exposure measured with NMR. Hence, the position (exposure) in crystal structures
can approximately indicate the reactivity of amino acid residues.The solvent exposure
of these tyrosine moieties is very important since the cross-linking probability would
be related to the accessibility of these groups. a-LA has six glutamines (positions:
2, 39, 43, 54, 65, 117) and 12 lysines (position: 5, 13, 16, 58, 62, 79, 93, 94, 98, 108,
114, 122) (figure and 8b) [991/100] and these are the targets of mTG. All of the
Lys and Gln residues are exposed to water molecules (figure |1.8p).

Functionality of protein particles: macroscale

Bulk rheology

Cross-linking of proteins can lead to a different rheological behavior [45], for example,
an increase of viscosity or formation of a gel, which are often desired in food ap-
plications [2]. For protein solutions, this can be achieved by heat treatment or by
enzymatic cross-linking of proteins [1,/5,[10]. The techno-functional properties such
as gelation of whey proteins is usually achieved by heating them to produce protein
particles of increasing size [5]. The gels made by heating are called heat-set protein
gels |101]. In addition, gels can also be obtained by change of pH and ionic strength
after cooling down to room temperature leading to cold-set gels [18]. Rheological
properties of whey proteins were reported to be modified by heating them to make
particles of various sizes and density [102]. A particle size of 50 nm led to 10 fold in-
crease of solution shear viscosity (). When the particle size was increased further to
63 nm, another 10 fold increase of n was found. However, a 33 % decrease of storage
modulus (G') was also observed. This was attributed to the open structure of 63 nm
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Figure 1.8: Amino acid sequence of bovine a-LA [www. uniprot.org (entry: P00711)] (a).

Crystal structure of a-LA with lysines, glutamines and tyrosines marked (PDB accession
code 1F6R) (b).

particles as compared to 50 nm and it was concluded that size and structure of pro-
tein particles affect the rheological properties. For cold-set gelation of whey proteins
or ovalbumin, the gel microstructure was found not to depend on the characteristics
of the particles . But the small deformation properties of these protein gels were
found to be influenced by the differences in shape and size of these particles. Hence,
the rheological properties of the protein particles are believed to be correlated both
to their size and structure. One approach used for studying heat-set or cold-set gels
is to analyze rheological data using the scaling and fractal models. The dependence
of storage modulus (G') on particle volume fraction (¢) in the case of heat-set or
cold-set gelation of many proteins could be well described by scaling and fractal mod-
els . Two distinct regimes (strong-link or weak-link) are considered based on
the relative contribution of inter-particle or intra-particle interactions . Wu and
Morbidelli further extended the model of Shih et al. and developed a new
scaling relation (equation and equation between G and ¢, which included an
additional parameter « (see equation i.e an effective microscopic elastic constant
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Figure 1.9: Classification of monomeric protein, peptides and protein nanoparticles (poly-
mers) based on size and mass in analogy with other types of surface active agents (surfactants;
low molar mass (LMM), polymers and particles) generally used for stabilisation of interfaces.

(equation [1.2]). This parameter accounts for the elastic contributions of inter- and
intra-particle links.

G ~ 7T (1.1)

B=(d-2)+2+z)(1-a) (1.2)

Where, d is the Euclidean dimension, dy is the fractal dimension of the particle and
« is the fractal dimension of the (gel) aggregate cluster backbone (1 < x < dy). In the
strong-link regime, & = 0 and in the weak-link regime, & = 1. The intermediate values
of a indicate a transition regime. The scaling exponents in the fractal aggregation
theory describe the strand structure as a function of secondary particle size and are
related to the number of junctions/links per strand and the type of deformation
mechanism of strand. The microscopic deformation of the strand structure could be
bending or stretching. In this regard, the exponent, 5 has been used to differentiate
the gel types based on the length and elastic constant of the stress carrying strands.
The typical values of 8 observed for various regimes are; 5 > 4 for fractal strands,
B = 3 for hinged strands, § = 2 for stretched strands and 3 = 1 for weak links . For
example, casein gels formed by slow acidification show 3 = 3, rennet casein gels exhibit
g =2 . Values of 5 > 4 have also been observed in many heat-set protein gels
. The rheological modifications at macro-scale are also described extensively
for enzymatic cross-linking. It is hypothesized that in the case of enzymatic cross-
linking, the size and meso-scale structure of the intermediate protein nanoparticles
would determine their final macro-scale techno-functional properties.
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Foaming properties

There are two aspects to foam. One is the foam-ability and the second is foam-
stability. Surfactants are required for making and stabilizing foams. One of the main
difference between various types of surfactants used for making foams is their size
(figure . Depending on size, surfactants can generally be classified as low molar
mass (LMM), polymeric or particles (figure [1.9). The foaming properties are very
different for LMM surfactants, proteins and particles. Typically, foam-ability reduces,
while foam-stability improves with increasing size. In other words, even though there
are many types of surfactants, foaming properties of a LMM surfactant is never same
as that of a protein, and that of a protein is never same as that of a particle. For
foam-ability, the mass transport of monomeric protein or protein nanoparticles to the
newly created interface is crucial. This is specially related to the type of method
used for foaming. For example, diffusion is more important in sparging method than
in whipping. In a diffusion controlled process, the translational diffusion coefficient
(D) of proteins or protein particles is important, which depends on their size, i.e.,
D = kgT/6mnRy,, where kg is the Boltzmann constant, T and 7 are temperature
and viscosity, respectively. Once the surfactant reaches the interface, the next step is
to adsorb. However, the adsorption step can be of low affinity type or high affinity
type (spontaneous adsorption). The reasons for low affinity can be certain repulsion
e.g. electrostatic, steric or unfavorable contact of hydrophobic patch due to incorrect
orientation. Once, a foam is generated its stability is determined by a combination of
various hydrodynamic factors (drainage), gas diffusion (Ostwald ripening), thin film
stability (DLVO type interactions [106]). Again, the size and electrostatic interactions
become important for determining the film stability.

Foam-ability

With respect to foam-ability (expressed as volume of foam formed at the end of a
foaming process), the differences between the surfactants of different molar masses
or sizes arise from the dynamics of transport of these surfactants at an interface as
well as their interaction with the interface and the inter-molecular interactions. In
terms of mass transport, size mainly affects the diffusion rate (although in presence
of convection e.g. in whipping, relative role of this is difficult to address). The diffu-
sion rate determines the time a surfactant needs to adsorb at an interface (assuming
adsorption to be high affinity type). Typically, a faster diffusion and a high affinity
adsorption are considered to increase the foam-ability. In the other extreme, when
mass transport is not limiting (e.g. in presence of significant convection and high
concentrations), the foam-ability is governed by adsorption, which in turn is determ-
ined by adsorption energies (high or low affinity). Consequently, the foam-ability is
not only influenced by the type of surfactant, but also by the concentration and the
foaming method. In the sparging method, the time scale of bubble surface generation
and time scale of surfactant transport and adsorption will determine its stability. The
larger surfactants diffuse slower to the interface. If transport is slow then adsorption
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may be negligible at low surface ages even in high affinity case and the surface ten-
sion is that of the pure solvent. This results in unstable bubbles and they collapse
(low foam-ability).The next step to diffusion is the adsorption of these surfactants at
interface. This step can be limiting in case of low affinity adsorption. The low affinity
can arise from electrostatic repulsion. If the protein/nanoparticle is charged i.e. pH
> pl or pH < pl, an electrostatic surface potential will be present and influence the
further adsorption of monomers. The high affinity can arise from increased surface
hydrophobicity. An example of changing the adsorption affinities is chemical modi-
fications on native proteins such as succinylation or caprylation to either increase
the net charge or to increase the surface hydrophobicity, respectively [107,{108]. In
the whipping method, the foam is made by first the formation of large bubbles and
secondly breaking these down into smaller bubbles. Deformation will cause a large
stress gradient over the bubble surface that overcomes the internal pressure gradi-
ent and the bubble will break up. Depending on the magnitude of hydrodynamic
stresses, surfactant adsorption kinetics and their stabilization mechanism, the fol-
lowing stages could occur during whipping; 1) Shear or longitudinal stresses lead to
bubble breakup into smaller sizes, 2) Mass transport and adsorption of the surfactant
at the newly created interfacial area, 3) The bubbles colloid with other bubbles, stable
bubbles repel each other, while unstable bubbles coalesce back to bigger bubble. The
main differences between the two types of foaming methods are; 1) Residence time
of bubbles in the solution, and 2) Secondary break-up of large bubbles in to smaller
ones. In whipping method, the bubble residence times are as long as the energy input
continues and the process invovles secondary bubble break-ups. In sparging method,
the bubble residence times are determined by the size of the bubbles generated and
the depth of the liquid pool. Moreover, secondary break-ups are rare in the bulk
under the laminar flow conditions. So, in a sparging test, we can expect larger drop
size in the case of protein nanoparticles as compared to the monomeric protein since
the nanoparticles cannot reduce the air-water interfacial tension as fast as monomeric
protein at similar weight concentrations (in the case when size dominates over the
adsorption affinities).

Foam-stability

Particles, when used as surfactant, are known to produce very stable foams [9}/109-
114]. For example, the bubbles covered with hard colloidal particles are stable against
disproportionation for days to weeks. In contrast, bubbles stabilized by proteins or low
molar mass (weight averaged molar mass, M,, < 1 kDa) surfactants collapse within
few minutes or hours [115]. This phenomena of enhanced stablisation of interfaces
by particles is also referred as Pickering-Ramsden type stablisation |116] or in the
case of foams, simply a Pickering foam. The high stability of the foams stabilized
by inorganic or organic particles (10 nm < R;, < 100um), in comparison to foams
stabilized by native proteins (2 nm < R, < 10 nm), is often attributed to their
size. The foam stabilised by hard particles (table is more stable than that of
monomeric proteins or soft heat-induced protein particles. This is usually explained
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based on the large desorption energies required for the particles once adsorbed at the
interface as given by, W = 7 R%y (1 & 0059)27 where, W is adsorption energy, R is the
particle radius, 7y is the interfacial tension and € is the contact angle made by the
particle at the interface [109]. It is usually argued that for colloidal particle stabilized
foams, the disproportionation or Ostwald ripening can be completely stopped if the
condition, E > /2, where E is the surface elastic modulus and + is the surface tension
is satisfied [109]. So, the enhanced stability of hard particle stabilized foam can be
hypothesized to be either due to strongly adsorbed particles at the interface which
cannot be easily displaced or due to thicker foam films. In the case of protein particles,
especially if they are soft and of nano-size, the wetting properties e.g. the contact
angle may not be important. A more important parameter for protein nanoparticles
might be their softness, which can be varied by changing the cross-linking density in
the case of enzymatic cross-linking. The instability of a foam starts with drainage,
which brings the bubbles closer. Most of the early stage drainage takes place through
Plateau border and the node, and only in later stages the film contributions become
significant. A reduction in initial stage drainage implies blockage of Plateau border,
which can be due to accumulation of particles. The drainage is inversely related to the
bulk viscosity and can be slowed down by increasing it. Also the disjoining pressure
and the film thickness are important. There is a large effect of ionic strength on the
foam stability. This can be explained based on the disjoining pressure arguments
based on DLVO theory [106]. Adsorption of charged proteins establishes a surface
potential at the air-liquid interface, which is balanced by the diffuse double layer
(Debye length) extending into the bulk film. The double layers of opposing interfaces
repel each other in a thinning film resulting in a repulsive potential, which stabilizes
the film. The range and the magnitude of the double layer repulsion decrease with
increasing ionic strength. The increased ionic strength compresses or shrinks the
Debye length; hence the range of electrostatic potential becomes shorter as predicted
by the Poisson-Boltzmann and Debye-Hiickel equations [106]. The total interaction
energy is given by the sum of the electrical double layer repulsion, the attractive van
der Waals interactions, and the steric forces. The combination of the van der Waals
attraction and the repulsive potentials can lead to stability or instability depending
upon the separation of gas bubbles and on the ionic strength.

In the case of protein particles, sometimes an enhanced foam stability is observed,
whereas in other cases the aggregates seem to act as destabilisers (table . The
foam stability of protein particles is never as high as inorganic or organic particle
stabilized Pickering foams (table . It is interesting to note that the heat-induced
protein particles of R, > 100 nm by themselves are not able to produce foams with
enhanced stability (table . Generally, the relation between mesoscale structure
and functionality (e.g. Pickering stabilisation is explained only based on size and
contact angle, but the structural details of particle are not considered). It can be
hypothesized that, for open/weakly cross-linked protein nanoparticles, the adsorption
would be similar to the flexible polymer, with some fraction of protein nanoparticles
in contact with the interface. The remaining nanoparticle fraction (layer) in the
aqueous phase may enhance stabilization. The adsorption of compact/highly cross-
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linked protein nanoparticles may be similar to the hard colloidal particle (Pickering-
Ramsden stabilization) [117}[118]. The adsorbed state of protein nanoparticles would
depend on the surface charge density and the exposed hydrophobicity. The contact
angles may not be very important in the case of nanoparticles as compared to micron
sized particles where it determines the capillary interactions [119]. Hence, mainly
the size, structure, hydrophobicity and charge aspects are important in studying the
foaming properties of monomeric protein and protein nanoparticles.

Aim of the thesis

The aim of this thesis is to understand the functionality of enzymatically cross-linked
protein at macroscale by linking it to the physico-chemical properties of the protein
nanoparticles at mesoscale.

Approach and outline of the thesis

A range of enzymatically cross-linked protein particles that vary in size and structure
are required to understand the macroscale functionality of enzymatically cross-linked
poteins. To achieve this, different protein particles were produced by cross-linking the
same protein using two different enzymes.The two enzymes were selected to target
different amino acid residues on same protein and obtain nanoparticles with different
structures. The bulk rheology and foaming properties of these different types of
nanoparticles can then be compared with that of monomeric protein. The approach
used in this thesis is to make a-LA nanoparticles by cross-linking them with HRP
and mTG and study their formation process, mesoscale structure and functionality.
The objective is to develop a set of tool-box for meso-scale structure characterisation
(physical and chemical) at different length scales and in the end to link mesoscale
properties to macroscale functionality. To this end, the research conducted for this
thesis is outlined as follows. The characterisation of mesoscale structures that are
formed during cross-linking of a-LA with HRP are presented in chapter 2 followed by
characterisation of chemical details in chapter 3 such as the identification of amino
acids involved in the cross-links and length of these covalent cross-links. Chapter 4
describes the mesoscale structure of a-LA cross-linked with mTG and its comparison
with that of HRP system. The differences between the bulk rheological properties of
the a-LA nanoparticles made with either HRP or with mTG are given in chapter 5.
This chapter compares their bulk rheological properties such as storage modulus and
shear viscosity as a function of nanoparticle concentration. The foaming properties
of these two types of a-LA nanoparticles are described in chapter 6. The foams
were generated by whipping and sparging method and nanoparticles were foamed
at different ionic strengths. Finally, the general outcomes of this thesis and their
comparison with other systems in literature are summarised in chapter 7 (general
discussion). General discussion is followed by summary in english and dutch at the
end of the thesis.
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Chapter 2

Controlled formation of protein
nanoparticles by enzymatic
cross-linking of a-lactalbumin
with horseradish peroxidasem

Inorganic and organic colloidal particles are known to impart much higher stability
to foams and emulsions than proteins, heat-induced protein aggregates or low molar
mass surfactants. In this study we show that a-lactalbumin can be enzymatically
cross-linked by horse-radish peroxidase to produce nanoparticles with controlled size
and meso-scale structure. Furthermore, the effects of process parameters, such as the
protein concentration (10 - 30 g L™1), total dosed amount of hydrogen peroxide (0-10
mM), the time gap between each dosage of hydrogen peroxide (120-600 s) and ionic
strength (100-200 mM), on the sizes of the nanoparticles have been investigated. The
cross-linked protein nanoparticles varied in size (radius of gyration, R,) and weight
averaged molar mass (M,,), ranging between monomeric protein (~ 2 nm, 14.2 kDa)
and nanoparticles (200 nm, 100 MDa). The speed of particle formation increased with
increasing ionic strength, but their meso-scale structure remained similar. The R, of
these nanoparticles scaled as M6, indicating similar meso-scale structure (conform-
ation) at all length scales but variation of density with size. The apparent density
(internal protein concentration) of the nanoparticles was between 104 and 10 kg m~—3
for Ry ~ 20 nm and R, > 100 nm respectively.

*This chapter is published as: Surender K. Dhayal, Harry Gruppen, Renko de Vries, Peter A.
Wierenga, Food Hydrocolloids 36, (2014) 53-59.
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Chapter 2. a-LA/HRP nanoparticles

Introduction

In recent years, particle stabilised (Pickering) foams [1] are gaining interest because
of their high stability. For example, bubbles covered with particles are stable against
disproportionation for weeks, while bubbles stabilized by proteins or low molar mass
(M, < 1 kDa) surfactants collapse within a few minutes or hours [2/3]. This phe-
nomenon of enhanced stablisation of interfaces by particles is referred to as Pickering-
Ramsden type stabilisation [4,5]. The high stability of the foams stabilized by particles
is often attributed to their size [1},2,/6]. However, protein aggregates of the size sim-
ilar to hard colloidal particles are not known to impart such high stability to the
foams [7H9]. Hence, it seems that in the case of protein aggregates, in addition to size
there are other properties, for example density and deformability which are determ-
ining the foam stability. The density and deformability of an aggregate in turn can
be related to its meso-scale structure. The meso-scale in this paper is defined as the
length scale between a monomeric protein, typically ~ 2 — 5 nm and its aggregates
smaller than 1 um. The role of meso-scale structure of aggregates in Pickering stabil-
isation is not yet well understood since most researchers so far have focused on the role
of size. There are some initial indications that the meso-scale structure also determ-
ines the interfacial properties, albeit only under certain conditions for example when
electrostatic interactions have been screened [9H12]. To understand the correlation
between the meso-scale structure of a particle and its interfacial and foaming proper-
ties, two factors are needed. First, a process / system is needed to produce particles
of a well-defined (controlled) size and structure. The second, is a technique to char-
acterize the structure of such particles with minimum artefacts due to poly-dispersity
and sample processing. So far, effect of protein aggregates on interfacial proper-
ties has been studied mostly using heat-induced aggregation |7H9.[13[14]. Enzymatic
cross-linking of monomeric proteins could be an alternative method to make protein
aggregates (nanoparticles) with the advantages of mild reaction conditions and high
specificity i.e well defined covalent cross-links. Various techniques have been used
to analyse the meso-scale structure of protein aggregates, e.g. light/x-ray/neutron
scattering, atomic force microscopy and cryo-transmission/scanning electron micro-
scopy [9H12]. Amongst these, light scattering is a very versatile technique for the
following two reasons. 1) It can be coupled to a separation device, such as size exclu-
sion chromatography and asymmetric flow field flow fractionation (AF4), to separate
the poly-disperse mixtures of particles. 2) It can be used to simultaneously measure
the size i.e radius of gyration (Ry) or hydrodynamic radius (Rp,), molar mass (M,,)
and fractal dimension, dy [15] in solution conditions. The meso-scale structure of the
aggregates can be described by its dy, which can be determined in two ways i.e. either

from the scaling of size and mass, Ry ~ M&/ ds , |15], or from the angular dependence
of the scattered light intensity, P(q) ~ (qR,)~%, where P(q) is the particle scattering
factor and ¢ is the scattering wave vector [15|16]. The shape/structure of an aggreg-
ate in solution can also be predicted from the ratio of geometrically defined radius
of gyration to hydrodynamic radius i.e. Ry/Ry [16]. For example, R,/R; = 0.77
indicates a compact homogeneous sphere, R,/R;, > 0.77 indicates anisotropic shape
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and 1 < Ry/Rj, < 2 indicates random coil or branched macromolecule [16,[17]. In this
paper, we explore the possibility of using enzymatic cross-linking to produce protein
nanoparticles of controlled size and structure. Studies dealing with enzymatic cross-
linking of proteins use various types of enzymes such as transglutaminase |14}/18}/19],
peroxidase [18/20421], tyrosinase |18}/19] or laccase [18,[22]. The advantage of using
peroxidase is that the reaction is dependent on the supply of co-substrate, hydrogen
peroxide (H202). Hence, the cross-linking can be relatively easily controlled by the
addition of HoOs. However, too high concentrations of HoO5 can lead to inactivation
of the enzyme [23]. In previous work [21] it has been shown that multiple dosages
of small amounts of HoO2 can result in increased sizes of protein aggregates. It was
further shown that the ionic strength seemed to influence the size distribution of the
oligomers [21]; whether it also effects the meso-scale structure is not known. Later,
the idea of multiple HoO5 additions was extended for high number of HoO5 dosages,
resulting in the formation of cross-linked particles of Ry, up to 30 nm [24}25]. The Ry,
of these particles scaled as M2 | indicating that these particles were highly branched
(compact) [25] . The aim of the present work is to determine the extent to which
the conditions used during enzymatic crosslinking of protein affects the types of ag-
gregates that are formed. To this end apo a-lactalbumin (a-LA) and horseradish
peroxidase (HRP) were used. The formed aggregate size, mass and structure are
analysed using asymmetric flow field flow fractionation (AF4) followed by multi-angle
laser light scattering.

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International Inc. (Le Sueur,
MN, USA, ~ 85% of a-LA in calcium free apo form, as per supplier information).
The total protein content (N x 6.25) of the powder was 85.6 % (w/w, wet basis). Ap-
proximately 90 % of all proteins were a-LA as determined using the UV peak area at
280 nm in the AF4 fractogram. The other proteins were §— lactoglobulin and bovine
serum albumin as confirmed by SDS PAGE (no further details shown). Horseradish
peroxidase (HRP) was obtained from Sigma (P6782, Peroxidase type VIA). The iron
content of HRP, as given by the Reinheitszahl (Rz) index i.e. Ayp3/Aa75 , was determ-
ined spectrophotometrically to be ~ 3. All other chemicals used were of analytical
grade.

Sample preparation

Milli-Q water (18.2 MQ cm) was used for all solutions. The a-LA was dissolved in
0.1 M ammonium acetate solution (pH 6.8) to obtain concentrations of 10 or 20 or
30 g L=!. The protein solution was stirred for 2 h, after which the visually clear
solution was left overnight at 4 °C. Next it was centrifuged (40000 g, 1 h, 20 °C)
and the supernatant was filtered over a 0.2 um polyethersulfone membrane syringe
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filter (type: SY25PL-S, Advanced Microdevices, Ambala, India) to remove small
amounts of aggregates already present in the powder. The HRP was dissolved in 0.1 M
ammonium acetate solution (pH 6.8). The concentration of proteins was determined
with a UV spectrophotometer using the reported molar extinction coefficients of the
proteins, i.e. g2g9 = 28460 M~ cm™! for a-LA (www. uniprot.org, entry: P00711)
and e403 = 112000 M~! em~! for HRP( [26]) . A 50 mM stock solution of hydrogen
peroxide in Milli-Q water was prepared and used for the controlled dosage using a
syringe pump. The concentration was measured using the reported molar extinction
coefficient of €949 = 43.6 M~! cm™! ( [26]). For cross-linking reaction in any other
buffer e.g. sodium phosphate or Tris-HCI, the protein and enzyme solutions were
made at pH 7.0.

HRP activity

The activity of HRP was measured using the 2,2-azino-bis-3-ethylbenzthiazoline-6-
sulfonic acid (ABTS) assay [21] at pH 7.0 + 0.2 and 37 °C. The activity in the 0.1 M
ammonium acetate buffer,pH 7.0 £ 0.2 was found to be 10.9 £0.6 ukat mg~?.

Cross-linking reaction

The cross-linking experiments were done at two different scales i.e. 5 or 10 mL (small
scale) and 40 mL (large scale). Small-scale experiments were done to test the effect
of different solution conditions on the kinetics of nanoparticle formation using online
dynamic light scattering (DLS). From the results, certain conditions were chosen and
cross-linking reactions were performed at large scale to produce a set of particles
with well-defined sizes. These were stored by freeze-drying and subsequently used to
analyse the structure by multi-angle static light scattering. In all cases the pH of the
reaction mixtures was maintained at 7.0 +0.2.

Small-scale preparation

The small-scale (5 or 10 mL) crosslinking experiments were performed in a home
built set up and monitored online using DLS (for details see [25]). Crosslinking
was performed by sequential dosage of HoOy (table into the protein solution,
thermostated at 37 °C. The number of HyO4 additions is indicated by ngooso in table
and figure . Hydrogen peroxide (H3O2, 50 mM) solution was added at set
intervals (At) by a computer controlled syringe pump, programmed to dose 2uL per
mL of the reaction volume. At the end of each HyO5 addition, the solution was stirred
for 30 s, followed by a period of rest for 60 s. Then the intensity fluctuations in the
scattered light were measured at 90° for 60 s and six such scans were averaged to
obtain the z-average Rj. These measurements were recorded at set intervals till the
end of the reactions. Time intervals (At) of 120, 210 and 600 s were used to see the
effect of addition rate on particle formation and decide which At to use for large-scale
reaction. The lower particle size at any given number of HyO2 additions is lower for a
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Chapter 2. a-LA/HRP nanoparticles

Table 2.2: Hydrodynamic size, molar mass, radius of gyration and apparent weight averaged
densities for a-LA nanoparticles cross-linked to varying extents.

Tonic Strength Sample R, Ry My, Ry/Rn  papp DP
(hour)  (nm) (nm) (MDa) (kg
m-9)
0.1 M NH4OAc 2 20 20 2.1 1 104 148
4 34 66 13.8 2 19 973
7 65 165 108 2.5 9.5 7613
10 89 180 154 2 10.5 10856
0.1 M NH4OAc+ 1 16 - 0.4 - - 30
0.1 M NaCl
2 26 37 5.6 1.4 42.8 392
5 75 213 211 2.8 8.7 14874
10 113 194 221 1.7 12 15579

At of 120 s, suggesting a faster enzyme inactivation (figure ) This was not found
to be the case for At of 210 s or greater and hence for further studies, a At of > 210
s was used. For the study of the effect of a-LLA concentration, the ratio of a-LA to
HRP was kept constant at 20 (w/w). To keep a similar ratio of HRP and H2O5 the
At used was 600, 300 and 210 s for 10, 20 and 30 g L~! a-LA respectively. These At
values were also based on the enzyme activation studies done by [25].

Large-scale preparation

Two different sets of a-LA nanoparticles were made at large-scale. First set consisted
of nanoparticles made by varying the bulk concentration of a-LA (10, 20 or 30 g L=1)
as described above.

The second set consisted of nanoparticles made with 30 g L™! of a-LA at two
different ionic strengths i.e. 0.1 M ammonium acetate (NH4OAc) and 0.1 M NH;OAc
4+0.1 M NaCl, using At of 210 s for both experiments. For each ionic strength, the
samples were made by varying the reaction time from 1 to 10 h (table , while
keeping all other parameters constant as given in table Protein solutions (35 mL)
were incubated at 37 °C in a jacketed glass vessel with continuous stirring and HRP
(5 mL) was added to it. A 50 mM H2O5 solution was added at set intervals by a
computer controlled syringe pump, programmed to dose 2 uL. per mL of the reaction
volume. Protein nanoparticles of sizes (Rj) ranging between approximately 25 and
100 nm were produced by varying the protein bulk concentration, or ionic strength, or
the total number of HyO5 additions (equivalent to the total reaction time) (table [L.1]).
The pH was checked at the end of the reaction and was found to be 6.8, hence there
was no change in the pH during the cross-linking reaction. The reaction mixtures were
not treated to inactivate the enzyme, since typically all the HoO5 was reacted before
the addition of next step. Furthermore, the enzyme was found to be inactivated after
this long-time incubation. The final reaction mixtures were mixed with 1 M sucrose
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solution in 1:1 volume ratio, to avoid aggregation during freezing and freeze-drying.
Next, they were then frozen at -80 °C and freeze-dried. The dried powders were
stored at -20 °C. Prior to use, the freeze-dried powder was reconstituted in a 10 mM
sodium phosphate buffer (pH = 7.0) at a concentration close to the desired protein
concentration. Next, solutions (20 mL) were dialysed extensively with a 300 kDa
cellulose ester membrane (SpectraPor, Spectrum Laboratories, Rancho Dominguez,
CA, USA) at 4 °C against around 20 L of distilled water (pH ~ 7) and in the final
step against a 10 mM sodium phosphate buffer, pH 7.0. The dialysis was monitored
by measuring the conductivity and UV spectra of the outer solution. It was stopped
when the conductivity of outer solution was the same as distilled water and no proteins
could be detected by UV 280 nm absorbance. The final protein concentration of the
dialysed solutions was calculated as % N x6.25, where % N is the nitrogen content as
determined by Dumas method using a Flash EA 1112 NC Analyzer (Thermo Fischer
Scientific, Waltham, MA, USA). The conversion factor of 6.25 was calculated based
on the primary sequence of a-LA obtained from www. uniprot.org (entry P00711).

Dynamic light scattering

For large-scale sample preparation, the R directly after the reaction, and after the
dialysis was measured using a nano-zetasizer (Nano-ZS, model: ZEN 3600, Malvern
Instruments, Worcestershire, UK) equipped with 633 nm laser. The samples were
put in a 1 mL quartz cuvette with 10 mm path length. The measurements were
performed at 25 °C in the automatic mode, in which the attenuator and the measure-
ment position were selected automatically. The intensity fluctuations in the scattered
light were measured at 173° for 30 s. Ten such scans were averaged to obtain the
correlation curve. Next, intensity based size distributions were calculated using the
standard software of Malvern.

Asymmetric Flow Field Flow Fractionation (AF4)

AF4 was used to fractionate the polydisperse nanoparticles and followed by online
multi-angle static light scattering (MALS) and concentration measurement using UV
and RI to determine their size and mass. The AF4 instrumentation comprised of a
HPLC unit (Ultimate 3000, Dionex/Thermo Fisher Scientific, Sunnyvale, CA, USA)
containing a pump, auto-sampler, column compartment and a UV cell with diode
array detector. The other units such as Eclipse Dual tech, which contains the flow
control valves, MALS (Dawn Heleos-II, A = 658 nm, 130 mW Laser, vertically polar-
ised), RI detector (Optilab T-rEX), flow cell and its various parts (spacer, membrane,
porous support plate etc) were from Wyatt Technology (Santa Barbara, CA, USA).
The pump flow rate was controlled by the Eclipse separation system using the Chro-
meleon software. Data collection and analysis were done with ASTRA-6 software
(Wyatt Technology) The flow cell comprised of a short channel (145 mm length),
fitted with a spacer of 350 pm gap (350W) and a 10 kDa regenerated cellulose mem-
brane. The flow rates, focusing time and the amount of sample to be injected were
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optimised to achieve a good separation of polydisperse samples, no overlapping peaks
of the un-fractioned samples along with the void peak, and no peak shifts or band
broadening due to sample overloading. The total sample amounted to 10-30 ug of
injected protein using a 50 pL loop in partial inject mode. The detector flow rate
was kept constant at 1 mL min~!'. The sample was injected at a flow rate of 0.2
mL min~! and focused for 8 min. Elution was done under varying cross flow rate
(V). At the start of elution, V, was kept constant at 2 mL min~! for 5 minutes
and then exponentially decreased [27,28] from 2 to 0.1 mL min~! with a decay time
constant of 5 min. The exponential decay was achieved by eight linear decays of one
min duration, followed by seven linear decays of two minute duration. V, was then
kept constant at 0.1 mL min~! for 5 minutes and finally decreased to 0 mL min~!
and kept at that for 10 min. Light scattering signals from 53° to 100° were used for
the extrapolation using 1st order fits [29] with Berry formalism [29,30] (v KC/Rp)
vs. (sin?(6/2)). From the fitted weight averaged molar masses (M,,) and Ry, the
apparent density can be calculated using equation 2.1}

M,

o = 2.1
Papp NA%Tng (2.1)

Where, papp is the apparent density, M,, is the weight averaged molar mass, I,
is the z—averaged radius of gyration, and N4 is the Avogadros number. The M,
and R, were averaged using consecutive online separated fraction (slice) in the chro-
matogram, i.e. the data was collected every 0.5 s. The M, was calculated using
the refractive index chromatograms as the concentration source, using a dn/dC' of
0.185, a typical value for proteins. A blank was run before the actual measurements
and subsequently subtracted from the sample spectra to obtain the refractive index
chromatogram corresponding to protein nanoparticles only. The correction for axial
dispersion (band broadening), normalization and peak alignment were done as de-
scribed in the ASTRA manual (Wyatt Technology). The fractal dimension of the
nanoparticles can be obtained from the slope of the power law regime in the plot of
the angular (¢) dependence of the scattered light intensity. This can generally be
described by [16},30]

R(q) o< I(q) = KCM,,P(q)S(q) (2.2)

Where, R(q) is the excess Rayleigh ratio, I(q) is the intensity of the scattered light,
K is an optical constant and C' is the concentration. P(q) is the particle scattering
factor (function) and describes the intra-particle scattering from the elementary scat-
tering units. The structure factor, S(q) is related to the inter-particle interactions.
After fractionation, the typical protein concentration in the light scattering cell is of
the order of 0.01 to 0.1 g L™. Under these dilute conditions the inter-particle interac-
tions and hence the contribution from the structure factor or second virial coefficient
on scattering can be neglected. The P(q) as a function of the scattering wave vector
q has been used to obtain the fractal dimension (dy) of the large nanoparticles. The
slices from the fractograms of the separated nanoparticles were taken at the peak. For
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Figure 2.1: z-Averaged hydrodynamic radius for 30 g L™' a-LA cross-linked with 1.5 g L™!
HRP in 0.1 M NHyOAc at pH 6.8 and under variable dosing rates of H2O2, indicated by
At of 120, 210 and 600 s as a function of time (a) and the number of additions of hydrogen
perozide, ng202 (b). For clarity, only 30 % and 10 % of the data points are shown in a and
b, respectively.

each of these slices, the R, was normalised with R, (similar to the I(¢g) normalised
with the fitted M,, and plotted against ¢R, (¢ normalised with the fitted Ry).

Results and discussion

Preparation of protein nanoparticles

The effect of the addition rate of HoO5 on the size and speed of nanoparticle formation
is shown in figure[2.Th. The reaction was performed by the step-wise addition of HyO4
to the solution containing a-LA and HRP. The interval between each addition (At)
was varied to arrive at three different rates of HoO5 addition i.e 120, 210 and 600 s.

Figure shows two steps in the nanoparticle formation process; 1) a constant
period during which there is no change of the particle size and 2) a power law region
in which the R, increases with the total reaction time. The slope of Rj, versus time
gives the rate of nanoparticle formation (table . The curves corresponding to Ats
of 210 and 600 s collapse onto one single curve (figure ) when the Ry, is plotted as
a function of the number of HoOy additions (ng202). The curve of At = 120 s does
not collapse onto the other curves which indicates that the enzyme was inactivated.
This was due to higher bulk concentration of HoOs resulting from the fact that the
H50O5 was added faster than it was consumed. It also shows that the amount of HyO9
added in each step is utilized within 210 s. Hence, a At > 210 s was used to prepare
the a-LA nanoparticles as given in table For pure, monomeric a-LA, the Ry, is
around 2 nm (data not shown), as expected. However, in the presence of HRP a very
small amount of small oligomers is formed. This results in an initial z-average Rj, > 6
nm (figure . These oligomers are formed by electrostatic interaction between a-
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Figure 2.2: z-Averaged hydrodynamic radius for enzymatic cross-linking reaction of 30 g
L™ a-lactalbumin in 0.1 M ammonium acetate (NHy OAc) with and without additional 0.1
M NaCl.

LA and HRP, which is a mixture of several (at least seven) isozymes with pl ranging
from 3 to 9. Using size exclusion chromatography it was confirmed that most of the
a-LA was still present as monomeric protein (data not shown).

The enzymatic crosslinking of 30 g L™! a-LA (table with HRP at At of 210
s and two different ionic strengths was monitored using online DLS (figure . For
both cases, the z-averaged hydrodynamic radius (Rj) remained constant for the initial
1 hour and then started to increase with the subsequent additions of HoO5. The Ry,
increased linearly between the time interval of 4-8 hours and leveled off after 14 hours
of reaction at =~ 100 nm for 0.1 M NH4OAc and = 150 nm for 0.1 M NH4OAc +
0.1 M NaCl. As we have shown previously, the plateau corresponds to the complete
inactivation of HRP [25] . This was confirmed by adding a fresh batch of enzyme
at this point (plateau), after which the R; was found to increase further [25](no
further data given). The SDS-PAGE under reducing conditions revealed that covalent
crosslinks were formed between the proteins in both cases (data not shown).

The effects of protein bulk concentration, buffer type and ionic strength on the
reaction kinetics (the slope of Ry vs. t and plateau indicative of final Ry,) are shown in
table An increase of protein concentration from 10 g L=! to 30 g L~! resulted in
an increase of final size from 25 nm to 100 nm. At 40 g L™! a gel was formed. For the
reaction in 30 g L~! and pH 7.0 £0.2, the final R}, in case of 0.1 M sodium phosphate,
Tris-HCl buffer, or NaCl solution ranged from 55—73 nm (table[2.1)). In NH;OAc with
or without NaCl higher values for R, were obtained (109 to 156 nm), as well as higher
slopes. Since the ABTS assay showed a lower activity of HRP in sodium phosphate
and Tris-HCI buffers, this explains the smaller size of the nanoparticles obtained in
these two cases. Similar observations have been reported previously [31]. An increase
in ionic strength (additional 0.1 M NaCl) further increased the reaction speed in the
second regime, even though the speed of formation in the lag time regime remained
the same. The kinetics and final R}, observed during the cross-linking reaction depend

40



I I
—(t,, hour) =0 a
B g ] (- oW | T o8 2
k=2 | < D <
7] v — 17} *
> m = 1 3 > 3
) R ] g
0 044 413 go4 13
8 = 2
T | 0 2
ol o e 10 0
0 25 50

t (min)

Figure 2.3: AF) fractograms depicting the cross-flow rate profile, programmed to exponen-
tially decay with a t-half of 5 minutes. The fractograms are based on the absorbance at UV
280 nm. a-LA nanoparticles cross-linked to varying extents in presence of 0.1 M ammonium
acetate (a) and with additional 0.1 M NaCl (b).

on the enzyme activity and on the efficiency with which activated proteins form cross-
links. To distinguish between these two effects, enzyme activity was tested with the
ABTS assay. These results showed a significantly lower activity (< 50%) in sodium
phosphate or Tris-HCI, than in ammonium acetate. In contrast, the increase of ionic
strength by addition of NaCl to the ammonium acetated buffer had no significant
effect. Therefore, the effect of NaCl addition is most probably related to the screening
of charge around a-LA molecules.

Characterization of protein nanoparticles by AF4

The protein nanoparticles obtained after different times of incubation (30 g L=, 0.1
M NH4OAc, with or without 0.1 M NaCl) with Ry of 25, 50, 75 and 100 nm were
injected and separated using AF4. The area under the curve of the absorbance at the
UV-280 nm shows that apo a-LA was initially converted into oligomers (¢ = 2h and
t = 1h in figure and , respectively). The oligomer in this paper is defined as
cross-linked apo a-LA in the range of 28.4 kDa to 1 MDa, (DP 2-70) and a polymer
as M,, > 1 MDa. These oligomers further cross-linked with themselves to form higher
mass polymers or nanoparticles (t =4, 7, 10 h and ¢t = 2, 5, 10 h in figure and
figure 2.3p, respectively.

This suggests that protein molecules were first cross-linked to form oligomers fol-
lowed by the crosslinking between oligomers to form polymers. This two-step mech-
anism of nanoparticle formation has also been previously suggested by us [25]. Fi-
nally ultra-high molar mass (>> 1 MDa) nanoparticles are formed towards the end of
the crosslinking reaction. The same mechanism applies to the reaction at low ionic
strength, implying that the ionic strength probably changes only the kinetics. As
expected, the average elution time of the nanoparticles increase with increasing time

of cross-linking (figure 2.3)).
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Figure 2.4: AF/ fractograms depicting the Rayleigh ratio and the fitted Ry for 80 g L™ a-LA
cross-linked with 1.5 ¢ L™ HRP at pH 6.8 in 0.1 M NH,OAc (a) and 0.1 M NHyOAc +
0.1 M NaCl (b) at different time points. The legends for Ry represent the samples collected
after cross-linking for 2 h (o), 4 h (A), 7h (0) and 10 h (x) in (a) and 2 h (0), 5 h (O)
and 10 h (x) in (b). For clarity, only 1 % of the data points are shown for Ry.

The fractograms using the scattered light intensity (expressed as the Rayleigh
ratio, Ry), for the four samples shown in figure fractogram are depicted in figure
The large nanoparticles scatter more light compared to the small ones, and hence,
the light scattering curves showed a peak, which is shifted in time. The fitted R, for
the separated samples at a given elution time increased from =~ 10 nm up to ~ 200
nm with the extent of reaction (figure [2.4).

The M,, distributions showed an increase of the average M,, from 0.2 to 300 MDa
(figure and table . The weight average molar mass (M,,), z-average R, and
Ry, apparent density and poly-dispersity are summarized in table 2.2} The apparent
density decreases from around 104 kg m™3 for R, ~ 20 nm to around 10 kg m™3
for Ry > 100 nm. These observations show that R, increases faster than the molar
mass, indicating that the nanoparticles get progressively less dense with the extent of
cross-linking.

The information on the structural details (architecture) was obtained from the
conformation plot (figure showing the scaling of size (R4) and mass (M,,). The
slope of such a curve gives an indication of the meso-scale structure of the particle. The
conformation plots of various nanoparticles (ﬁgure show that the scaling exponent
of all nanoparticles is between 0.5 and 0.6. This shows that the scaling of mass with the
size is similar to a reaction or diffusion limited cluster aggregation [15]. This indicates
that the nanoparticles formed under various conditions have similar conformation
(meso-structure) in solution, and 2) that they have a fractal (self-similar) structure.
Still, it is important to note that even though the scaling is similar, the density of the
particles does decrease with the increasing particle size.

Apparent density is used as a parameter to describe the meso-scale structure of
nanoparticles in addition to the other types of analysis such as scaling of size and
mass, ratio of R,/Ry, and the slope of power law regime in P(q) vs. ¢Rg. It is
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Figure 2.5: Conformation plot indicating the scaling of size (Rg) to mass (M) of nano-
particles made at pH 6.8 in 0.1 M NHyOAc using an a-LA concentration of 10 g L™ (x),
20 g L™ (+) and 80 g L™, for which the samples were collected after cross-linking for 2 h
(0), 4h (@), 7Th (A) and 10 h (O). The other samples were made in 80 g L™" of a-LA, 0.1
M NH,OAc + 0.1 M NaCl and collected after 2 h (o), 5 h (X) and 10 h (V). The curves
have a slope of between 0.5 to 0.6. For clarity, only 1 % of the data points are shown.

used to calculate the internal concentration of the nanoparticles and to distinguish
between dilute / open type or concentrated / dense type nanoparticles [17]. The
apparent density of these nanoparticles can be calculated based on the geometric
volume inscribed by the sphere of radius equal to R, according to equation R,
scales as M2 hence the apparent density scales with the size as p ~ Rg_l' . This
indicates that the nanoparticles get progressively diluted with increasing size i.e. they
are tenuous. The R), is always smaller than the R, for larger nanoparticles (table
, indicating that the drainage of solvent through the outer dilute region is different
from the inner denser regions during the diffusion of particles in solution. The Ry/Rj,
ratio is around 1 for 20 nm particles and increases to around or greater than 2 for
the large nanoparticles (table . These values are also typical of poly-dispersed,
branched or open type macromolecules [16}/17].

In addition, the structure was also analysed from the angular dependence of the
scattered light (figure expressed by the particle scattering factor P(g). The
scaling of P(q) with ¢R, shows a slope of 2.1 £0.1 and 2.0 £0.1 for high and low
ionic strength, respectively. This again indicates that the large nanoparticles, formed
at any ionic strength or bulk protein concentration, are self-similar with a fractal
dimension of ~ 2. The data points can be described well by the Ornstein-Zernike
type relation (P(q) = ¢R;?) [32]. The fact that the data points for the nanoparticles
of various sizes, produced under various reaction conditions, collapses onto a single
master curve, indicates that these nanoparticles have similar structures at various
length scales.
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Conclusion

Peroxidase mediated crosslinking can be used to produce protein nanoparticles of
controlled size and meso-structure. The dosing rate and total dosed amount of the
added hydrogen peroxide is an effective ways to control the size (mass) of protein nan-
oparticles prepared by enzymatic cross-linking with HRP. The nanoparticles made by
enzymatic cross-linking are self- similar with a fractal dimension of &~ 2. These nano-
particles seem to be similar in structure to most of the heat-induced protein particles
made at pH around 7. However, in contrast to heat-induced protein aggregates, the
peroxidase cross-linked protein nanoparticles are not much affected by the solution
ionic strengths at the time of formation.
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Chapter 3

Peroxidase induced
oligo-tyrosine cross-links during
olymerization of a-lactalbumin

Abstract

Horseradish peroxidase (HRP) induced cross-linking of proteins has been reported to
proceed through formation of di-tyrosine cross-links. In the case of low molar mass
phenolic substrates, the enzymatic oxidation is reported to lead to polymerisation of
the phenols. The aim of this work was to investigate if during oxidative cross-linking
of proteins oligo-tyrosine cross-links are formed in addition to dityrosine. To this
end, a-lactalbumin (a-LA) was cross-linked using horseradish peroxidase (HRP) and
hydrogen peroxide (H2Os). The reaction products were acid hydrolysed, after which
the cross-linked amino acids were investigated by LC-MS and MALDI-MS. To test the
effect of the size of the substrate, the cross-linking reaction was also performed with L-
tyrosine, N-acetyl L-tyrosinamide and angiotensin. These products were analysed by
LC-MS directly, as well as after acid hydrolysis. In the acid hydrolysates of all samples
oligo-tyrosine (Y,, n = 3 — 8) was found in addition to di-tyrosine (Yz). Two stages
of cross-linking of a-LA were identified: a) 1 —2 cross-links were formed per monomer
until the monomers were converted into oligomers, and b) subsequent cross-linking of
oligomers formed in the first stage to form nanoparticles containing 3 — 4 cross-links
per monomer. The transition from first stage to the second stage coincided with the
point where di-tyrosine started to decrease and more oligo-tyrosines were formed. In
conclusion, extensive polymerization of a-LA using HRP via oligo-tyrosine cross-links

*S. K. Dhayal, S. Sforza, P. A. Wierenga and H. Gruppen.
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is possible, as is the case for low molar mass tyrosine containing substrates.

Introduction

Enzymatic cross-linking of proteins results in modification of the techno-functional
properties of native protein. In addition to transglutaminase, different oxidative en-
zymes such as laccase, tyrosinase and peroxidase have been used to cross-link food
proteins [1/2]. These oxidative enzymes are known to induce oxidation and cross-links
on tyrosine (Tyr, Y), cysteine or tryptophan [1,3]. A chemical characterization of the
cross-linked proteins is important to compare the products obtained using different
enzymes, or under different conditions. The chemical details include aspects such as
the nature, type and average number of covalent cross-links formed per monomer. For
peroxidase cross-linking of proteins, typically researchers have focussed on di-tyrosine
(Yz) cross-links. The detection of Y5 is usually done by appearance of an absorb-
ance peak around UV 318 nm (pH > 7) or by fluorescence emission peaks around
420 nm after excitation at 315 nm [4,/5]. In the case of cross-linking of apo form
of the bovine whey a-lactalbumin (a-LA) with HRP only Y3 links have been found
and considered [6-8]. However, for low molar mass substrates, such as L-tyrosine or
N-acetyltyrosine, higher polymers were observed after crosslinking with horseradish
peroxidase (HRP) [9]. Based on the reported molar mass of these polymers, the
highest observed degree of polymerisation (DP) of Tyr is around 25. In some nat-
ural systems, cross-linking of structural proteins, such as resilin and elastin, with
peroxidase leads to a DP of 2 — 4 [10H12]. Since mass spectrometry (MS) analysis
on large protein polymers does not work, there is no clear direct way to determine
the cross-links in situ. Hence, a different approach is needed. Therefore, acid hydro-
lysis, followed by MS seems to be an alternate method for quantification of mixtures
containing oligo/poly-Tyr [13H15|. Previous studies have reported that covalent cross-
links, such as Yo and Y3, are stable under the acid hydrolysis conditions (6 M HCI,
110 °C, 24 h) [13]. However, the use of acid hydrolysis has so far never been used
for quantifying the cross-links formed after extensive oxidation of proteins. To obtain
more insight into the structure of oxidatively cross-linked proteins, an investigation
is made of the degree of polymerisation of tyrosin in cross-linked apo a-lactalbumin.
In addition, a comparison is made with substrates of different molecular mass to see
how the polymerisation reaction depends on the substrate size.

Materials and method

Materials

Bovine a-lactalbumin (a-LA) commercially sold in apo form was obtained from Dav-
isco Foods International (Le Sueur, MN, USA). The protein content (N x6.25) was
95 % (w/w) dry basis [16]. The conversion factor of 6.25 was calculated based on the
primary sequence of a-LA. Approximately 90 % of the total proteins was a-LA [16],
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of which around 80 % (mol/mol) was in calcium free apo form [17]. Horseradish per-
oxidase (HRP), (P6782, peroxidase type VIA), L-tyrosine, N-acetyl-L-tyrosinamide
and 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) were obtained from
Sigma. Angiotensin (sequence: DRVYIHPF) was obtained from Abcam Biochemic-
als (Cambridge, UK). All other chemicals used were of analytical grade (Sigma or
Merck).

Enzyme activity

HRP was used as received and its activity was measured in duplicate in 0.1 M am-
monium acetate solution (pH 7.0 £ 0.2) and 37 °C using the ABTS assay [17]. The
rate of product formation was determined from the absorbance measured at 405 nm
(= 36.8 mmol~! cm™1). The activity of the enzyme preparation was 10.9 4 0.6 pkat
mg_l.

Preparative production of cross-linked samples

All solutions were prepared in Milli-Q water (18.2 MQ cm). All the reactions were
performed in a 0.1 M ammonium acetate solution set at pH 7.0 4+ 0.2. The conditions
and procedure of cross-linking were same as described before for a-LA/HRP/H302
system [16]. The substrate and their concentrations used in this study were L-tyrosine
(2 mM), N-acetyl-L-tyrosinamide (2 mM), angiotensin (2 mM; equivalent to 2 mM of
tyrosine) and a-LA (2.1 mM; equivalent to 6.72 mM of tyrosine in apo a-LA). The
cross-linking was performed at 37 °C using a molar substrate to enzyme ratio of 60.
The initial substrate concentrations were verified spectrophotometrically using the
molar extinction coefficients of ezg9 = 28460 M~ ecm ™! for a-LA (www. uniprot.org,
entry: P00711), eqo3 = 112000 M~! em~! for HRP [18], ex74 = 1400 M~ cm™!
for L-tyrosine [19], e2745 = 1340 M~! em~! for N-acetyl L-tyrosinamide [20] and
€214 = 25162 M~! em™! for angiotensin [19]. The mixture (10 mL) of substrate and
HRP was incubated at 37 °C in a jacketed glass vessel with continuous stirring and
equilibrated for 15 minutes. A computer controlled syringe pump was programmed
to dose 2 L of a 50 mM H5Os solution per mL of the reaction volume at set intervals
(At = 210 s). The polymerization of L-tyrosine and a-LA was monitored during the
reaction by measuring the absorbance at UV 318 nm and fluorescence measurement
(Aez = 315 nm and Ay, = 350 —500 nm). Samples were taken after different numbers
of HoO4y additions (ngao2 = 1, 3, 5, 10, 20, 35, 85, 120, 150 and 180). For UV 318
nm absorbance and fluorescence experiments, 100 mL scale samples (ng202 = 35,
85, 120, 180) were prepared and mixed (1:1) with 1 M sucrose and freeze-dried as
described previously [16]. Before analysis, the a-LA nanoparticles were extensively
dialysed to remove unreacted monomers and sucrose as described elsewhere [16]. All
reactions were performed in duplicate.
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Measurement of conversion, size, mass and structure of a-LA nan-
oparticles

To monitor the rate of a-LA nanoparticle formation, the crosslinking experiments
were performed in a home built set-up at 5 mL scale and monitored inline using dy-
namic light scattering (DLS) as described previously [8]. The scattered light intensity
was measured at 90° and the distribution of hydrodynamic radius (Ry) was obtained
using the regularization method utilizing CONTIN routine and Stokes-FEinstein equa-
tion [21]. The mesoscale structure of the nanoparticles was determined from scaling
of the radius of gyration (R,) to molar mass (M,,) and the apparent density, which
were obtained from asymmetric flow field flow fractionation (AF4) followed by multi-
angle light scattering (MALS) and refractive index (RI) detectors. The AF4-MALS
instrumentation and the analysis method was similar as described before [16]. The
RI fractograms were divided in to three sections to quantify the monomers (0.75 to
2.1 min.), oligomers (2.1 to 10 min.) and polymers (10 to 45 min.). The integrated
area in each section was subsequently normalised with the total area to obtain the
amount of protein in each section. The AF4 separation was performed under nor-
mal (10 mM sodium phosphate buffer, pH 7.0) and dissociating/reducing conditions
(10 mM sodium phosphate buffer, pH 7.0 in presence of 2 % (w/v) sodium dodecyl
sulphate (SDS) and 0.1 M dithiothreitol (DTT)). The measurements were performed
in duplicate and the average of duplicates in each case was used for analysis.

Acid hydrolysis

A volume of 2.4 mL of the cross-linked samples collected after certain time of reaction
(concentration same as that used for reaction) were put into a 12 mL Pyrex glass tube
fitted with teflon-lined screw caps. Next, 3.6 mL of 10 M HCI was added to the solu-
tion. The tubes were flushed with nitrogen for 2 minutes. The hydrolysis was carried
out at 110 °C for 24 h. After evaporating the acid for 24 hours under nitrogen, the
samples were reconstituted with 1 mL of eluent A and used for ultra high-performance
liquid chromatography-electrospray ionization-mass spectrometry (UHPLC-ESI-MS)
as explained below. The acid hydrolysis was performed in duplicate.

UHPLC-ESI-MS

Acid hydrolysed and dried samples were reconstituted in 1 mL of eluent A (1% (v/v)
acetonitrile (ACN), 0.1% (v/v) trifluoroacetic acid (TFA) in UPLC grade water).
Next, the solutions were centrifuged (15,000 g ; 5 minutes ; 20°C). The samples were
analysed by LC/UV/ESI-MS using an ACQUITY UPLC separation system (Waters,
Milford, MA, USA) equipped with a C4-reversed phase column (UPLC BEH C4
1.7um, 2.1 x 100mm, Waters) coupled to a PLC LG 500 PDA detector (Waters) and
to a SYNAPT G2-Si High Definition Mass Spectrometer (Waters). Eluents used were
A (H30 + 1% (v/v) ACN + 0.1% (v/v) TFA) and eluent B (ACN + 0.1% (v/v)
TFA). The eluent profile was 0 to 2 min isocratic 90% A, from 2 to 12 min linear
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gradient from 90% A to 256% A, from 12 to 15 min linear gradient from 25% A to
100% B, from 12 to 15 min isocratic at 100% B, then re-equilibration to the initial
conditions. The flow rate was set at 0.35 mL min~' and a volume 4 pL was injected.
The PDA detector is operated at a sampling rate of 40 points s~! in the range 200-
400 nm, resolution 1.2 nm. The SYNAPT mass spectrometer was operated in the
positive ion mode (resolution mode), capillary voltage 3 kV, sampling cone 30 V,
source temperature 150 °C, desolvation temperature 500 °C, cone gas flow (N3) 200
L h=!, desolvation gas flow (N3) 800 L h™!, acquisition in the Full Scan mode, scan
time 0.3 sec, interscan time 0.015 sec, acquisition range 150-4000 m/z. The MS was
calibrated using Nal (m/z range: 200 —2000). The MS data were processed using the
sofware MassLynx v 4.1 (Waters).

MALDI-TOF MS

Matrix-assisted laser desorption /ionization time-of flight mass spectrometry (MALDI-
TOF MS, Bruker Daltonics, Bremen, Germany) was used for detecting oligo-tyrosine
cross-links in the acid hydrolysed a-LA nanoparticles. The MALDI-TOF MS was
equipped with a laser of A = 355 nm (Bruker smartbeam-II laser) and it was used at
a laser power of 50 %. The analysis was performed in positive mode and the ions were
detected using reflector mode. A peptide calibration standard (0.7 — 3 kDa, Bruker
Daltonics) was used to calibrate the instrument. The samples (5 uL, 1 ¢ L™, 0.1%
(v/v) TFA) were mixed with 5 yL of matrix solution. The matrix solution comprised
of a saturated solution of cyano-4-hydroxycinnamic acid in a solvent made by mixing
100 pL (0.1 % (v/v) TFA + 1 % (v/v) ACN + water) and 50 pL (0.1 % (v/v) TFA
+ ACN). One pL of each solution was applied on a stainless steel metal plate. The
samples were crystallized and analysed on an Ultraflextreme workstation which was
controlled using Flex Control software (Bruker Daltonics). The data were analysed
using Flex Analysis software.

Results and discussion

Polymerization of small substrates with HRP/H,0,

For N-acetyl-L-tyrosinamide (222.24 Da) clear narrow peaks and a broader peak of
larger products are observed in the UV 214 nm chromatogram for the reaction product
formed after 10 additions of HyO, (figure B.1h). The narrow peaks were identified
using MS to belong to the dimers (n = 2; 442.48 Da) and trimers (n = 3; 662.72 Da).
There were two separate peaks of dimers (retention time = 1.55 and 1.80 minutes,
respectively) indicating that at least two isomers of dimers were formed (figure [3.1h).
In the broad peak, a range of oligomers (n = 4 — 12; 882.96 — 2644.88 Da) were
identified.

Also for angiotensin, the dimer (n = 2; 2090.36 Da) and a broad peak of oli-
gomers (n = 3 — 10; 3134.54 — 10443.8 Da) were formed after crosslinking (figure
B-Ib). The ESI-MS spectrum of the oligomer peak (ng202 = 10) in the figures
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Figure 3.1: Polymerization of N-acetyl-L-tyrosinamide (a, ¢, e) and Angiotensin (b, d, f)
after cross-linking with HRP/H2O02. The UV 214 nm chromatogram of the samples recorded
after ng202 = 10 during the cross-linking (a, b). ESI-MS spectra of the intact oligomers (c,
d). The area under the curve of UV 214 nm chromatogram of monomers (M), dimers (D)
and oligomers (O) for various additions of HxO2 (e, f). n indicates the DP and [n]* / [n*t
indicates the charged state i.e. +1 or +2 of the ions.
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Figure 3.2: Increase in hydrodynamic radius (Rn) of apo a-LA when it is cross-linked using
HRP and sequential dosage of H2O2 (nu202), monitored online with DLS (a). The AF/-RI
area under the curve of monomers (M), oligomers (O) and particles (P) for various additions

Of H202 (b)

and depicts that a degree of polymerization (DP) up to 15 and 12 was achieved
for N-acetyl-L-tyrosinamide and angiotensin, respectively. The MS spectrum of the
intact polymers of N-acetyl-L-tyrosinamide (figure ) depicts the presence of pro-
tonated (single charged, [n]*) trimer (662.28 Da) to octamer (1763.92 Da). Pro-
tonated (double charged, [n]?T) oligomers (DP = 7 — 15, 1543.68 — 3525.84 Da) of
N-acetyl-L-tyrosinamide are also seen in figure[3.1c. The MS of the intact oligomers of
angiotensin showed single charged oligomers (figure ) Trimer (3134.54 Da) and
larger oligomers (DP =4 — 12, 4178.72 — 12532.16 Da) of angiotensin were formed.
From the UV absorbance, the relative abundance of dimers and oligomers for various
extents of cross-linking reaction (ngap2 = 0 — 180) of N-acetyl-L-tyrosinamide and
angiotensin were determined (figures and ) For both substrates formation
of dimers is observed after 5 dosages of HoO5. Upon further reaction, the amount of
dimers decreased, with a corresponding increase in larger oligomers. For the cross-
linking of free amino acid L-tyrosine (Y), similar formation and subsequent decrease
of dimers (Y2) was seen (data not shown). However, in the case of tyrosine, the
decrease of dimers was not equalled by a corresponding increase in the amount of
oligomers. This may have been due to that fact that oligomers larger than DP 8 were
not, detected, indicating that oligo-tyrosine is not as soluble as the intact oligomers
of N-acetyl-L-tyrosinamide and angiotensin.

Polymerization of o-LA with HRP/H,0,

The polymerization of a-LA is evident from the increase of hydrodynamic radius (Ry,)
when H50s is added into the solution (figure ) Moreover, similar as for the low
molar mass substrates, the formation and further conversion of dimers and oligomers

of a-LA can be obtained from the integrated area in AF4-RI fractograms (figure[3.2b).
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Figure 3.3: Absorbance spectra depicting increase at UV 318 nm (a) and fluorescence spec-
tra depicting emission around 400 nm (b) for a-LA samples cross-linked using HRP and
nma202 =0, 85, 85, 120 and 180.

The polymerization of a-LA involved tyrosine cross-links as indicated by an in-
crease of absorbance around 318 nm (figure[3.3h) and increase of fluorescence emission
peak around 405 nm (figure ) The fluorescence emission peak did not increase
for the largest a-LA nanoparticles (ng202 = 180) but the curve was found to broaden
towards higher wavelengths. But, the 318 nm absorbance for ngoo2 = 180 was higher
than that of ngope = 120 indicating that tyrosine cross-links were formed, but the
fluorescence was probably quenched for the large (R, ~ 100 nm) nanoparticles. The
UV absorbance and fluorescence measurements have typically been used under the
assumption that in protein cross-linking only dityrosine is formed. To analyse the
crosslink products in more detail, the samples were acid hydrolysed, and then ana-
lysed by LC-MS.

Detection of (oligo)tyrosine cross-links

Since poymers of a-LA could not be directly analysed by LC-MS, the cross-linked
proteins were acid hydrolysed to yield free amino acids and cross-linked tyrosines,
which are stable in the conditions of the hydrolysis. After acid hydrolysis of a-LA
nanoparticles, the UV 214 chromatograms indicate a loss of tyrosine (Y, 3—4 minutes)
and formation of di-tyrosine (Ys, 4 — 5 minutes, figure ) Surprisingly, even in
the case of a-lactalbumin, clear MS signals are obtained that show the formation of
larger oligomers of tyrosine (Ys_g, 8 — 11 minutes) which is similar to the case of
the low molar mass compounds (figure [3.4p). In addition to the LC-MS, MALDI-
TOF-MS was used to confirm the presence of oligotyrosine with a different technique
(figure ) With that technique the presence of the oligomers were confirmed. Up
to octa-tyrosine cross-links were detected for extensively cross-linked samples and are
summarized in table 3.1l

The conversion of Y in to Yo and Y3_g is evident from the decrease of the amount
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Figure 3.4: The UV 214 nm chromatograms of acid hydrolysed a-LA nanoparticle (a). ESI-
MS spectra from 8 to 16 minutes for nm202 = 10 of acid hydrolysed a-LA nanoparticle (b).
The MALDI-TOF MS spectra of acid hydrolysed a-LA nanoparticle formed after ng202 = 10
(c¢). The abundance of tyrosine (Y), di-tyrosine (Y2), and oligo-tyrosine (Ys_s), normal-
ized to the mazximum for every compound in acid hydrolysed a-LA nanoparticle for various
additions of HoO2 (d).
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Figure 3.5: Hydrodynamic radius (Rr) of cross-linked nanoparticles at various conversions
of tyrosine (Y) and monomeric a-LA.

of Y and an increase of Y, and Yj_g with increasing dosage of HoO (figure [B.41).
The relative abundance of all different oligomers formed after various extents of cross-
linking (ng202 = 0 — 180) was determined based on the MS intensity (figure [3.44).
After an initial increase, the amount of Yo started to decrease after 35 dosage of
H505. This indicates that Yo were further cross-linked in to larger oligomers (Y3_g)
for a-LA/HRP system. After extended crosslinking, a DP of 8 is observed, but the
relative abundance of this compound decreases upon further modification, indicating
formation of even larger oligomers that were not detected by the LC-MS. This may
be due to the insolubility of larger oligomers as indicated by the presence of pellets
after centrifugation of the acid hydrolyzed samples and loss of total area under the
curves of UV 214 nm chromatograms (figure ) The total peak area decreased
from 100 — 36 % with the extent of polymerization. The UV 214 nm chromatograms
after acid hydrolysis of N-acetyl-L-tyrosinamide, angiotensin and L-tyrosine were sim-
ilar to the chromatograms of a-LA nanoparticles (figure ) The polymerization
of N-acetyl-L-tyrosinamide, angiotensin and L-tyrosine takes place by formation of
tyrosine-tyrosine cross-links. This was proved by acid hydrolysis of theses samples
and detection of oligo-tyrosine (Ya_g) cross-links (table [3.1)).

Hence, cross-linking of tyrosine containing substrates with HRP/H;02 leads to
polymerization of that substrate through formation of not only di-tyrosine but also
oligo-tyrosine cross-links. It can be ascertained that oligo-tyrosine cross-links are
formed even in the case of complex substrates such as proteins. Moreover, in the case
of a-LA/HRP nanoparticles, no other cross-links involving amino acids other than
tyrosine were detected in the acid hydrolysates.

Model of a-LA polymerization with HRP/H,0,

The online DLS and AF4 results indicate that polymerization of a-LA takes place
in two stages. The conversion of tyrosine into oligotyrosine was seen in the acid
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Figure 3.6: The conversion of monomeric a-LA obtained from AFJ fractograms and the
conversion of tyrosine (Y) and di-tyrosine (Y2) obtained from UV 214 nm chromatograms
of LC-MS runs of acid hydrolysates.

hydrolysates of the a-LA particles. These two different sets of information, obtained
at molecular (~ 2 nm) and mesoscale (5 — 500 nm) can be combined together to
obtain further insight in to the mechanism of a-LA polymerization. For example,
the conversion of monomeric a-LA (obtained from AF4-RI) and the conversion of
tyrosine in acid hydrolysates obtained from LCMS can be plotted against Ry for
each addition of HyO4 (figure . The two stages are clearly evident from the fact
that a significant increase of Ry, is obtained only at higher conversion of tyrosine or
monomeric a-LA (figure 3.5). As confirmed by AF4 (figure [3.2b), the monomeric
a-LA is mostly converted during the initial additions of HyOs. More than 50 % of
the monomeric a-LA was converted into oligomers after 10 additions of HoO5. The
conversion reaches a value around 85 % after 35 additions and remains unchanged
after that. The fact that the monomeric apo a-LA is fully converted after ngoos = 35
while the Rj, remains constant and its gradual increase for the subsequent additions
indicate that the polymerization of a-LA takes place in two stages. In the first stage,
small oligomers of a-LA are formed and in a later stage these oligomers cross-link
with each other to form large particles of a-LA (nanoparticles).

The conversion of monomeric protein can also be plotted against the conversion
of tyrosine in the acid hydrolysate (figure . This combined information can then
be used to estimate the average number of tyrosine cross-links per molecule of a-LA
in the nanoparticles. The molar concentration of tyrosine is four times that of a-LA
since each molecule of a-LA contains four tyrosine residues. For upto 35 additions
of HyOgq, around 80 % of the a-LA is converted while only 25 — 50 % of tyrosine is
reacted. This indicates that on an average one to two tyrosine are cross-linked per
molecule during this first stage. During this stage, tyrosine is mainly converted into
di-tyrosine (ﬁgure. After 35 additions of HyO4, the amount of di-tyrosine started
to decrease and as shown earlier (figure ), larger oligomers started to increase.

In the second stage, these oligomers of a-LA are further cross-linked with each
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Figure 3.7: The proposed two-stage process of polymerization of a-LA by oligo-Tyr cross-
links. The a-LA molecule in the cartoon is represented as grey circle and tyrosine as red
hezagons on it. The polymerization is depicted by highlighting only the cross-linked tyrosine
residues in red.

other to form nanoparticles. During this stage, more tyrosines are cross-linked per
molecule and for the extensively polymerized samples, three to four tyrosines are
estimated to be reacted per molecule of a-LA (figure . Formation of a-LA nano-
particles in two stages is schematically depicted in figure Since, not all tyrosines
were equally exposed in a-LA, the data implies that eventually all tyrosines become
available for reaction. It is speculated that this can happen if the fluctuating tertiary
structure of apo a-LA is completely lost after the formation of initial cross-link on
the most exposed tyrosine.

Conclusion

Similar to the HRP induced cross-linking of low molar mass tyrosine containing sub-
strates, oxidative cross-linking of proteins that contain accessible tyrosine can lead
to formation of protein nanoparticles that contain oligo-tyrosine cross-links. Hence,
the possibility of oligo-tyrosine cross-links should always be considered in addition to
di-tyrosine cross-links for the case of oxidative enzymatic cross-linking of proteins.
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Chapter 4

Comparison of mesoscale
structures of a-lactalbumin
nanoparticles cross-linked with
microbial transglutaminase and
horseradish peroxidase m

Abstract

Enzymatic crosslinking of proteins may be a useful tool to modify the protein techno-
functional properties. Since the different enzymes use different substrate amino acids,
they are expected to form protein nanoparticles with different mesoscale structure.
For instance, HRP induces crosslinks between tyrosine (4 in a-LA), and mTG between
lysine and glutamine (12 and 6 respectively in a-LA). These differences in the number
and their location in the crystal structure of target amino acids (Lys/Gln vs. Tyr) are
expected to result in differences in the mechanism of growth (formation), as well as the
mesoscale properties of the cross-linked a-LA particles made with either mTG or HRP.
Differences in mesoscale structure are expected to be important for techno-functional
properties such as water holding capacity. For both enzymes, the nanoparticle growth
followed a step growth mechanism. Initially, oligomers (0.0142 < M,, < 1 MDa) were
formed, which were further cross-linked in later stage to form polymers (M,, > 1
MDa). Still, significant differences were observed in the mesoscale structure. The
density of nanoparticles of R, ~ 100 nm was almost two times higher for -LA/mTG
(22 kg m~3) than the a-LA/HRP. The denser structure was also confirmed by the

*S. K. Dhayal, R. J. de Vries, H. Gruppen, P. A. Wierenga.
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Figure 4.1: Crystal structure of bovine apo a-LA wvisualised with PyMol (PDB accession
code: 1F6R). Highlighted amino acids are Tyr (green), Lys (red) and Gin (blue). The front
(a) and back (b) views are shown.

power law scaling exponent between R, and M,,, which was 0.38 £ 0.05 and 0.57
+ 0.05 for a-LA/mTG and a-LA/HRP nanoparticles, respectively. The difference in
density was also reflected by difference in water holding capacity, thermal stability as
well as by different swelling behavior of nanoparticles at ionic strengths < 1 mM.

Introduction

Food proteins have been cross-linked by different enzymes, to modify the protein
techno-functional properties such as gelation, emulsion and foam stability etc. .
The most commonly studied enzymes are the oxidative enzymes such as laccase, tyr-
osinase, peroxidase and the transferase enzyme, transglutaminase . Since in these
reactions covalent intermolecular bonds are formed, in essence it is similar to a poly-
merization reaction, where the protein is the monomeric unit of the finally formed
cross-linked polymer. At the same time, intramolecular bonds (within each protein
monomer) can also be formed. Consequently, the properties of the polymers (nan-
oparticles) will depend on the size, the shape, but also other structural properties,
such as the number (and distribution) of inter- and intramolecular cross-links. This
will depend on the combination of enzyme and substrate. For instance, a-lactalbumin
(a-LA) has 12 Lys and 6 Gln, which are the substrates for cross-linking by mTG .
At the same time, it has only 4 Tyr, which are the substrates for HRP . In ad-
dition, Lys and Gln are typically more accessible (solvent exposed) than Tyr (figure
, even in the molten globule state of the apo a-lactalbumin. Transglutaminase
induced cross-linking was shown to improve the water holding capacity of acid milk
gels and was linked to the differences of gel micro-structure @ It may consequently
be expected that using mTG and HRP for the cross-linking, different structures are
obtained, which in turn will lead to differences in the techno-functional properties,
such as water holding capacity. Most of the work on enzymatic cross-linking of pro-
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teins has so far focused on either the bio-chemical details at molecular scale or the
final (end use) functionality at the macroscale such as gelation. However, the details
at the intermediate scale i.e. mesoscale (5 — 500 nm) are not extensively described
and hence the link between molecular and macroscale is also not well understood.
For example, in the case of a-LA, it is not known if the differences in the accessibility
and number of substrate amino acids would lead to a similar or a different process of
polymerization. Further, it is also not known if the process of polymerization influ-
ences the mesoscale structures that are formed. In the case of heat induced protein
aggregation, the macro-scale functionality was found to be linked to the meso-scale
structural details [7]. It remains to be seen if a similar correlation also exists for the
case of enzymatically cross-linked protein polymers (particles). The polymerization
in the case of enzymatic cross-linking could either proceed as chain growth or as step
growth. In chain growth, a monomer is linked to an existing oligomer and grows to
form polymers. While, in step growth kind of mechanism, initially all the monomers
react to form oligomers and then oligomers react in next step to form polymers. The
knowledge of the reaction mechanism can then be used for controlling the molar mass
(M,,) of the nanoparticles. The mechanism of a reaction is identified from the degree
of polymerization (= MPCY /M™on°) a5 a function of the monomer conversion. In
the case of chain growth, the molar mass increases steadily with conversion while in
the case of step growth high molar mass polymers are obtained only at very high
conversions.

When considering the structure of the protein nanoparticles, it is important to
realise that term structure may cover different aspects of the particle. Firstly, a
distinction can be made between the static properties (e.g. when in solution), and
the dynamic properties (e.g. compressibility). The static properties may include
parameters, such as size, shape, density, or secondary/tertiary structure of the protein
(monomer) in the particle [8]. The shapes can be sphere, rod, coil or a branched
coil |7]. The branched coils can vary in size and density depending on the degree of
branching and distribution of branches |9]. The dynamic properties describe how the
structure of particles varies when they are subjected to external stresses. For example,
when they are compressed at an interface during area change in a Langmuir trough.
The change in particle structure when subjected a change of pH or ionic strength of
the solution describes their softness. The dynamic structure (softness) of the particles
is expected to depend on the details of cross-link density i.e. the number of cross-links
per particle. The secondary structure of a-LLA molecules in the nanoparticles may
also change as a result of extensive cross-linking and that could affect their dynamic
structure. Hence, the structure of nanoparticles is studied at different levels in this
chapter. Furthermore, the mesoscale structure of a-LA/mTG nanoparticles will be
compared with that of a-LA/HRP.
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Chapter 4. Mesoscale structure of o-LA/mTG and «o-LA/HRP nanoparticles

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International, (Le Sueur,
MN, USA). The protein content was 95 % (w/w) dry basis, as determined by DUMAS
(N x6.25) [10]. The conversion factor of 6.25 was calculated based on the primary se-
quence of a-LA obtained from the uniprot database (www.uniprot.org; entry PO0711).
Of the total proteins, 90 % was a-LA [10], of which 80 % (mol/mol) was in cal-
cium free apo form [11]. Microbial transglutaminase (mTG), sold as ActivaR-YG
was procured from Ajinomoto Foods (Paris, France). It is derived from Streptover-
ticillium mobaraense and is supplied as a powdered mixture containing approxim-
ately 99% maltodextrin + lactose and 1% mTG (suppliers information). Horseradish
peroxidase (HRP) was obtained from Sigma (P6782, Peroxidase type VIA). Dithio-
threitol (DTT), N-carbobenzoxy-L-glutaminyl-glycine (Na-CBZ-Gln-Gly), 2,2-azino-
bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), and hydroxylamine hydrochloride
were procured from Sigma. All other chemicals used were of analytical grade.

Purification of mTG

To remove maltodextrin, lactose and other minor impurities, commercial mTG was
purified by ion-exchange using a method adapted from [12]. The main differences in
the method and conditions were that purification was done at 4 °C using Stream-
lineTM, SP XL in a batch mode and the enzyme was eluted using a 500 mM sodium
acetate buffer (pH 8.0) which also contained 1M sodium chloride (NaCl). The eluted
enzyme was diafiltered (Amicon Millipore, MA, USA) to remove excess salts using
a regenerated cellulose membrane of 10 kDa cut-off (Millipore) and 100 mM sodium
phosphate buffer, pH 7.0; 4 °C. The concentration of the purified enzyme (37.8 kDa)
was determined spectrophotometrically using esgg = 74025 M~ cm~! [13].

Enzyme activity

The activity of purified mTG was measured at pH 7.0 and 37 °C following a modified
colorimetric hydroxamate procedure [14]. The substrate, Na-CBZ-Gln-Gly was used
at a concentration of 3 mM. The product (CBZ-GIn-Gly-hydroxamate) formed was
determined from the absorbance measured at 525 nm (¢ = 0.47 ymol~! cm~!). HRP
was used as received and its activity was measured in 0.1 M ammonium acetate at
pH 7.0 + 0.2 and 37 °C using the ABTS assay [11]. The formed product (oxidised
ABTS) was determined from the absorbance measured at 405 nm (e = 36.8 mmol !
em~1). The specific catalytic activity of both enzyme preparations is expressed as kat
mg~!, where one katal (kat) is one mole of product formed per second under specified
conditions [15]. The enzyme activities were found to be 4.7 4 0.4 nkat mg~! and 10.9
+ 0.6 pkat mg~! for mTG and HRP, respectively.

64



Cross-linking reaction
Sample preparation

All solutions were prepared in Milli-Q water (18.2 MQ cm). For all the reactions,
a-LA solutions of 30 g L~! were prepared by mild stirring followed by centrifugation
(40,000 g, 1 h, 20 °C) and filtration of supernatant over a 0.2 um polyethersulfone
membrane syringe filter (type: SY25PL-S, Advanced Microdevices, Ambala, India).
For both enzyme systems, the pH of the reaction mixtures was maintained at 7.0 +
0.2 using 0.1 M sodium phosphate buffer for mTG and 0.1 M ammonium acetate for
HRP reactions. The cross-linking of a-LA with mTG or HRP was performed at 37
°C using an a-LA : enzyme ratio of 20:1 (w/w) corresponding to a molar ratio of 62
a-LA : HRP and 53 a-LA : mTG. Since a-LA has 12 Lys, 6 Gln and only 4 Tyr, the
molar ratio of enzyme to total substrate amino acids is around 4 mmole HRP /mole
Tyr and 1 mmole mTG/mole (Lys+Gln). The protein concentration was determined
using the reported molar extinction coefficients of the proteins, i.e. €59 = 28460
M=t em™! for a-LA (www. uniprot.org, entry: P00711), a5 = 74025 M~ cm~! for
mTG [13] and €403 = 112000 M~! cm~! for HRP [16].

a-LA/mTG cross-linking reaction

Cross-linking of a-LA with mTG was performed in 100 mL capped glass bottles that
were kept in an oven maintained at 37 °C. The solutions were mixed using a magnetic
stirrer. Samples were taken out at various time points (1, 5, 20, 30, 40, 50 and 72
h). The mTG was inactivated by heating the solution at 95 °C for 5 minutes. It
was verified using dynamic light scattering (DLS) and asymmetrical flow field flow
fractionation (AF4) that the heat treatment at 95 °C for 5 minutes did not result in
changes in hydrodynamic radius (Rj) or radius of gyration (Ry) or M,,.

a-LA/HRP cross-linking reaction

The cross-linking of a-LA with HRP was performed as described before [10]. A
solution of a-LA and HRP was incubated at 37 °C in a jacketed glass vessel with
continuous stirring. A computer controlled syringe pump was programmed to dose 2
uL of a 50 mM HoOs4 solution per mL of the reaction volume at set intervals (t = 210
s). Samples were taken after different numbers of HyOo additions (np202 = 1, 3, 5,
10, 20, 35, 85, 120 and 180).

Storage and use of a-LA nanoparticles

At the end of cross-linking, the large scale (100 mL) samples were mixed with equal
volumes of 1 M sucrose and frozen. The frozen sample was subsequently freeze-dried
and stored at -20 °C [10]. Before use, the freeze-dried powder was reconstituted in 10
mM sodium phosphate buffer, pH 7.0 and then extensively dialysed with a 300 kDa
regenerated cellulose membrane [10]. The protein concentration of the dialysate (%
N x6.25), was determined by the Dumas method |17]. These samples were used for
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CD, AF4, swelling, water holding capacity and thermal stability experiments. The
samples collected at various time points were not freeze-dried and used directly in
AF4 to determine the conversion, molar mass and size.

Dynamic light scattering (DLS)

To follow the rate of nanoparticle formation, the crosslinking experiments were also
performed in a home built set-up at 5 mL scale and monitored online using DLS
(for details see [18]). The scattered light intensity was measured at 90° and the R},
distribution was obtained using the regularization method utilizing CONTIN routine
and Stokes-Einstein equation [9]. All other DLS measurements were performed using
a zeta sizer (A = 633 nm, Nano ZS, Malvern Instruments, Malvern, UK) following
the method described previously [10]. Samples were diluted in a 10 mM phosphate
buffer at pH 7.0 to yield a concentration of around 0.1 g L~! and the intensity of
scattered light was measured at 173°. The z-average Rj was obtained from the
intensity weighted size distributions using the zeta sizer software (Malvern).

Asymmetric flow field flow fractionation (AF4)

Cross-linked nanoparticle mixtures were separated using an asymmetric flow field
flow fractionation (AF4) as described before |[10] . The AF4 instrumentation com-
prised of an Eclipse Dual tech (Wyatt Technology, Santa Barbara, CA, USA) linked
to a HPLC unit (Ultimate 3000, Dionex/Thermo Fisher Scientific, Sunnyvale, CA,
USA) with UV diode array detector and a multi-angle light scattering (MALS, Dawn
Heleos-1T, A = 665 nm, 130 mW Laser), RI detector (Optilab T-rEX), flow cell (short
flat channel, 145 mm length). The flat channel was fitted with a spacer (type W,
350 pm) and a membrane (10 kDa regenerated cellulose, Millipore PLGC), procured
from Wyatt Technology. The pump flow rate was controlled by the Eclipse separation
system using the Chromeleon software. Data collection and analysis were done with
ASTRA-6 software (Wyatt Technology). The detector flow rate was kept constant
at 1 mL min~!, while elution was done under varying cross flow rate (V). At the
start of elution, V, was kept constant at 2 mL min~! for 5 min and then exponen-
tially decreased from 2 to 0.1 mL min~! with a decay time constant of 5 min. The
exponential decay was achieved by 22 linear decays of 1 min duration each. Then, V,
was kept constant at 0.1 mL min~! for 5 minutes, and then at 0 mL min~! for 10
minutes. The refractive index (RI) was used to fit the molar mass distribution using
a dn/dC value of 0.185 mL g~! [19]. Light scattering signals from the most precise
angles between 29.6° to 140° were used for the extrapolation using 15 order fits with
Berry formalism to obtain M, and R4 [9,20]. The data for R, of the monomeric
a-LA was taken from [21]. Further, the apparent density (papp) was calculated using
fitted M,, and R,. The fractal dimension (dy) [22,23] was obtained in two different
ways. First, from the scaling of M,, and R, (referred to as low ¢) i.e. df = 1/v,
where v is the scaling exponent obtained from R, ~ M. Second, from the angular
dependence of scattered light intensity when gR, > 1 (referred to as high ¢) [10]. The
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RI fractograms were integrated between 1 to 40 minutes to obtain the total amount
of protein eluting from the flow cell. Based on the elution profile and molar mass of
the formed nanoparticles, a distinction is made between oligomers and polymers. The
fractograms were further divided into three sections i.e monomers (1 to 2 min., 0.0142
MDa), oligomers (2 to 10 min., 0.0142M Da < M,, < 1 MDa) and polymers (10 to
40 min., M,, > 1 MDa). The integrated area in each section was then divided by the
total area to obtain the fraction of protein in each section. The fraction of monomeric
protein left after certain time of reaction with the original (starting) amount of mono-
meric protein is defined as conversion (%). The conversion of monomeric a-LA into
oligomers and polymers is used to quantify the extent of the reaction. To indicate
the number of a-LA monomers cross-linked per nanoparticle, the degree of polymer-
isation (DP) is calculated by dividing the M,, of a-LA nanoparticles by the M,, of
monomeric a-LA (14.2 kDa). The samples were analysed in duplicates and the aver-
age of these is reported with standard deviations. The standard deviation in d; was
obtained from the variation of d; in nanoparticles obtained at various conversions.

Circular Dichroism (CD)

The secondary and tertiary structure of monomeric and crosslinked a-LA were de-
termined using far and near ultraviolet (UV) circular dichroism (CD), respectively and
the analysis method was adapted from [11]. The mean residue ellipticity at wavelength
A ([0)mrE,x) was calculated from the measured ellipticity at that wavelength (6, de-
grees) using the equations described in [24]. The secondary structure was quantified
by using Dichroweb online server [25]. The data were fitted using various algorithms
such as CONTIN, CDSSTR, SELCON 3, K2D [26-28|. For each algorithm, the ref-
erence protein data used were set 4, 7 and SP175 [28]|29]. Spectra were not corrected
for scattering artefacts; the normalized root-mean-square deviations (NRMSD) were
between 0.04 and 0.3. The near UV spectra in the wavelength range 290 — 305 and
275 — 282 nm are due to Trp and Tyr, respectively [24]. A change in spectra around
294 and 275 nm indicates a change in the mobility or dielectric environment of Trp
and Tyr [24]. The secondary structure content shown is the average (4 standard
deviation) of all the analyses. The maximum error in the estimation of secondary
structure is around 20 %, hence, a change in secondary structure content is statistic-
ally significant only if it is > 20 %.

Swelling, water holding capacity, thermal stability

To test if some bulk techno-functional properties are affected by the differences in
the mesoscale structure, the swelling, water holding capacity and thermal stability of
a-LA/mTG (R, = 60 nm) and a-LA/HRP (Rj = 65 nm) nanoparticles were invest-
igated. Swelling was studied by measuring the changes in Rj, when the ionic strength
was varied. The nanoparticle samples were dialysed against MQ water and then di-
luted to a concentration of 0.1 g L~! with MQ-water (ionic strength, I ~ 0.001 mM),
sodium phosphate buffer (I = 0.001, 0.25. 2.5 and 25 mM) and sodium phosphate
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buffer + NaCl (I = 125, 500 and 1000 mM) at pH 7.0. Then the Rj, at a given ionic
strength was measured using DLS.The dialysed samples were diluted to a concentra-
tion of 1 g L~! using a 10 mM sodium phosphate buffer, pH 7.0 for water holding
capacity and thermal stability measurements. For water holding capacity experiment,
15 mL of solution was transferred to an Amicon-Ultrals tubes fitted with regenerated
cellulose membrane of 100 kDa cut-off (Merck Millipore, Cork, Ireland). The tubes
were centrifuged (4000 g; 20 °C). The centrifuge was stopped at different time points
to weigh the filtrate. The differences in the filtrate volume versus time curves are
used as indicators of the differences in water holding capacity of the nanoparticles.
For thermal stability, 1 mL of solution was heated at 90 °C in a glass cuvette placed
inside the DLS. Simultaneously, change in Ry, over a period of one hour was measured.
No change in the R}, indicates high thermal stability of nanoparticles i.e. they do not
undergo any major structural change upon heating.

Results and discussion

Nanoparticle formation

The radius of gyration (R,) and hydrodynamic radius (R;) of monomeric apo a-LA
are similar and around 2 nm (table [£.1)). After the longest time of incubation with
mTG, the R, and Rj, increase up to 146 nm and 100 nm, respectively (table .
The AF4 under dissociating and reducing conditions (data not shown) also proves
that the nanoparticle formation takes place solely by covalent cross-linking in both
enzyme systems. The AF4 fractograms (figures , ) indicate that monomers
are lost during the course of cross-linking, reaching a conversion of around 95 % at
the end of reaction for the a-LA/mTG system.

Until a conversion of 80 % mainly oligomers were formed. The polymeric peaks
start to appear only at conversions beyond 85 %. For the a-LA/HRP system, the
AF4 fractograms (figure , ) indicate that monomers reach a conversion of
around 85 % at the end of cross-linking reaction. Similar as for mTG, initially the
oligomers were formed until a conversion of 80 % and the polymeric peaks start to
appear only at conversions beyond 80 %. The values of conversion at the end of
cross-linking are different for the two systems, indicating that mTG also cross-links
a significant fraction of the 20 % holo a-LA present in the starting mixture. During
the initial stage of cross-linking, the decrease of monomeric a-LA corresponds to an
increase of oligomers (0.0142 < M,, < 1 MDa) (figure[4.3p). There are no large molar
mass nanoparticles present during this stage. In the second stage (conversion > 80
%) there is a decrease in the area under the curve of oligomers and an increase of
high molar mass polymers (M,, > 1 MDa). For conversion up to 80%, the degree
of polymerisation is not more than 100, while DP > 10000 is reached for conversion
between 80 to 95 % (figure ) The formation of ultra-high molar mass polymers
only towards very high conversions (> 80 %) indicates a mechanism similar to step-
growth polymerization.

Two distinct stages in the process of a-LA/mTG nanoparticle formation were also
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Figure 4.2: AF) fractograms of a-LA/mTG nanoparticles (a, b) and a-LA/HRP nano-
particles (¢, d). The markers represent the fitted M., for sample with increasing conversion
of monomeric a-LA (% conversion is labelled for each curve).

observed in DLS (figure [.4h). In the first stage (0 — 40 h), the R, of nanoparticles
increases to around 45 nm and in the second stage (40 — 72 h), the increase in Ry, is
much faster and it reaches a value of 110 nm. The intensity weighted size distribution
for the selected points (a-e) from figure can be seen in figure[d.4p. A similar two-
stage mechanism of nanoparticle formation in DLS was observed for cross-linking of
a-LA with HRP (chapter 2). Crosslinking of a-LA with HRP led to a small increase
of Ry, to around 10 nm during the initial 1 hour (20 HoO4 additions) and then the
Rj, started to increase rapidly with the subsequent additions of HoO5 and reached a
value around 100 nm after 10 hours of reaction (180 H302 additions). The overall
mechanism of nanoparticle formation (growth) as monitored by DLS seems to be
similar for both enzyme systems. The two step polymerization process concluded
from AF4 matches earlier conclusions 18] on cross-linking of a-LA with HRP, where
size exclusion chromatography was used for separating the early stage nanoparticles.

The Ry, versus time curves obtained from DLS in the case of enzymatic cross-
linking seem similar to that of heat-induced aggregation of S-lactoglobulin [30]. The
AF4 and DLS results clearly indicate that for both enzymes the nanoparticle form-
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Figure 4.4: Kinetics of a-LA/mTG nanoparticle formation depicted by increase of hydro-
dynamic radius (Rp) with time (a). The intensity weighted Ry, distribution of selected data
points (a-e) i.e. the filled symbols (b).

ation proceeds in same way despite the fact that both enzymes induce cross-linking
by different biochemical mechanisms and are known to target different amino acids.
This shows that the nanoparticle growth mechanism is not dependent on the number
and accessibility of target amino acids.

Mesoscale structure

The mesoscale structure of nanoparticles is evaluated at two different levels i.e. at
monomer level and at the particle level. The near UV CD spectra of apo a-LA
(monomeric) before and after enzymatic cross-linking are given in figure . The
a-LA monomer in the HRP and mTG nanoparticles shows a decrease of the mean
residue ellipticity (MRE) from 250 to less than 100 deg cm? dmol~! at wavelength
around 275 nm, and the peak at 294 nm is absent. This indicates absence of tertiary
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structure in a-LA monomer in the nanoparticles after enzymatic cross-linking. The
far UV CD spectra of apo a-LA, a-LA/mTG and a-LA/HRP nanoparticles and the
secondary structure fits are given in figures and figure [L.5p, respectively. The
fraction of a-helix after cross-linking with mTG is reduced by 44 % while in the
case of HRP it decreased by only 23 %. The fraction of S-sheets after cross-linking
with mTG increased by 82 % while there was no significant change in the case of
HRP. The unordered fraction did not change significantly in both cases. Hence, two
things were concluded from CD data; 1) even after extensive cross-linking, there is
a significant amount of secondary structure present in both cases but it is different
from the composition of a-LA before cross-linking and 2) the unordered content in
a-LA/HRP nanoparticles is slightly more than that of a-LA/mTG.

At nanoparticle level, the structure was described by the power law exponent of
scaling of R, with M,, and the apparent density of the nanoparticles. The size to
mass scaling exponent (v) for a-LA/HRP and o-LA/mTG nanoparticles is 0.57 £
0.05 and 0.38 + 0.05, respectively (table [4.1]and figure [4.6h). This indicates that the
a-LA/mTG nanoparticles are more branched (dense) than a-LA/HRP nanoparticles.
This was also confirmed by the dy (low ¢) obtained from size to mass scaling, which
was 1.8 £ 0.2 and 2.7 & 0.5 for «-LA /HRP and a-LA /mTG nanoparticles, respectively
(table[d.1)). The dy (high ¢) obtained from the angular dependence of light scattering
were 2.0 £ 0.1 and 2.2 &+ 0.1 for «-LA/HRP and o-LA/mTG nanoparticles, respect-
ively (table figure ) It can be concluded that both type of nanoparticles
have a fractal structure. But, the differences between d; obtained from low and high
q indicate that they are not self-similar at all length scales. The size to mass scaling
exponent is very sensitive to branching and the exponent can approach values around
0.33 with increasing degree of branching. Typically, the exponent of 0.33 indicates a
solid sphere with d; of 3, yet a highly branched fractal aggregate with dy < 3 can
also exhibit the same exponent. The fractal nature of the nanoparticles is also evident
from the ratio of Ry/Ry, which changes from around 1 for small to around 2.5 for
large nanoparticles (table. The R,/Ry > 1 is typically displayed by many fractal
aggregates ( [31]).

Another parameter for differentiating the two types of nanoparticles is their appar-
ent density. The a-LA/HRP nanoparticles have an apparent density of around 10 kg
m~3 for R, > 100 nm (table . The apparent density of a-LA/mTG nanoparticles
of Ry > 100 nm is on an average around 22 kg m~2. In conclusion, the mesoscale
structure of both types of nanoparticles can be described as fractal type but with the
differences in the degree of branching (density). The a-LA/mTG nanoparticles are
denser than a-LA/HRP nanoparticles. The number and accessibility of target amino
acids seem to be correlated with the apparent density of the nanoparticles.

Link between structure and nanoparticle properties

The o-LA/mTG and a-LA/HRP nanoparticles exhibit a constant Ry, for regular ionic
strengths (> 0.01 mM). Surprisingly, at very low ionic strength there is a significant in-
crease in Ry, which is much higher for a-LA/HRP than for a-LA/mTG nanoparticles

73



Chapter 4. Mesoscale structure of o-LA/mTG and «o-LA/HRP nanoparticles

a 1; PLL o YOO b E
£ 100] i ’ ]
S 5 | ]
i O o1 4

- £ OLAMTG TRE T | AMHRPS
1 | | | 0.01 Lol | R
10° 10° 10 10° 10° 0.1 1 g 10 100
M_(Da) a,

Figure 4.6: Scaling of size versus mass for the a-LA/mTG (black, power law scaling ex-
ponent, v = 0.38, R> = 0.98) and a-LA/HRP (grey, v = 0.57, R* = 0.99) nanoparticles
described in table . Particle scattering factor, P(q) versus qRg for the samples described
in table . The thin lines are power law fit for a-LA/mTG (n = 2.2, R*> = 0.99) and
a-LA/HRP (n = 2.0, R* = 0.99) nanoparticles and the thick grey line is a fit represented by

P(q) = (1+ (¢R?) /3)"".

(figure [4.7h). The Rj, of both types of nanoparticles remains unchanged at around
60 nm in the ionic strength range of 10 to 1000 mM, while it increases below 10 mM.
When the ionic strength is < 0.001 mM, the R}, of a-LA/HRP nanoparticles increases
much more than that of a-LA/mTG nanoparticles. At ionic strength of around 0.001
mM, the Ry, is 140 and 90 nm for a-LA/HRP and o-LA/mTG nanoparticles, respect-
ively. Hence, the a-LA /HRP nanoparticles swell more than o-LA/mTG nanoparticles
and this is correlated with more open type of structure for the former.

There was also a significant difference in the water holding capacity of these two
types of nanoparticles as indicated by the amount of buffer centrifuged out as a
function of centrifugation time for the two types of nanoparticles at the same ionic
strength (25 mM) (figure[f.7b). In the case of buffer (without protein) and monomeric
a-LA, all the water is centrifuged out within 2 and 5 minutes, respectively. For the
same centrifugal force, much less water is centrifuged out in the case of nanoparticle
solutions. In first two minutes, around 2 g of water was centrifuged out of nano-
particle solutions as compared to 14 g in the case of only buffer. When the two types
of nanoparticles are compared, the amount of water centrifuged out of a-LA/mTG
solution at any given point of time is more than that of a-LA/HRP solution. For
example, after 5 minutes of centrifugation, 10 g of water was centrifuged out of a-
LA/mTG solution as compared to only 7 g for a-LA/HRP solution. The differences
in the water holding capacity seems correlated with the open versus compact meso-
scale structure of the a-LA/HRP and a-LA/mTG nanoparticles, respectively. When
heated at 90 °C for one hour, the Rj of a-LA/mTG nanoparticles remains constant
while it decreases by 20 nm for a-LA/HRP nanoparticles (figure [£.7¢). Hence, rigid

(more dense) mesoscale structures may prevent the changes in nanoparticle structure
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at high temperatures and this can partly explain the stability of a-LA/mTG nano-
particles. In conclusion, the R decrease during heating of open type of a-LA/HRP
nanoparticles indicates that the cross-link network is weaker in this case, while more
dense type of a-LA/mTG nanoparticles have a stronger network. Hence, there also
seems to be a correlation between the mesoscale structure and the thermal stability
of nanoparticles. The difference in structure seems to correlate with a difference in
water holding capacity. In summary, both types of a-LA nanoparticles have a fractal
nature but cross-linking with mTG results in more denser particles. It is important
to note that the term denser is relative to the nanoparticles made with HRP and
as such both types of nanoparticles are very dilute compared to some heat-induced
protein particles. The structure/size of the nanoparticles changes a lot with low ionic
strength. Upon short time heating, the particle size seem to be stable, although for
extended heating, the a-LA/mTG nanoparticles are more stable. The differences in
the mesoscale structure of the a-LA nanoparticles made with mTG and HRP are
expected to lead to different techno-functional properties.

Conclusion

The mesoscale structure of protein nanoparticles can be controlled and modulated
by enzymatic cross-linking. Protein nanoparticles with different mesoscale structures
can be obtained from same protein by using enzymes that target different amino
acids on that protein. The apparent density in combination with scaling of size and
mass can be used for quantification of differences in mesoscale structure of protein
nanoparticles. In enzymatic cross-linking of proteins, the mesoscale structure can be
different despite a similar way in which the polymerization (nanoparticle formation)
proceeds. There seems to be a strong correlation between the number/accessibility of
target amino acids and the mesoscale structure of protein nanoparticles. The number
and location of the target (substrate) amino acids in the protein can lead to varying
density of these nanoparticles. There are indications that the functional properties of
the protein nanoparticles are affected by the mesoscale structures of the nanoparticles.
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Chapter 5

Effect of mesoscale structure on
rheological properties of
enzymatically cross-linked
a-lactalbumin nanoparticles ﬁ

Abstract

Cross-linking of a-lactalbumin (a-LA) with microbial transglutaminase (mTG) or
horseradish peroxidase (HRP) was used to produce nanoparticles with different,
i.e. compact and open, mesoscale structure. These protein nanoparticles were sub-
sequently used to make a gel e.g. by concentrating the nanoparticle solutions (2-step
gel). Alternatively, continuous enzymatic cross-linking of proteins would also lead to
a gel if there is sufficient amount of protein present (1-step gel). The aim of this
chapter is to investigate a) the effect of differences in mesoscale structure of protein
nanoparticles on bulk rheology of 2-step gels. and b) the differences in rheological
properties of 2-step versus 1-step gels (made by continuous mTG cross-linking). For
both particles, the jamming concentration was determined by measuring the storage
modulus (G'), loss modulus (G”) and shear viscosity (1) as a function of concentra-
tion. The differences in particle structure were reflected by their rheological proper-
ties. The jamming concentration for a-LA/mTG nanoparticles (R, = 60 nm) was
50 + 5 ¢ L™ as compared to 40 + 5 g L™! for a-LA/HRP (R;, = 65 nm). The
power law exponent of G’ versus concentration curve is much higher (n = 18.7) for
a-LA/mTG while n = 5.26 for a-LA/HRP nanoparticles. Another difference between
the a-LA/mTG and o-LA/HRP nanoparticles is that the former shows more hyster-
esis in flow curves. There were no major differences between the rheological properties

*S. K. Dhayal, Y. Saricay, R. J. de Vries, P. A. Wierenga, H. Gruppen.
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of a-LA/mTG 1-step and 2-step gels.

Introduction

Rheological modifications of ingredients leading to improved techno-functional prop-
erties, such as an increase of viscosity or formation of a gel, are often desired in food
applications [1]. The rheological properties of protein solutions can be changed e.g.
by heating or by enzymatic cross-linking [2H4]. Heat aggregation of whey proteins to
a size of 50 nm led to increase of solution shear viscosity (1) to around 200 mPa s as
compared to 10 mPa s for native protein [5]. When the aggregate size was increased
further to 63 nm, they found an increase of 1 to around 2 Pa s. However, a decrease
of storage modulus (G') was also observed from ~ 3000 Pa to ~ 2000 Pa. This was
attributed to the open structure of 63 nm aggregates as compared to the 50 nm ag-
gregates. It was concluded that size and structure of aggregates affect the rheological
properties. Gelation may be induced by heating of proteins at sufficiently high con-
centrations [6], or by a 2-step process, generally referred to as cold gelation [7]. In the
latter method, proteins are first aggregated by heating at low concentrations, sub-
sequently gelation is induced by a change in pH, ionic strength or concentration [7].
For cold-set gelation of whey proteins or ovalbumin at acidic pH, the gel microstruc-
ture was found to be independent on the characteristics of the aggregates [7]. On
the other hand, the small deformation properties of these protein gels were found to
be influenced by the differences in shape and size of these aggregates. Hence, the
rheological properties of the protein aggregates are believed to be correlated both to
their size and structure. This implies that a control over protein aggregate size and
structure can be used for controlling their techno-functional properties, such as bulk
rheology. Now, in the method of enzymatic cross-linking, the question is if indeed the
different enzymes, through the different mechanism of cross-linking induce differences
that are reflected in significant changes in rheology. In a way similar to heating, en-
zymatic cross-linking can be used to produce a gel directly (in 1-step) or to produce
protein nanoparticles that are later used to make a gel (2-step). In most studies con-
sidering rheological properties resulting from enzymatic cross-linking, gels are formed
in the 1-step process. The 1-step enzymatic gelation of proteins has been studied for
different oxidases and transferase enzymes, for example laccase, tyrosinase, peroxi-
dase and transglutaminase [8-10]. Extensive cross-linking of 40 g L~! a-lactalbumin
(a-LA) with horseradish peroxidase (HRP) leads to formation of a gel [11,[12]. With
the same substrate and enzyme, nanoparticles of sizes 25, 50 and 100 nm were made,
that were later concentrated. Above 30 g L™! the nanoparticles formed gels [13]. In
previous work, it was shown that nanoparticles of a-LA can be also be made with
microbial transglutaminase (mTG) in a controlled manner [11]. When samples were
compared at the similar particle size, it was found that there are significant differences
in the structure. The a-LA/HRP nanoparticles were found to be of open type i.e. low
apparent density (< 10 kg m~2 for radius of gyration, R, = 100 - 200 nm) [11]. In
contrast, the a-LA/mTG nanoparticles were found to be of compact type with higher
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apparent density (~ 20 kg m~3) (chapter 4). The a-LA/mTG nanoparticles held less
water than a-LA/HRP nanoparticles indicating some correlation between mesoscale
structure and functionality (chapter 4). The aims of this chapter are to investigate
1) the effect of differences in mesoscale structure of a-LA nanoparticles made either
with mTG or with HRP on the bulk rheology of 2-step gels and 2) the differences in
rheological properties of 1-step versus 2-step gels of a-LA/mTG system.

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International (Le Sueur,
MN, USA). The protein content was 95 % (w/w) on dry basis, as determined by
DUMAS (N x6.25, a factor based on amino acid composition) [11]. Around 90 % of
the total proteins was a-LA [11], of which around 80 % (mol/mol) was in calcium free
apo form [14]. Microbial transglutaminase (mTG), commercially sold as ActivaR-YG
was procured from Ajinomoto Foods (Paris, France). Horseradish peroxidase (HRP)
was obtained from Sigma (P6782, Peroxidase type VIA). All other chemicals used
were of analytical grade.

Enzyme activity

Commercial mTG was purified by cation-exchange using StreamlineTM, SP XL in a
batch mode (chapter 4). The activity of purified mTG was measured at pH 7.0 and
37 °C following the colorimetric hydroxamate procedure |15 with some modifications
(chapter 4). HRP was used as received and its activity was measured in 0.1 M
ammonium acetate at pH 7.0 & 0.2 and 37 °C using the ABTS assay [14]. The
specific catalytic activity was found to be 29.1 £ 1.7 nkat mg~! and 10.9 & 0.6 pkat
mg~! for mTG and HRP, respectively.

Cross-linking reaction

All solutions were prepared in Milli-Q water (18.2 M cm). Details of the cross-linking
reactions were described previously (chapters 2 and 4) [11]. A mixture of 30 g L™! a-
LA and enzyme in a ratio of 20 (w/w) was incubated at 37 °C and pH 7.0 £ 0.2 using
a 0.1 M sodium phosphate buffer for mTG and a 0.1 M ammonium acetate solution for
HRP reactions. The a-LA/HRP reaction was terminated by stopping the addition of
H,0, after 120 additions, while mTG was inactivated after 17 h of reaction by heating
the solution at 90 °C for 5 minutes. Next, the samples were mixed with equal volumes
of 1 M sucrose and frozen. The frozen sample was subsequently freeze-dried and
stored at -20 °C [11]. Before use, the freeze-dried powder was reconstituted in 10 mM
sodium phosphate buffer, pH 7.0 and then extensively dialysed against de-mineralised
water and finally against 10 mM sodium phosphate buffer (pH 7.0) with a 300 kDa
regenerated cellulose membrane [11]. The protein concentration of the dialysate (% N
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x6.25), was determined by Dumas method. The a-LA/HRP nanoparticles obtained
had a hydrodynamic radius (R},) of 65 nm and the a-LA/mTG nanoparticles had a
Ry, of 60 nm.

Dynamic light scattering (DLS)

DLS measurements were performed using a Zeta sizer equipped with a laser at a
wavelength of 633 nm (Nano ZS, Malvern Instruments, Malvern, UK). Samples were
diluted in a 10 mM sodium phosphate buffer at pH 7 to yield a concentration of 0.1
g L™, The diluted sample (500 L) was transferred into a 1 mL quartz cuvette. The
intensity of scattered light was measured at 173°. Each sample was equilibrated at 25
°C for 300 seconds, and each measured point consisted of the average of 10 individual
measurements of 10 seconds each. Three such measured data points were further
averaged to obtain z-average hydrodynamic radius Rj from the intensity weighted
size distributions using the zeta sizer software (Malvern) following the regularization
method and utilizing Stokes-Einstein equation [16].

Determination of molar mass and radius of gyration by AF4

Dialysed nanoparticles were separated using an asymmetric flow field flow fractiona-
tion (AF4) and characterized by multi-angle light scattering (MALS) in combination
with RI detector, as described before [11] . The AF4 was performed on an Eclipse
Dual tech (Wyatt Technology, Santa Barbara, CA, USA) linked to a HPLC unit (Ul-
timate 3000, Dionex/Thermo Fisher Scientific, Sunnyvale, CA, USA) with UV diode
array detector and a MALS (Dawn Heleos-II, A = 665 nm, 130 mW Laser, Wyatt), RI
detector (Optilab T-rEX, Wyatt), flow cell (short flat channel, 145 mm length). The
flat channel was fitted with a spacer (type W, 350 m) and a membrane (10 kDa regen-
erated cellulose, Millipore PLGC), procured from Wyatt Technology. The pump flow
rate was controlled by the Eclipse separation system using the Chromeleon software.
Data collection and analysis were done with ASTRA-6 software (Wyatt Technology).
The refractive index (RI) was used to fit the molar mass distribution using a dn/dC
value of 0.185 mL g~! [17]. Light scattering signals from the angles with most precise
signals between 29.6° to 140° were used for the extrapolation using 15¢ order fits with
Berry formalism to obtain M, and Ry |16//18]. The deviations in the fitted mass and
size were less than 3 %. Further, the apparent density (pqp,) was calculated using
fitted M,, and R, |11]. The data for R, of the monomeric a-LA was taken from [19].
The fractal dimension (dy) was obtained in two different ways. First, from the scaling
of M,, and R, (referred to as low ¢) i.e. dy = 1/v, where v is the scaling exponent
obtained from R, ~ M},. Second, from the angular dependence of scattered light
intensity when ¢R,; > 1 (referred to as high ¢) (Chapter 4).
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Atomic Force Microscopy (AFM) imaging

The dialysed nanoparticles at pH 7.0 were used for AFM imaging. Sample preparation
and imaging was done as described previously [12]. AFM imaging was done with
a scanning probe microscope (NanoScope V Multimode, Bruker, Leiderdorp, The
Netherlands), using a noncontact, ultra-sharp silicon cantilever (NT-MDTCSCS11)
in the scan-assist imaging mode. The image processing and analysis were done using
the Nanoscope analysis software (version 1.30, Bruker). The average dimensions of
the nanoparticles were calculated from the analysis of around 50 nanoparticles clusters
from different images. The height distribution was plotted with bin sizes of 4 nm,
spread from 0 to 24 nm. The data was fitted to a log-normal function and the mean
of the distribution was obtained from the fit.

Rheology experiments

Shear viscosity (1), storage (G') and loss (G) modulus were measured for various
concentrations of the nanoparticles of a given size. All rheological measurements
were performed in a stress-controlled rheometer (MRC 301 or 501, Anton Paar, St
Albans, UK). The temperature in the rheometer was controlled by a Peltier system
and kept constant at 20 °C for all experiments. Before the start of each experiment,
samples were equilibrated at 20 °C for 10 minutes in the rheometer itself. In order
to minimise the evaporation of water, a solvent trap was used for all measurements.
Two types of rheological measurements i.e. oscillatory and steady state shear flow
were performed for each sample with a resting period of 10 minutes between each
type of measurement. A fixed sequence of rheological measurements was followed
for all samples, starting with oscillatory frequency sweep and ending with shear flow
measurements. For nanoparticle concentrations < 40 g L™!, the measurements were
done with a Couette (concentric cylinder) geometry with an inner diameter of 10.835
mm and a gap width of 0.832 mm. Samples at > 40 g L™! were tested using a cone
and plate geometry with a cone diameter of 24.969 mm and a cone angle of 0.993°.
Plots of G or G as a function of the strain amplitude (0.1 — 100 %) for a given
frequency (0.1 or 10 rad s~!) were used to identify the linear visco-elastic regime
(LVR). A strain amplitude of 1 % was chosen for further experiments since it was
found to be well within the LVR. The oscillatory measurements were done by applying
a sinusoidal strain with an amplitude of 1 % and measuring the sinusoidal stress in
the frequency range of 0.1 and 10 rad s~'. For each frequency sweep, 70 data points
were acquired logarithmically and the acquisition time for each frequency was varied
from 100 s for 0.1 rad s™! to 0.1 s for 10 rad s~'. The steady state flow measurements
were done by applying a loop of shear rate gradient i.e. from 0.01 to 100 s~! and
then decreasing it back to 0.01 s~!. The data was collected logarithmically and the
acquisition time was varied from 100 s for 0.1 s™' to 0.1 s for 100 s~!. The flow
measurements were also performed for the 2-step gels of nanoparticles to obtain an
idea of the large deformation properties of these gels. The differences were quantified
in terms of apparent shear viscosity (nqpp) of these gels and the hysteresis in the flow
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Table 5.1: Nanoparticles used for rheological experiments. The parameters described are hydrodynamic radius (Rp), radius of
gyration (Ry), weight averaged molar mass (M. ), apparent density (papp) based on Ry, degree of polymerisation (DP), size (Ry)

to mass (M) scaling exponent (v) and fractal dimension (dy).

Rn My Ry (nm) Papp
(nm) (MDa) (kg/m®)
Apo a—LA 2 £0.1 0.0142 1.72* 1106

0.38 £0.05 2.7 £0.5

a—LA/mTG 60 £1.8 77.2 £2.2 108.1 £1.1  24.2 £0.6

a-LA/HRP 65 +1 111.8 £3.8 167 £2 9.5 £0.3

* Data taken from reference [19].
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Figure 5.1: Storage modulus (G/), measured at an angular frequency (w) of 1 rad s™' during
the course of mTG induced crosslinking of a-LA at concentrations of 40 (O ), 60 (A) and
80 (o) g L' (a), and G’ measured at varying w after 1 minute (@), 1 hour (A) and 20 (o)
hours of reaction for 80 g L™* sample (b).

curves.

Rheology of 1-step gels

The cross-linking reaction of a-LA with mTG was performed directly in the Couette
cell maintained at 37 °C to form a a-LA/mTG 1-step gels. Cross-linking was carried
out in 0.1 M sodium phosphate buffer (pH 7.0) for three different concentrations (40,
60 and 80 g L™!) of a-LA using a-LA : mTG ratio of 20 w/w. The cross-linking
reaction was followed online by repeating the oscillatory measurement (frequency
sweep) described in the rheology section over a period of 24 hours. At the end samples
were cooled down and the rheological measurements were performed at 20 °C.

Rheology of concentrated solutions and 2-step gel

The protein concentration of the dialysed samples (10 mM sodium phosphate buffer,
pH 7.0) was measured using DUMAS (N x6.25) (chapter 4). The samples were
then either diluted or further concentrated by filtration over a regenerated cellulose
membrane of 100 kDa cut-off using Amicon-Ultral5 tubes (4000 g; 20 °C, Merck
Millipore, Cork, Ireland) to obtain concentrations between 1 and 80 g L~—!. The final
concentrations of the nanoparticles (retentate) were calculated using the weight of the
filtrate. Samples were transferred into 2 mL eppendorf tubes and centrifuged gfl,OOO
g ; 5 min ; 4 °C) to remove air bubbles and stored at 4 °C for 12 h. The G, G and
7 versus concentration series data at selected angular frequency (1 rad s™!) or shear
rate (1 s71) is reported as average of duplicate samples.
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Figure 5.2: Storage (G/) modulus measured at an angular frequency of 1 rad s~* as a function
of increasing bulk concentrations of a-LA/mTG nanoparticles (2-step process) (a). The G
after 24 hours measured at 20 °C for a-LA/mTG 1-step reaction (o) is also plotted in (a).
The G versus angular frequency (w) for 1-step and 2-step a-LA/mTG gels (80 g L™*) (b).

Results and discussion

Rheology of 1-step versus 2-step gels of a-LA/mTG

The mTG crosslinking of a-LA was used to study the differences between the rhe-
ological properties of the gels obtained from 1-step and 2-step gelation process. This
system was chosen since this cross-linking reaction can easily be performed inside the
rheometer cell and monitored online. Online cross-linking with an a-LA concentration
of 40 g L~ did not lead to gelation as indicated by a very low value of the storage
modulus (G'). The G’ was around 2 Pa and it did not change within 24 hours of
reaction (figure ) When the online cross-linking was performed at a concentra-
tion of 60 and 80 g L', the G’ started to increase after about 1 hour of reaction and
reached a plateau value of around 80 and 2000 Pa, respectively (figure ) The G’
as function of frequency for the 80 g L~! sample shows a transition from a solution
to a gel (figure [5.1Ip). At the start of the cross-linking reaction (1 minute) scattered
data is obtained. After around one hour of reaction the G starts to increase and
reaches a value around 10 — 20 Pa and shows frequency dependence. In the final gel,
G s frequency independent(figure )

To compare the 1-step gelation, G of concentrated solutions of 60 nm nano-
particles was measured as function of concentration (figure ) Until a concentra-
tion of 50 g L™, no gelation was observed, but when a-LA/mTG nanoparticles were
concentrated beyond 50 g L1, the G increased by 1000 times (figure ) At com-
parable concentrations, values of G’ are similar for the 1-step gel as for the 2-step gels.
However, a small difference is observed in the frequency dependence (figure [5.2p).

For the 2-step gel, G is weakly frequency dependent and ranges between 1000 and
2000 Pa. The G of a-LA/mTG 1-step gel is frequency independent and is around
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Figure 5.3: AFM image depicting the cross-profiles of a-LA/mTG (a) and a-LA/HRP (b)
nanoparticles. The images show a scanned area of 1 um X lum and the section profile of a-
LA/mTG (black curve) and a-LA/HRP nanoparticles across the white line in each image is
shown in (c). The height distribution for a-LA/mTG and a-LA/HRP nanoparticles obtained
by analysis of multiple images is depicted in (d) where the curves represent a cumulative log-
normal fit.

2000 Pa. This is almost similar to the 2-step gel made at same bulk concentration (80 g
L~1). Hence, rheological properties of 1-step and 2-step gels made by enzymatic cross-
linking are almost similar. So, the effect of mesoscale structure of the nanoparticles
on rheological properties can be studied for the 2-step gels made by concentrating two
types of nanoparticles of Rj, 60 and 65 nm made with mTG and HRP, respectively

(table [5.1).

Rheology of a-LA/mTG versus a-LA/HRP 2-step gels

The two types of nanoparticles, made with mTG and HRP have similar values of
Ry, but significantly different values for R, (table . This is also reflected in their
density, which for a-LA/mTG nanoparticles is two times higher (24 kg m~3) than for
a-LA/HRP (9.5 kg m™3) (table . This structural difference is also reflected in a
50 % higher fractal dimension (low ¢) of a-LA/mTG nanoparticles (table [5.1]).
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Figure 5.4: Storage (G/, filled symbols) and loss modulus (G”, open symbols) versus an-
gular frequency (w) of a-LA/mTG and a-LA/HRP nanoparticles (a). G at various bulk
concentrations measured at an angular frequency of 1 rad s=* (b). The solid lines represent
power law fit with scaling exponents of 18.7 (R* 0.92) for a-LA/mTG and 5.26 (R* 0.97)
for a-LA/HRP nanoparticles.

In addition to the difference in structure in solution, it appears that the particles
are different with respect to their rigidity. AFM analysis showed that the a-LA/mTG
nanoparticles appear to be more rigid indicated by the fact that they flatten less
(figure , c¢) compared to a-LA/HRP nanoparticles on the surface (figure ,
¢). The nanoparticle height distribution could be well described by a log-normal
function (figure [5.3{). The mean of the height distribution is 14 nm for a-LA/mTG
nanoparticles as opposed to 4 nm for a«-LA/HRP nanoparticles. The a-LA/mTG
nanoparticles retain their shape much better upon drying, indicating that they are
more rigid than a-LA/HRP nanoparticles. As the mesoscale structures of these two
types of nanoparticles were significantly different. Next it was investigated if this
affected their bulk rheological properties.

There were significant differences in the G of gels made with both types of
particles. At equal concentrations, G of a-LA /mTG nanoparticle gels is much higher

1000 — 2000 Pa) than that of a-LA/HRP nanoparticle gels (100 — 200 Pa) (figure
). The G is almost frequency independent in both cases. For both types of
nanoparticles the G’ showed a divergence beyond a critical concentration i.e. around
50 g L~! and 40 g L' for a-LA/mTG and o-LA/HRP nanoparticles, respectively
(figure ) The power law exponent of G’ versus concentration curve is much
higher (n = 18.7) for a-LA/mTG than for o-LA/HRP nanoparticles (n = 5.26). The
exponent for a-LA/HRP nanoparticles is in the range typically observed in the case
of heat-set protein gels [6, 19]. A rough estimation of the jamming volume fraction
can be obtained from the ratio of critical concentration and apparent density based
on Ry, for the two types of nanoparticles. The jamming volume fraction calculated
is around 0.4 and 0.3 for «-LA/mTG and o-LA/HRP nanoparticles, respectively. A
lower jamming volume fraction of a-LA /HRP nanoparticles was expected due to their
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Figure 5.5: Apparent shear viscosity (Mapp) at various bulk concentrations measured at a shear
rate (v) of 1 s~ for a-LA/mTG a-LA/HRP nanoparticles (a). The solid lines represent
power law fit with scaling exponents of 14.06 (R* 0.86) for a-LA/mTG and 4.26 (R* 0.96)
for a-LA/HRP. The Napp versus v of 80 g L' nanoparticles in 10 mM sodium phosphate
buffer at pH 7.0 (b).

open structure.

Differences between the two types of nanoparticles were also evident in their shear
viscosities. The shear viscosity (1) of water is around 1 mPa s at 20 °C and it is
around 3 £ 0.5 mPa s for a 80 g L~! solution of monomeric protein. The apparent
shear viscosity (7.pp) of nanoparticle solutions was much higher than that of mono-
meric protein. The 74y, of the nanoparticle solution was in the range of 30 to 100
mPa s for the concentrations varying between 1 to 40 g L~ (figure ) In this
concentration range, the viscosity profiles are weakly shear thinning and there is no
significant hysteresis during a shear rate cycle (increase followed by decrease) for both
types of nanoparticles. However, beyond close packing (> 40 g L™1) the apparent
viscosities increased by many decades and also showed more hysteresis. The hyster-
esis in the case of a-LA/mTG nanoparticles was much more pronounced than that of
a-LA/HRP nanoparticles (figure ) The hysteresis is indicative of irreversibility
of the network upon shear-induced breakage in a-LA/mTG case. This irreversibility
indicates more attractive interactions in the concentrated solutions of a-LA/mTG
nanoparticles as compared to repulsive interactions in the case of a-LA/HRP nan-
oparticles. In summary, the rheological properties of a-LA nanoparticles made by
enzymatic cross-linking are strongly correlated to their mesoscale structure.

Conclusion
Enzymatically cross-linked protein nanoparticles above a critical concentration pro-

duces gels that have similar rheological properties as gels made by extensive (continu-
ous) enzymatic cross-linking of that protein. Rheological properties of the protein
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nanoparticles are affected by their meso-scale structure. Denser and more rigid nan-
oparticles can produce gels with higher storage modulus, while more softer particles
appear to produce softer but self-healing type of gels. This indicates that bulk techno-
functional properties of the protein nanoparticles can be modulated by varying the
mesoscale structure of nanoparticles. Hence, protein nanoparticles can be used as
ingredients for controlling the functionality in food systems. An advantage of using
enzymatically cross-linked protein nanoparticles as food ingredient is that enzyme
used for inducing the cross-links is not part of the food content.
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Chapter 6

Enzymatic cross-linking of
a-lactalbumin to produce
nanoparticles with increased
foam stability ﬁ

Abstract

Hard colloidal nanoparticles (e.g. partly hydrophobised silica), when used as sur-
factant are known to make foams with very high foam-stability. Nanoparticles can
also be produced from proteins by enzymatic cross-linking of proteins. Such protein
based particles are more suitable for food applications, but it is not know if they
provide Pickering foam stabilisation and to what extent. a-Lactalbumin (a-LA) was
cross-linked with either microbial transglutaminase (mTG) or horseradish peroxidase
(HRP) to produce a-LA/mTG and a-LA/HRP nanoparticles. With both enzymes a
range of nanoparticles were produced with hydrodynamic radii ranging from 20 — 100
nm. The adsorption of nanoparticles to the air-water interface was probed by increase
in surface pressure (II) with time. In the beginning of the IT versus time curves, there
was a lag time of 10 — 200 s, for nanoparticles with Ry of 30 — 100 nm, respect-
ively. A faster increase of II with time was observed by increasing the ionic strength
(I =0 — 125 mM). The foam-ability of the nanoparticles was also found to increase
with increasing ionic strength. At a fixed I, the foam-ability of the nanoparticles de-
creased with increasing size while their foam-stability increased. Foams produced by
low-shear whipping were found to be 2 to 6 times more stable for nanoparticles than
for monomeric a-LA (R}, ~ 2 nm). At an ionic strength of 125 mM ionic strength
and protein concentration > 10 g L™, the foam-stability of a-LA/mTG nanoparticles

*S. K. Dhayal, R.J.B.M. Delahaije, R. J. de Vries, H. Gruppen, P. A. Wierenga.
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(Rp, = 100 nm, papp = 21.6 kg m™3) was 2 — 4 times higher than a-LA/HRP nan-
oparticles (R, = 90 nm, pap, = 10.6 kg m~3). This indicated that foam-stablity
of nanoparticles is determined not only by size but also by differences in mesoscale
structure. So, indeed enzymatic cross-linking of proteins to make nanoparticles is
moving a step towards particle like behavior e.g. slower adsorption and higher foam
stability. However, the cross-link density should be further increased to obtain hard
particle-like rigidity and foam-stability.

Introduction

Particle stabilised foams and emulsions have received a lot of attention, due to their
reported high stability (up to months) [1]. The mechanism of stabilisation by particles
(referred to as Pickering-Ramsden stabilisation [2}3]) is supposed to be due to their
large size, resulting in high adsorption energies. For other surfactants, such as pro-
teins and low molar mass surfactants, typically lower foam stabilities are observed.
However, in analogy to hard colloidal particles, protein particles made by heating nat-
ive proteins have increased foam stability, compared to the non-heated proteins [4H6].
Still, these heat-induced protein particles are not known to produce the same Picker-
ing effect as that of hard colloidal particles. The foam half-life time (¢g.5) is only of
the order of a few hours for protein particles as compared to many days or months
for hard particles |7,/8]. There appear to be many factors that govern the foaming
properties of protein particles, such as size, mesoscale structure [9,/10], and foaming
method. For example, heat induced protein particles of R, ~ 35 — 197 nm had a
lower foam-stability than native protein in a sparging test [6]. But, when the pro-
tein particles of R, ~ 35 and 71 nm were mixed with 5 % of native protein, the
mixtures showed higher foam-stability than native protein alone. Protein particles
of Ry ~ 117 and 197 nm showed lower foam-stability even in a mixture with nat-
ive protein [6].These results indicate that foaming properties of protein particles are
limited by mass transport of particles in a sparging test. In fact, lower mass trans-
port fluxes of large particles typically results in lower foam-ability. Hence, typically,
either higher concentrations of particles (> 1% w/v) are required, or presence of a
low molar mass surfactant with large particles is needed [6/11H14]. The slow diffusion
also causes different foam properties when the foam is made by whipping as compared
to sparging. In the case of heat-induced protein particles, when foams have been pro-
duced by whipping, the foam-stability was higher than foams made by sparging [4].
In addition to the method of foaming, the foam-ability of particles is also determined
by their wetting properties and surface charge density. A major bottle-neck in these
studies is a lack of data on meso-scale structural details, such as shape [7], particle
(aggregate) density [15]/16], softness [15], and charge [17]. Enzymatic cross-linking is
an alternative method to heating for producing protein particles. The main advant-
age of enzymatic cross-linking is the possibility to control the cross-linking density of
protein particles and therby to control their mesoscale structure. In chapters 2 and 4,
it was shown that protein nanoparticles with controlled size and mesoscale structure
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can be produced with enzymatic cross-linking. The apo a-LA was cross-linked with
two different enzymes; horseradish peroxidase (HRP) and microbial transglutaminase
(mTG), to produce nanoparticles in the size range 20 to 200 nm. The nanoparticles
made with HRP were open type, whereas those made with mTG were denser (ri-
gid) type. For example, the apparent density (papp) of a-LA/mTG nanoparticles
of R;, = 100 nm was 21.6 kg m~2, which is twice than that of 90 nm a-LA/HRP
nanoparticles (papp = 10.6 kg m=3). The a-LA/mTG nanoparticles were more rigid
as indicated by the fact that they showed less swelling at lower ionic strengths and
less collapse on modified silica as compared to a-LA/HRP nanoparticles. The goal of
this chapter is to compare surface and foaming properties of these two sets of a-LA
nanoparticles as a function of their size and to compare the typical foam half-life
times (tg.5) with those reported in literature for other types of protein aggregates and
colloidal particles.

Materials and methods

Materials

a-Lactalbumin (a-LA) was obtained from Davisco Foods International (Le Sueur,
MN, USA). The protein content was 95 % (w/w) on dry basis, as determined by
DUMAS (N x6.25, based on amino acid composition) [18]. Around 90 % of the
total proteins was a-LA [18], of which around 80 mol % was in the calcium free apo
form [19]. Microbial transglutaminase (mTG), commercially sold as ActivaR-YG, was
procured from Ajinomoto Foods (Paris, France). Horseradish peroxidase (HRP) was
obtained from Sigma (P6782, Peroxidase type VIA). All other chemicals used were of
analytical grade.

Enzyme activity

Commercial mTG was purified by cation-exchange using StreamlineTM, SP XL in a
batch mode (chapter 4). The activity of purified mTG was measured at pH 7.0 and
37 °C following colorimetric hydroxamate procedure |20] with some modifications
(chapter 4). HRP was used as received and its activity was measured in 0.1 M
ammonium acetate at pH 7.040.2 and 37 °C using the ABTS assay [19]. The specific
catalytic activity was found to be 4.7 + 0.4 nkat mg~! and 10.9 4 0.6 pkat mg~! for
mTG and HRP, respectively.

Cross-linking reaction

All solutions were prepared in Milli-Q water (18.2 MQ cm). Details of the cross-
linking reactions were described previously (chapter 4) [18]. In the case of o-LA/HRP
reaction samples were taken after three different numbers of HyO4 additions (ng202 =
35, 85 and 180). For a-LA/mTG reaction, samples were collected at various time
points (20, 40 and 72 h). The a-LA/HRP reaction was terminated by stopping the
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addition of HyO4, while mTG was inactivated by heating the solution at 90 °C for 5
minutes. It was verified using dynamic light scattering (DLS) that the heat treatment
of a-LA/mTG nanoparticles at 95 °C for 5 minutes did not result in changes in Rj,.
Next, the samples were mixed with equal volumes of 1 M sucrose and frozen. The
frozen sample was subsequently freeze-dried and stored at -20 °C [18]. Before use,
the freeze-dried powder was reconstituted in 10 mM sodium phosphate buffer, pH 7.0
and then extensively dialysed with a 300 kDa regenerated cellulose membrane against
de-mineralised water and finally against 10 mM sodium phosphate buffer containing
0.1 M NaCl (pH 7.0) [18]. The protein concentration of the dialysate (% N x6.25),
was determined by Dumas method. The hydrodynamic radii (R},) of the a-LA/HRP
nanoparticles were 20, 35, 65 and 90 nm and the R}, of the a-LA/mTG nanoparticles
were 30, 60 and 100 nm.

Dynamic light scattering (DLS)

The DLS measurements were performed using a Zeta Sizer (A = 633 nm, Nano ZS,
Malvern Instruments, Malvern, UK) following the method described previously [18].
Samples were diluted in a 10 mM sodium phosphate buffer at pH 7.0 to yield a
concentration of around 0.1 g L~ and the intensity of scattered light was measured
at 173°. The z-average Rj, was obtained from the intensity weighted size distributions
using the zeta sizer software (Malvern).

Asymmetrical flow field flow fractionation (AF4)

Dialysed nanoparticles were separated using asymmetric flow field flow fractionation
(AF4) and characterized by multi-angle light scattering (MALS) in combination with
RI detector, as described before [18]. The AF4 instrumentation comprised of an
Eclipse Dual tech (Wyatt Technology, Santa Barbara, CA, USA) linked to a HPLC
unit (Ultimate 3000, Dionex/Thermo Fisher Scientific, Sunnyvale, CA, USA) with
UV diode array detector and a MALS (Dawn Heleos-1I, A = 665 nm, 130 mW Laser,
Wyatt), RI detector (Optilab T-rEX, Wyatt), flow cell (short flat channel, 145 mm
length). The flat channel was fitted with a spacer (type W, 350 pm, Wyatt) and
a membrane (10 kDa regenerated cellulose, Millipore, Wyatt). The pump flow rate
was controlled by the Eclipse separation system using the Chromeleon software. Data
collection and analysis were done with ASTRA-6 software (Wyatt Technology). The
refractive index (RI) was used to fit the molar mass distribution using a dn/dc value
of 0.185 mL g~! |21]. Light scattering signals from the most precise angles between
29.6° to 140° were used for the extrapolation using 15¢ order fits with Berry formalism
to obtain M,, and R, [22l[23]. The data for R, of the monomeric protein was taken
from [24]. The deviations in the fitted mass and size were less than 3 %. Further,
the apparent density (papp) Was calculated using fitted M, and Ry [18]. The fractal
dimension (df) was obtained in two different ways. First, from the scaling of M, and
R, (referred to as low ¢) i.e. dy = 1/v, where v is the scaling exponent obtained from
Ry ~ M. Second, from the angular dependence of scattered light intensity when
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gRgy > 1 (referred to as high ¢) (Chapter 4).

Electrophoretic mobility

The electrophoretic mobility (nm? V! s71) of the a-LA or a-LA nanoparticles was
determined using the Zetasizer 2000 (Malvern Instruments, Worcestershire, U.K.).
Measurements were performed at 25 °C on a-LA (10 g L™!) or a-LA nanoparticles
(dialysed, 1 g L=1) that were dissolved in 10 mM sodium phosphate buffer (pH 7.0,
filtered through 0.1 pm membrane). The values reported are average of five measure-
ments. The electrophoretic mobility of a-LA nanoparticles as compared to monomeric
a-LA is used as an indication of changes in apparent charge density of nanoparticles.
The electrophoretic mobility was not converted into zeta-potential since there is no
model available for fractal nanoparticles which relates surface potential to mobility.

Exposed hydrophobicity by ANSA adsorption

The exposed hydrophobicity of a-LA nanoparticles relative to monomeric a-LA was
determined at 25 °C using 8-anilino-1-naphthalenesulfonic acid (ANSA) as a fluores-
cent probe, following the method described in [25]. The measurements were performed
at Ay = 385 nm and A, = 400 — 650 nm, using a Varian Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The protein solu-
tions (0.1 g L™!) and ANSA solution (2.4 mM) were prepared in a 10 mM sodium
phosphate buffer set at pH 7.0 with additional 0.1 M NaCl. Aliquots of 10 uL of
ANSA solution were added to 1 mL of protein solution in a quartz cuvette (I = 1
cm). The integrated area under the emission spectrum was then corrected with the
area of the buffer. The relative exposed hydrophobicity was calculated as the ratio of
the area of the nanoparticles relative to that of monomeric a-LA.

Surface pressure

The rising bubble method coupled with software for drop shape analysis was used
for the measurement of surface pressure (ADT, Teclis IT Concept, Longessaigne,
France). A small bubble of around 10 L volume was formed in a solution (thermo-
stated at 20 °C) of monomeric a-LA or o-LA nanoparticles, under the following
solution conditions: a) Protein concentration of 0.01, 0.1 and 1 g L=! in 10 mM
sodium phosphate buffer (pH 7.0) and b) Protein concentration 0.1 g L= in MQ
water (ionic strength, I &~ 0 mM), 10 mM sodium phosphate buffer (pH 7.0, I = 25
mM) and 10 mM sodium phosphate buffer (pH 7.0) + 0.1 M NaCl (I = 125 mM).
A constant bubble surface area of 22 & 0.1 mm? was maintained and the change in
surface tension with time (7;) was recorded. The surface tension was determined from
the shape of drop via numerically fitting Young-Laplace-Gauss equation using Teclis
software. This data was converted into surface pressure versus time by subtracting
surface tension of water (yp) i.e. Iy = 49 — ;. The surface tension of buffers was
close to water, i.e. 72.8 0.5 mN m™!.
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Surface excess

The amount of monomeric a-LA or a-LA nanoparticles adsorbed at the air-water
interface was determined using a null ellipsometer (Multiskop, Optrel, Sinzing, Ger-
many). Concentrated proteins were diluted in 10 mM sodium phosphate buffer (pH
7.0) containing 100 mM NaCl and 20 ppm NaN3 to obtain a protein concentration of
1 g L='. The buffer was measured for 600 s prior to each measurement. Next, the
protein solutions were transferred into a petri dish and the measurements were done
at time zero and after 24 hours. Monochromatic laser light (A = 632.8 nm) was used
at an angle of incidence of 50° and the changes in the ellipsometric angles (A and )
were measured after reflection from the interface. A and v increase due to adsorption
of protein at the air-water interface due to formation of a layer of thickness (0,4) and
the resultant change of the refractive index (n,q). The n,q and d,q were obtained by
fitting a three layer model, i.e. air, water and one adsorbed layer between them. The
fitting parameters were: n,i; = 1.000, npuffer = Nwater (Mw) = 1.333, dn/dc = 0.185
mL g~! and the angle of incidence = 50°. The fitted n.q and §,q were subsequently
used to calculate the adsorbed amount (surface excess, I', mg m~2) using equation

9]

(nad - nw) Oad
dn
de

= (6.1)

Thin film thickness

Thickness of thin horizontal films containing monomeric a-LA ora-LA nanoparticles
was measured using a Sheludko cell [27]. Protein solutions (1 g L=! in 10 mM sodium
phosphate buffer (pH 7.0) containing 100 mM NaCl and 20 ppm NaNj) were equi-
librated in the cell for 10 minutes. A thin film (R ~ 100 pum) was formed by suction
of liquid form the circular film holder containing a thick liquid film. The equilibrium
film thickness was calculated using the intensity of the reflected monochromatic light
(A =546 nm). The average intensity of light (pixels) was recorded in the centre of the
film in a circle of radius of around 25 pm. The thickness of the film was calculated
as described in [28] using equation

A I — 1,
h=_" g —-1 min 9
2mn s < Imaa: - Imzn) (6 )

Where, n is the refractive index, I is the intensity of the reflected light, and I,
and I,,4; are the minimum and maximum intensities, respectively.

Foam-ability and foam-stability using whipping test

Foams were produced by using a mechanical low shear mixer (Aerolatte, Shanghai Dixi
Electronic Company, People’s Republic of China). Aerolatte is a hand held electric
mixer which has a circular rotor (outer diameter = 22 mm) with a coiled wire along
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the circumference, and a rotation speed of 12,000 rpm in air [29]. Solutions of a-LA
or a-LA nanoparticles (20 mL) containing 20 ppm NaN3 were used for measurement
(0.1, 1, 5, 10 and 20 g L™, I ~ 0 mM (MQ-water, pH 6.3 & 0.2), I = 25 mM and
125 mM, both at pH 7.0 £ 0.1). The solutions were placed inside plastic containers
of inner diameter = 3.4 cm and height = 7.5 cm and the containers were graduated
with a scale of 1 mm resolution. The foams were generated by placing the mixing
head centrally and around one cm below the air-water surface. The whipping was
done for a fixed time of 5 minutes at room temperature (23 + 3 °C). Foam heights
were recorded for various time points until more than half of the most stable foam
had collapsed. The foam height was calculated as total height (liquid + foam i.e. the
height of foam/air interface) minus the height of the drained liquid i.e. the liquid/foam
interface. The time required for the foam height to reduce by half of its initial height
(to.s) is used as an indicator of foam-stability. The foam height obtained just after
whipping (Hp) is used as an indicator of foam-ability. Experiments were performed
in duplicate with fresh solutions each time and the results are reported as average +
standard deviation of these measurements. A single experiment was also performed
for a-LA/mTG nanoparticles (5 g L™, I = 125 mM at pH 7.0) in presence of 2 %
(v/v) of ethanol to test the foam-stability of nanoparticles in presence of a low molar
mass surface-active agent.

Foam properties using sparging test

The foam-stability of the protein nanoparticles by sparging method was measured
using Foamscan (Teclis, Longessaigne, France). The foam formation and breakdown
were monitored by combination of optical (CCD camera) and conductivity measure-
ments. Conductivity electrodes were placed along the foam tube to monitor the liquid
content of foam as well as the volume of liquid drained out of foam and collected at
the bottom. Pressurised air was sparged at a flow rate of 200 mL min~! through a
metallic plate containing square grid of tapered holes of 30 um diameter. The foam-
ing tube had an inner diameter of 3.5 cm and the temperature was maintained at
22 +1 °C by circulating the water from the water bath through outer jacket of the
foam tube. A 40 mL of nanoparticle solution (1 20 g L~!, 10 mM sodium phosphate
buffer containing 0.1 M NaCl, pH 7.0) was used for testing. Nanoparticle sample
preparation was same as in whipping test. Conductivity measurements were used for
determining the drainage volume. The time required for 50 % of the liquid volume
to drain is defined as 9.5 drainage- The foam generation was programmed to produce
a fixed volume (200 mL) of foam and if this was not possible then the sparging was
stopped after five minutes and the decay of foam volume with time was monitored.
The bubble size was measured at the middle of foam column using a CCD camera and
a prism and lighting arrangement at the surface of foam tube. The time required for
the foam volume to reduce to half of its initial volume (¢y.5) was used as indication of
foam-stability. The data collection and analysis were done by the software supplied
by Teclis. Experiments were performed in duplicate and the results are reported as
average + standard deviation of these measurements.
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Table 6.1: Charateristics of nanoparticles used for adsorption, thin film and foaming experiments. The parameters described
are hydrodynamic radius (Ry), radius of gyration (Ry), weight averaged molar mass (M), apparent density (papp) based on Ry,
electrophoretic mobility (1), exposed hydrophobicity relative to monomeric a—LA (H ), size to mass scaling exponent, v (Rg ~ M.,)
and fractal dimension (dy). The v and dy represent average of nanoparticles of various sizes.

Ry, Q:dv M, R, ABBV Papp M Q:B\ H v A-v &x &\
(MDa) (kg/m®) Volt s) (£0.3) (low q¢)  (high
q)
Apo a-LA 2 0.0142 1.72°F 1106 16 +1 1 - - -
20 £1 2.1 £0.01  20.8 +0.8 88.4 +5.6 21 +2 1.3
35 +1.3 13.8 +£0.04 66.4 +0.4 18.6 £0.2 25 +1 0.8
a—LA/HRP 65 +1.1 111.84+3.8 167 £2 9.5 +0.3 27 +1 0.7 0.57 £0.05 1.8 £0.2 2.0 £0.1
90 +2 161.7 £7.7 182.3+2.3 10.6 £0.4 27 +1.5 0.6
30 +1 3.2 £0.1 39.8 £0.7 20 +0.7 22 £1.5 4.7
a—LA/mTG 60 +1.8 65.7 +£1.9 105 +1 225 +0.5 25 +1 5.0 0.38 £0.05 2.7 £0.5 2.2 +0.1
100 +2.5 168.6 +5.1 145.6 £1.7 21.6 £0.6 26 +1 3.0

* Data taken from reference [24].
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Results and discussion

a-LA nanoparticles used for foaming study

The monomerica-LA has a hydrodynamic radius (Rp) of 2 nm (table [6.1]). After
cross-linking monomeric a-LA with HRP or mTG, a-LA/HRP or a-LA/mTG nan-
oparticles of Ry 20, 35, 65, 90 nm and 30, 60, 100 nm were obtained, respectively
(table [6.1)). The mesoscale structure of a-LA/mTG nanoparticles is different from
that of a-LA/HRP nanoparticles (chapter 4). The nanoparticles made with HRP
were open type (e.g. papp = 1.06% (w/v) for R, = 90 nm), whereas those made
with mTG were rigid/denser type (e.g. papp = 2.16% (w/v) for R, = 100 nm).
The term denser for a-LA/mTG nanoparticles is used relative to the density of a-
LA/HRP nanoparticles. Otherwise, compared to some heat-induced protein particles,
the density in both particles is 4 — 10 times lower [16]. The exposed hydrophobicity of
a-LA/mTG nanoparticles was 3 —5 times higher than that of monomeric a-LA, while
it was similar to monomeric a-LA in the case of a-LA/HRP (table [6.1). This may
have a significant effect on adsorption kinetics. For example, an increase of relative
hydrophobicity of from 1 for native to 2.4 for modified (caprylated) ovalbumin showed
a dramatic increase in adsorption kinetics where the lag time in native of around 600
s was reduced to less than 10 s [25]. Despite the differences in density and exposed
hydrophobicity, the electrophoretic mobility (i) of a-LA/HRP and @-LA/mTG nan-
oparticles was found to be similar, although for in both cases the charge increased
with size. The electrophoretic mobility (1) of monomeric a-LA is around 16 + 1 nm
V1571 (table . After enzymatic cross-linking the u increased significantly with
increasing nanoparticle size. For both types of nanoparticles, u were around 22 + 3
nm V™! s7tand 26+ 2 nm V! s7! for R, of 20 — 35 nm and 60 — 100 nm, respect-
ively (table . Increase of charge with size is not surprising and has been observed
before for heat-shocked and mTG treated protein particles. An increase of charge
(reflected by increase of zeta-potential) was observed in the case of preheating a WPI
dispersion (at pH 7.5, 0 — 100 mM NaCl, 80 °C for 15 min) and subsequent treatment
with mTG (5.1 U g=! WPI at pH 7.5 and 50 °C for 4 h) [30]. They observed an
increase of size (d43) from 9.8 nm for WPI dispersion to 31.7 after preheating and to
37 nm after preheating and mTG treatment. After pretreatment the zeta-potential
increased from - 27 to -33.5 and -32.8 mV, respectively [30]. A subtle balance between
size, mesoscale structure, surface potential and surface hydrophobicity is expected to
affect the foaming properties and the results are described in the following sections.

Interfacial properties of a-LA nanoparticles used for foaming study
Adsorption at air-water interface

As expected, the adsorption of monomeric a-LA or a-LA nanoparticles at the air-
water interface resulted in a decrease of air-water surface (interfacial) tension as in-
dicated by the increase of surface pressure (IT) with time (figure [6.1). The rate of
surface pressure change decreased with increasing size of the nanoparticles. For ex-
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Figure 6.1: Surface pressure of 0.1 g L™ solutions of a-LA nanoparticles in 10 mM sodium
phosphate buffer (pH 7.0): a-LA /HRP (a) and a-LA /mTG (b). Monomeric a-LA (Rp = 2
nm), a-LA/HRP (R), = 85, 65 and 90 nm), a-LA/mTG (R}, = 30, 60 and 100 nm).

ample, for the 100 nm a-LA/mTG nanoparticles, the surface pressure values reached
after 1 hour of adsorption is less than half of the value reached for monomeric a-LA
(figure ) Moreover, there was a lag-time of around 30 and 200 s observed for the
a-LA/mTG and o-LA/HRP nanoparticles, respectively, at a bulk protein concentra-
tion of 0.1 g L=!. The lag-time, as well as the rate of increase of II with time were
found to decrease with increasing bulk protein concentration (data not shown). The
most striking observation was that almost no adsorption (increase of IT) was observed
for both types of nanoparticles when the solution ionic strength (I) was ~ 0 (MQ
water). An example of this is shown for the largest nanoparticles in figure In fact,
for these nanoparticles, IT was > 2 mN m~! even after 20 hours. This extremely long
lag-time was found to dramatically decrease with increasing ionic strengths (I = 25
and 125 mM) (figure[6.2)).

The increase of ionic strength not only increases the speed of adsorption at short
times, but also the magnitude of II at longer time scales increased. The values of
IT reached after 1 hour in the case of a-LA/HRP 90 nm particles were around 10
and 19 mN m~! for I = 25 and 125 mM, respectively. The value of II reached
after 1 hour in the case of a-LA/mTG 100 nm particles was around 6 and 14 mN
m~! for I = 25 and 125 mM, respectively. The foam-ability of nanoparticles is well
correlated to the dynamics of adsorption and explains the lower foam-ability of a-LA
nanoparticles as compared to monomeric a-LA. The increase of adsorption speed with
increasing ionic strength is correlated with the improvement in foam-ability of a-LA
nanoparticles with increasing ionic strength. An important point in this regard is
that the Rj, of the nanoparticles depends on solution ionic strengths, especially when
I < 0.01 mM (chapter 4). At I < 0.01 mM a high R (140 nm) was determined for
a-LA/HRP, while in buffer solutions (I = 25 mM) the Ry, decreased to 65 nm. This
confirms electrostatic repulsion is a strong influence on the nanoparticle structure.
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Figure 6.2: Surface pressure as a function of time for varying ionic strengths (I =0, 25 and
125 mM) for a-LA /HRP nanoparticles of R, = 90 nm (a) and a-LA/mTG nanoparticles
of Ry =100 nm (b).

The increase of Ry at low ionic strengths could contribute to slower mass transport
rates toward the interface. In addition, the charge of the particles can also increase the
electrostatic barrier for adsorption. An electrostatic barrier to adsorption in the case
of modified proteins has been systematically studied by succinylation (i.e. increase
in net charge) for ovalbumin [17]. It was also shown to lead to lower adsorption
speeds with increasing charge. Since for the nanoparticles the adsorption speeds
are increased with ionic strength, it seems that here also the adsorption kinetics
are (in part) also affected by the increased net charge, as indicated by the higher
electrophoretic mobility. Air-water interface has been experimentally proved to have
a negative zeta potential (-65 mV for air bubbles in deionized water to about -20
mV for ionic strengths, I = 0.1 M with NaCl at pH ~ 7) |31,132]. An increased
potential over the nanoparticle surface must then result in an increased electrostatic
repulsive barrier towards air-water interface. The electrostatic barrier was reduced
by increased ionic strengths due to charge screening (decrease of Debye lengths) and
can be explained by the DLVO theory [33].

Thin films and single air/water interface

The thickness of thin films stabilized by monomeric a-LA was around 20 nm and
appears to be a common black film (figure . The average thickness of the films
formed with a-LA nanoparticles were about 2—3 times higher than that of monomeric
a-LA for both types of nanoparticles in the size range of R; 20 — 65 nm. The film
made with 100 nm a-LA/mTG nanoparticles was around 140 nm thick, which is
about 2.5 times more than that of 90 nm a-LA/HRP nanoparticles. Moreover, even
while the cross-linked nanoparticles used to make thin films are quite large, the films
for 30 — 60 nm particles seem quite homogeneous. Only for the largest particles, clear
heterogeneity in the films is visible (figure[6.3p). The higher stability of foams made
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Figure 6.3: Thin liquid films containing monomeric a-LA, a-LA/HRP and a-LA/mTG
nanoparticles (a). Thickness of the thin films deduced from the intensities at the centre of
the film for a-LAM), a-LA/HRP (A ) and a-LA/mTG (e) (b).

with a-LA nanoparticles as compared to monomeric a-LA are correlated with the
thickness of the thin horizontal films.

Another indication of the thickness of the adsorbed layer was derived from el-
lipsometry experiments. The thickness of the adsorbed layer was around 10 nm for
monomeric a-LA and it varied from 10— 20 nm for a-LA nanoparticles (R = 20—35
nm) (figure [6.4p). But, the adsorbed layer thickness of 60 and 100 nm a-LA/mTG
nanoparticles was up to 30 nm i.e. almost twice than o-LA/HRP nanoparticles (R, =
65 and 90 nm). There is a good correlation between the thickness of single air/water
interface and the thickness of thin films containing a-LA nanoparticles. At the same
time, there was only a small increase in the surface excess (I') of adsorbed proteins
after 24 hours of adsorption. For monomeric a-LA T was around 2.5 mg m~2 (figure
6.4h), and for a-LA/mTG and o-LA/HRP nanoparticles I's were 2.75 and 3.25 mg
m~? respectively.

The film thicknesses are about twice that of adsorbed layer thickness at single
air/water interface. This indicates that the thin films contain at least a monolayer
of a-LA nanoparticles at each interface. An important point to note is that the
thickness of nanoparticles at interface is smaller than their corresponding Ry, in bulk.
This indicates that they flatten at the interface, but a-LA/HRP nanoparticles flatten
more than a-LA/mTG nanoparticles. This observation is similar to the differences in
flattening of a-LA/mTG and a-LA/HRP nanoparticles observed on modified silica
surfaces (AFM images, chapter 5). The interfacial and thin film properties of nan-
oparticles described above are considered to be relevant to foam-stability since they
have a direct influence on the disjoining pressures in the foam-films.

Foam properties by whipping
Foam-ability
At low ionic strength (I < 0.001 mM), the monomeric a-LA could be foamed to

a foam height of 1 to 3.5 cm for concentrations increasing from 0.1 to 20 g L~*
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Figure 6.4: Surface excess concentration (I') (a) and the thickness of the adsorbed layer
(0aa) at air-water interface (b) of monomeric a-LA (M), a-LA/HRP (A) and a-LA/mTG
(o) nanoparticles after 24 hours.

(figure . The a-LA nanoparticles could not be foamed at all for concentrations
less than 1 ¢ L™! at low ionic strengths. At concentrations of 5 g L™!, a foam
height less than 1 cm was obtained with a-LA nanoparticles of Ry = 20 — 35 nm
(figure |6.5p). For a-LA/mTG nanoparticles of R, = 60 and 100 nm (at 5 g L™1),
the foam height was less than 0.5 cm (figure [6.5h). An increase in ionic strength
to 25 and 125 mM led to an increase (of two to three times) in foam-ability (figure
6.5p). At the higher ionic strength a range of concentrations were tested, but only
for the largest particles (a-LA/mTG 100 nm and a-LA/HRP 90 nm, I = 125 mM).
For these nanoparticles an increase of protein concentration from 1 to 5 g L™! led
to increase of foam volume (height) at the end of whipping (figure [6.5p). For higher
concentrations (10 and 20 g L™!) the foam volume obtained at the end of whipping
reached a plateau (figure ) Since the differences in foam-ability may affect the
observed foam-stability, a test was done by foaming in presence of ethanol. The
a-LA/mTG nanoparticle solutions were supplemented with 2 % (v/v) ethanol and
indeed their foam-ability was comparable to that of monomeric protein in presence
of ethanol (figure[6.5b). The reduction in foam-ability with size is similar to the case
of heat-induced protein particles or hard colloidal particles. In those cases, typically,
either higher concentrations of particles (> 1 % w/v) are used, or low molar mass
surfactant is mixed with large particles [6,11H14]. So, the lower foam-ability of larger
nanoparticles can be improved by mixing these nanoparticles with small amounts
of a very surface-active material. There seems to be a direct correlation between
the adsorption kinetics and foam-ability. The lower foam volumes of large a-LA
nanoparticles at lower ionic strengths must be due the increased electrostatic repulsion
between nanoparticles and air/water interface. The foam-ability of large nanoparticles
at low ionic strengths is not caused by the lower diffusion coefficients of nanoparticles,
since the mass transport in whipping is dominated by convection in the bulk and
diffusion is only important in the boundary layer. Hence, larger nanoparticles results

105



Chapter 6. Foam stability of a-LA nanoparticles

5 T T T T T T T T T 5 T T
®—-—-= *-—-—- —0—-‘— ----- <
4 a-LA/mTG + EtOH
= | =125
5 3%
o
I 2
S | 0 =
1l ;;ﬁ _________ =25 |
o B N
a IR
0 | | | | | | | | 1
0 20 40 60 80 100 0 5 10 15 20
R (nm) C(gL")

Figure 6.5: Foam-ability as indicated by foam height at zero time (Ho, cm) produced in
low shear whipping of solutions of a-LA (Rn = 2 nm), a-LA/HRP (R, = 20, 35 and 90
nm) and a-LA/mTG (Rn, = 30, 60 and 100 nm) at ionic strengths, I = 0, 25, 125 mM;
a-LA/mTG + 2% (v/v) EtOH nanoparticles at a bulk protein concentration of 5 g L™ (a),
and for increasing concentration at 125 mM ionic strength for monomeric a-LA (Ry = 2
nm), a-LA/HRP (Ry =90 nm) and a-LA/mTG (R = 100 nm) (b).

in lower foam volumes due to lower adsorption flux of nanoparticles towards the newly
created air-water interface during whipping. In other words, the process of foam
generation is controlled by the adsorption. The short time scale adsorption data in
combination with the observed low foam-ability of larger nanoparticles indicate that
the time-scale of adsorption in comparison to the timescale of creation of new interface
determines the total amount of interfacial area initially generated (foam volume).

Foam-stability

Despite their lower foam-ability, foams produced with a-LA nanoparticles by low-
shear whipping were found to be 2 to 6 times more stable as compared to mono-
meric protein (figure ) The foam-stability increased with increasing size of nano-
particles and increasing ionic strength. The half-life time (¢.5) of the foam produced
with a-LA nanoparticles was similar to monomeric a-LA when I 0.001 mM because
the nanoparticles had a poor foam-ability at low I. The typical tg5 were less than
1 hour for all the samples at low I (figure ) The foam-stability was improved
at I = 25 and 125 mM (figure )7 although between these two conditions there
was no significant difference. The ty5 were 1 to 3 times that of monomeric a-LA
for a-LA/HRP 20, 35 nm and o-LA/mTG 30 nm particles at higher ionic strengths.
The to.5 of @-LA/mTG 60, 100 nm and a-LA/HRP 90 nm particles increased further
and were about 6 times higher than for monomeric a-LA (figure ) Although the
absolute tg 5 of foams made in various studies cannot be compared due to variations
in concentrations, geometry of device, whipping times etc, an approximate literature
comparison can be made with the increase of foam-stability of heat-induced protein
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Figure 6.6: Foam-stability as indicated by foam-life time (to.5) produced in low shear whipping
of solutions of a-LA (R, =2 nm), a-LA/HRP (Ry, = 20, 35 and 90 nm) and a-LA/mTG
(Ryr, = 30, 60 and 100 nm). The ionic strengths are I = 0, 25, 125 mM and the protein
concentration is 5 g L™ in all the cases (a). The to.5 obtained for increasing concentration
at 125 mM ionic strength for monomeric a-LA (Rn, = 2 nm), a-LA/HRP (R, = 90 nm)
and a-LA/mTG (R, = 100 nm) (b).

particles with respect to monomeric proteins. For heat-induced protein particles of
whey protein (R, = 200 nm, 20 g L™1), the to5 was 1.5 — 4 times higher than for
unheated whey proteins [4]. The foam-stability of 5 g L' a-LA/mTG nanoparticles
in presence of 2 % (v/v) ethanol was lower than that of nanoparticles alone (figure
6.6R). Nevertheless, the tg5 of a-LA/mTG 60 and 100 nm particles in presence of
2 % (v/v) ethanol was still 3 — 4 times higher than that of monomeric a-LA in the
presence of ethanol. So, the differences observed in foam-stability of nanoparticles
and monomeric proteins were not due to differences in their foam-ability.

Until a concentration of 5 g L™! there were no major differences between the
foam-stability of the a-LA/mTG and o-LA/HRP nanoparticles. This indicates that
the foam-stability at low protein concentrations is affected only by size of the nan-
oparticles and that the differences in their mesoscale structure are not particularly
important in this regime. However, there was a significant difference between the
foam-stability of a-LA/mTG and a-LA/HRP nanoparticles at higher concentrations
(10 and 20 g L™!). The foams produced with 100 nm a-LA/mTG nanoparticles were
2 — 4 times more stable than that of 90 nm a-LA/HRP nanoparticles (figure [6.6b).
Hence, in a concentrated regime, the foam-stability is affected not only by size, but
also by the mesoscale structure of the nanoparticles. The more dense and rigid a-
LA/mTG nanoparticles (as shown in chapters 4 and 5) are more effective Pickering
foam stabilizers than open type of a-LA/HRP nanoparticles.

The enhanced stability of protein nanoparticles stabilized foam produced by whip-
ping can be hypothesised to be due to strongly adsorbed particles at interface and
thicker foam films. There are two regimes of foam-stabilization by a-L A nanoparticles,
low and high concentration. It appears that the foam-stabilization at low concentra-
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Figure 6.7: Foam half life time (to.5) of (a) monomeric a-LA (Ry = 2 nm) and a-LA/mTG
nanopaticles (Ry = 30, 60 and 100 nm) at I = 125 mM and pH 7.0, 1 and 20 g L™*. (b)
monomeric protein and HRP and mTG nanoparticles at 20 ¢ L™1. (¢) The foam to.5 and
(D) liquid drainage to.s drainage (d) of monomeric a-LA, a-LA/HRP nanopaticles (Rp, = 90
nm) and a-LA/mTG nanopaticles (Ry = 100 nm) at increasing concentration.

tion (0.1—5 g L™1) regime is mainly determined by the size of the nanoparticles. But,
at concentration > 10 g L' the mesoscale structure of nanoparticle in the foam films
becomes more important for the foam-stability. For the case of a-LA/mTG nano-
particles, the foam-stability at concentrations above 5 g L' could be related to jam-
ming of nanoparticles in the foam film. It is speculated that at high concentrations,
the real concentration in the foam film may be above the critical jamming concentra-
tion and the bulk rheological properties after jamming contribute to the foam stability.
The differences in the rheological behaviour beyond jamming (chapter 5), in combin-
ation with higher surface hydrophobicity of a-LA/mTG as compared to a-LA/HRP
nanoparticles appears to result in higher foam-stability of the former.The behaviour
of a-LA/HRP nanoparticles is more like monomeric a-LA. For both of them, the
foam-stability increases with concentration, reaches a maximum and then starts to
decrease at higher concentrations. Decrease of foam-stability at higher concentra-
tions is not typical for protein stabilized foams. It was suspected that the decrease of

108



3000

1500

time (s)

300

90

R (nm)

Figure 6.8: Bubble sizes of monomeric a-LA (R), = 2 nm) and a-LA/mTG nanopaticles
(R, = 30, 60 and 100 nm) at different times and at I = 125 mM, pH 7.0 and C = 20 g L™*.
The magnification is same for all images.

monomeric a-LA foam-stability could be due to the presence of fat particles (trigly-
cerides or fatty acids) as contaminants. But, ultra centrifugation and pre-filtration
of a-LA solutions did not change the foam-stability profile. Therefore, it seems that
this decrease in foam stability with increasing protein(-nanoparticle) concentration is
not due to impurities, but a property of the protein.

Foam properties by sparging

Since for the nanoparticles, very long adsorption times (lag-times) were observed in
the adsorption kinetics, it may be assumed that the method of foaming can affect the
observed foam properties. In the whipping test, the air bubbles are continuously re-
mixed into the solution, while in a sparging test, the bubbles directly go to the top of
the solution. Therefore, in addition to the whipping, a sparging test was performed.
Again, for monomeric a-LA and larger a-LA/mTG nanoparticles, a strong effect of
concentration is observed (figure ) At 1 g L™, the foam-stability of all samples is
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quite similar (increased only from 2 — 3 h). At 20 ¢ L~! the differences become much
more apparent, since the foam tg 5 increases ~ 4 fold (2—9 h) from monomeric a-LA to
a-LA/mTG nanoparticle (Rp, = 100 nm). This indicates that indeed in the sparging
experiment, the slow adsorption kinetics need to be taken into account by performing
experiments at higher concentrations to allow sufficient adsorption of the protein
nanoparticles within the time of the bubble rise. Moreover, the a-LA/mTG 100 nm
nanoparticles (at 20 g L=!) have a much higher foam-stability than the a-LA/HRP
90 nm nanoparticles i.e. roughly two times (figure[6.7p). In fact the foam-stability of
a-LA/mTG 100 nm particles was higher than o-LA/HRP 90 nm particles for all the
concentrations greater than 1 g L=1 (figure ) For a-LA/HRP 90 nm particles,
the sparging shows continuous foam-stability with increasing concentration, while in
whipping actually a decrease is observed at higher concentrations. At 20 g L™!, both
types of nanoparticles have higher foam-stability than monomeric a-LA.This higher
foam stability can be due to delayed drainage, or due to Pickering stabilisation. From
the drainage curves (figure [6.7), there is indeed a small difference between the two
types of HRP and mTG particles. However, at 20 g L ™!, for monomeric a-LA drainage
curve is almost identical to that of the a-LA/HRP 90 nm particles, while the foam
stability is almost two times higher for the a-LA/HRP 90 nm particles. So, the
foam-stability is most probably determined by Pickering stabilisation.

The drainage half-life times (£0.5 drainage) Were correlated with the transition of
the bubbles shapes from spherical to polyhedral (figure . For all samples the
bubbles were spherical just after the end of sparging. The liquid volume drained by
more than 90 % in around 300 s, which is roughly ~ 3 x 10.5,drainage- At the same
time, bubbles appear to be polyhedral, confirming that indeed the liquid drainage is
fast even for a concentration of 20 g L~!. An interesting observation is that, even in
a sparging test with 20 g L™! the bubble size increases with size of the surfactant i.e.
smallest bubble for monomeric a-LA and largest bubble for the a-LA/mTG 100 nm
nanoparticle (figure . So, there are specific differences between the whipping and
sparging test, but in general the foam-stability is found to increase 2 — 4 times with
increasing size of the nanoparticles. The total foam-stability (¢g.5) cannot be com-
pared between whipping and sparging test since there are differences in the bubble
size and foam height. In general, the foaming properties of a-LA nanoparticles appear
to be governed by a subtle balance between size, mesoscale structure, surface poten-
tial and surface hydrophobicity. The enhancement in foam-stability by enzymatically
cross-linked protein nanoparticles is comparable to heat induced protein aggregates
of similar size range [4]. But, the foam half-life times are much less than that of hard
colloidal particles (9.5 > 30 days [1]). Moreover, at a protein concentration of > 5
g L7, the denser and more rigid a-LA/mTG nanoparticles (table chapters 4
and 5) give higher stability than softer a-LA/HRP nanoparticles. The foam-stability
of a-LA/HRP nanoparticles is close to monomeric a-LA, while foam-stability of a-
LA/mTG nanoparticles is towards the hard particles. Hence, it appears that size
and softness are both important for Pickering foam stabilization. Soft protein nan-
oparticles can effectively reduce the interfacial tension, but they cannot completely
arrest the process of Ostwald ripening due to various relaxation processes originat-
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ing from their flexible structure. The softness of protein nanoparticles seems to be
as important as the contact angles for micron-sized particles. Hence, protein nano-
particles with higher cross-linking density are required to observe the Pickering foam
stabilization similar to hard colloidal particles. The enzymatically cross-linked protein
nanoparticles have potential to be used in food applications where either a reduction
of foam-ability is desired or an enhancement of foam-stability is desired. In combina-
tion with a suitable low molar mass surfactant (monomeric/native protein) they can
provide both good foam-ability as well as high foam-stability.

Conclusion

The enzymatic cross-linking of a protein was succesfully used to produce a set of pro-
tein nanoparticles with increasing size and two different mesoscale structures. The
foaming properties of protein nanoparticles can be controlled by varying their size,
concentration and solution ionic strengths.The increase in size corresponded to a
change in adsorption and foaming behaviour from a typical protein to more nano-
particle behaviour. As such, the approach seems to be promising. With increasing
density (mTG) particles, the highest foam stabilities were observed, even though still
lower than for inorganic nanoparticles. A main difference seems to be the softness (ri-
gidity) of protein particles. Soft protein particles seem to provide only soft-Pickering
stabilisation. Therefore, other modifications, or enzymes may be considered to obtain
cross-linked protein nanoparticles with even more rigid/dense structures.
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Chapter 7

General Discussion

In this thesis, enzymatic cross-linking by microbial transglutaminase (mTG) and
horseradish peroxidase (HRP) was used to produce a-lactalbumin (a-LA) nano-
particles (polymers). The mesoscale structure of the nanoparticles is determined
by the type of enzymes and substrate protein. Different amino acid sequences in
substrate proteins will affect the number, and the protein structure will affect the
accessibility of amino acids that can be used by the enzyme. Therefore, a particu-
lar enzyme substrate combination can lead to variations not only in the number of
cross-links but also on the length of the linkages. Most cross-links are thought to
be between two individual amino acids. For instance, HRP induced cross-linking of
proteins has so far been believed to induce di-tyrosine cross-links. But, oligo-tyrosine
cross-links can also be formed in proteins. These could potentially have an effect
on the rigidity of the nanoparticles. In terms of functionality, protein particles of
size similar to other hard colloidal particles i.e. Rj ~ 100 nm can be produced by
enzymatic cross-linking. But, enzymatic cross-linking results in soft protein particles
which do not provide Pickering stability as high as that of hard particles. We do see
the effects of mesoscale structure e.g. size and rigidity of protein nanoparticles on
functionality. But, higher cross-link densities and rigidities are required for higher
Pickering effect.

Clearly, currently used methods are not easy to study and quantify aspects such as
softness. So, first we will discuss some issues with the methods of characterisation of
mesoscale structure and stability of the nanoparticle structures. Then we will reflect
on identification/quantification of cross-links and relation between mesoscale struc-
ture and functionality. Finally, an outlook will be presented towards the substrate
protein systems other than a-LA.
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Chapter 7. General Discussion

Table 7.1: Summary of various aspects of protein nanoparticle structure, its impact on functionality and method to quantify them

(used in this thesis).

Structure/Functionality Characterization Chapters
2° and 3° structure CD 4
cross-links/monomer AF4 and LC-MS/OPA 3,7
Molecular scale . . .
Inter/intra molecular cross-links | Conversion of monomer versus | 3,7
conversion of amino acid
Length of cross-links Acid hydrolysis/LC-MS 3
Exposed hydrophobicity ANSA 6
Hydrodynamic radius (Ry,) DLS 2-6
Radius of gyration (Ry) MALS 2, 4-6
R,/ Ry, ratio MALS, DLS 2, 4-6
Molar mass (M,,) MALS 2-7
Mesoscale Apparent density (papp) MALS 2, 4-6
Degree of polymerization (DP) AF4 MALS 2-6
dy AF4 MALS 2, 4-6
N Zetasizer 6
Adsorbed layer thickness Ellipsometer, Scheludko cell, | 6
AFM
Swelling (dRp,) oI in DLS 4
Bulk rheology Rheometer 5
Foam properties Low shear whipping (Aerolatte), | 6
Macroscale Sparging (low shear whipping)
Adsorption/surface rheology ADT 6
Water holding capacity Centrifugal filtration 4
Thermal stability Heating in DLS 4
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Figure 7.1: Differences between the M,, fitted using UV (grey) and RI (black) as concentra-
tion detector.

Use of AF4-MALS-UV/RI for characterisation of mesoscale struc-
ture

To describe the meso-scale structure of (protein-)nanoparticles, several different para-
meters can be used (table . Out of the 15 identified parameters, 8 were obtained
directly or derived from the asymmetrical flow field flow fractionation (AF4) in com-
bination with multi-angle light scattering (MALS) (table. As such, this technique
proved to be a powerful technique for a fast and coherent analysis of the protein nan-
oparticles (table . One main advantage of AF4 over for instance size-exclusion
chromatography, was that no pre-treatment of sample (e.g. filtration /centrifugation)
was required. Also, more than 95 % of the injected material was detected and analysed
in the AF4 (based on the mass balance done with RI). However, it was also found
that one should take care in choosing the correct membrane, since the regenerated
cellulose (RC) membrane showed some non-specific interaction at low ionic strength
(< 1 mM). In the eluent containing 10 mM sodium phosphate buffer (pH 7.0), the
non-specific interactions of nanoparticles with membrane were not detectable.

Another issue in the AF4-MALS analysis was the determination of the concen-
tration of the eluting compounds. For proteins, typically the UV detector would be
chosen, since it is specific for proteins and less sensitive to pressure variations than
the RI detector. However, the use of UV detector leads to under-estimation of molar
mass for larger particles (7.5 to 12.5 min, figure as compared to RI detector. The
question is which detector to use for the estimation of molar masses (M,,).

Most likely, the under-estimation of the M,, based on using the UV detector is
due to the light scattering induced by the particles in the UV detector. We attribute
this to light scattering since the difference in M,, indicate an increase in the molar
extinction coefficient of the protein nanoparticles by around 25 %. Upon crosslinking,
a maximum difference of 5 % is expected, assuming either complete loss of tyrosine
signal, or change of the tyrosine molar absorption coefficient from exposed to buried.
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Figure 7.2: Scaling of UV absorbance measured at various wavelengths, depicted in logar-
ithmic scale (a). The various symbols are, native a-LA, nanoparticles of z-averaged hydro-
dynamic radius; 20, 35, 65 and 90 nm. Various dotted lines are the power law fit to data
between 500 and 700 nm. The apparent extinction coefficient of nanoparticles as determined
using the concentration measured with DUMAS and then measuring absorbance as a function
of various dilutions (b). The power law exponents from 2a are shown on second y-axis in 2b.

Therefore, most likely the under-estimation in M, is due to scattering contributions.
It is well known that the intensity of light scattering by a solid particle scales as the
size R®. So, we may expect the scattering contributions to increase with the size. In
the simplest case of isotropic or Rayleigh scattering |11/2], the absorbance should scale
as A™" (n = 4). For HRP induced nanoparticles of increasing size, the UV spectra
were plotted on a log-log scale in figure [7.2h, and a power law was fitted between
500 and 700 nm to obtain the scaling exponent, n. The A was chosen in a region
where the measured absorbance is solely due to the light scattering, i.e. in our case
A > 500 nm. At those wavelengths conjugated aromatic molecules with chromophores
similar to di-tyrosine, do not show any absorbance [3]. The exponent n changes from
approximately 3.7 to ~ 2.5 (figure ), indicating that the nanoparticles formed
at the end of the reaction are so large that the mechanism of light scattering is
changing from the Rayleigh to the Mie type [1]. This results in an apparent increase of
extinction coefficient (figure ) Hence, measurement of nanoparticle concentration
with UV by using extinction coefficient of monomeric protein would lead to errors in
measurement of concentration. In the RI detector, the effect of scattering is much
less important. The intensity of scattered light varies inversely with wavelength i.e
A~ and the A used in RI detector is 660 nm as compared to 280 nm in UV detector.
In addition, the dn/dC of protein nanoparticles is not influenced by cross-linking of
amino acids, such as the presence of di-tyrosine/oligo-tyrosine. Consequently, dn/dC
is the same as for the native protein as long as the size of the nanoparticle is smaller
than the A used in the RI detector. For particles larger than A of RI, the RI detector
could be used after determination of dn/dC for those particles.
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Figure 7.3: Distribution of hydrodynamic radii determined from DLS for wvarious cryo-
protectants; protein nanoparticle mizture before freeze drying (solid continuous black line),
and after freeze drying with sucrose (dashed black line), trehalose (dotted black), sorbitol
(dahsed-dotted grey line). Y-axis is the weighted intensity.

Stability of nanoparticle structure

Most often in the studies involving protein particles, the particles are preserved and
stored by freeze-drying. It was shown in chapter 4 that the a-LA nanoparticles
made using mTG and HRP are rather dilute i.e. their apparent densities are < 10
% (w/v). Hence, stability of the nanoparticle structures during freezing and drying
might change and this issue should always be considered. Else, there could be a serious
artefact in the analysis of structure-function relations. Indeed, when the a-LA/HRP
nanoparticles were freeze dried directly as such without any stabiliser, the freeze
dried powder could not be re-dissolved completely. After filtration of the suspension
of freeze-dried particles (over a 0.45 pm filter) it was found that more than 50 %
of the protein nanoparticles were irreversibly changed to insoluble aggregates. The
insoluble aggregates could not be dissolved even in presence of 1 % (w/w) sodium
dodecyl sulphate, SDS (i.e. around 10 times its critical micellar concentration, CMC)
or 0.1 M sodium hydroxide.

A possible explanation is the freeze concentration of protein nanoparticles as a
result of ice crystallization. The cold denaturation of proteins, analogous to heat in-
duced denaturation, has also been described in literature [4]. So, when the denatured
protein nanoparticles are being pushed into each other due to freeze concentration,
probably they are stuck into primary minima, leading to irreversible aggregation.
This phenomenon has been observed often during the freeze drying of antibody for-
mulations [5,/6]. There are a number of different hypotheses reported in literature to
explain this phenomena, such as adsorption of proteins at ice-solution interface and
subsequent change in structure [7] disruption of the hydration water hydrogen bond-
ing [8] and changes in the solution pH due to partial crystallization of the buffering
salt [7]. A typical solution to this problem is to freeze dry proteins in presence of a
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molecule containing hydroxyl groups, such as disaccharides [7]. Sugars are believed
to form H-bonds with proteins and form a glassy mixture on freeze concentration,
which is believed to preserve the structure [9]. At the start of the thesis, differ-
ent low molecular weight compounds were tested for their effect on the freeze-thaw
stability of protein nanoparticles The phase separation could not be completely pre-
vented with glycerol or Tween-80. Tween-80 was tried at the CMC (= 0.1 mM), and
10 times below and above CMC. For enzymatically cross-linked a-LA nanoparticles,
sucrose, trehalose and sorbitol (tested at 0.5M concentration for 15 g L~! protein
nanoparticles) were found to be most effective. However, the powder obtained after
freeze drying was found to be more free flowing and easy to handle in case of sucrose
and trehalose as compared to sorbitol. Hence, it was decided to use sucrose for the
further work (chapters 2 — 6) as a cryo-protectant for enzymatically cross-linked pro-
tein nanoparticles. The size distribution of the protein nanoparticles before and after
freeze drying with sugars, as measured by DLS is depicted in figure It proves that
the cryo-protectants are indeed very effective in stabilising the structure of protein
nanoparticles during freezing and subsequently during drying steps.

Identification /Quantification of cross-links

While it seems straightforward to claim to study a link between structure and (techno-
) functionality, it became apparent in this study that a full, quantitative description
of the structure of protein nanoparticles is not easy to achieve. Yes, different methods
exist and have been used. However, in most studies in literature, only a few meth-
ods are used simultaneously. In addition, even particles with a similar topological
structures may behave differently if the internal structure, or cross-links are different.
Indications of softness were obtained by atomic force microscopy (AFM) (chapter
4) and ellipsometric measurements (chapter 6). In both techniques, the o-LA/HRP
nanoparticles are more soft than a-LA/mTG, as indicated by more extensive flatten-
ing of the particles at solid/water and air/water interface. The origin of this softness
could be the flexibility for internal rearrangement due to lower number of cross-links
per molecule. Hence, it is important to quantify the cross-links per molecule and the
length of the cross-links.

Cross-links per molecule: HRP vs mTG

Differences in the mesoscale structure of a-LA/mTG and a-LA/HRP nanoparticles
seems to be correlated with the fact that there is a significant difference in the num-
ber and accessibility of target amino acids (Tyr versus Lys/Gln). This most probably
leads to a difference in the average number of cross-links per monomeric protein in
the nanoparticles.The plot of conversion of monomeric protein versus the conversion
of target amino acid seems to be a reliable method to estimate the average number
of cross-links per protein molecule (monomer) (chapter 3). The conversion of mono-
meric a-LA plotted against the conversion of Tyr (in the case of HRP) and against
conversion of Lys (in the case of mTG) indicates that more cross-links are formed per
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Figure 7.4: Conversion of monomeric a-LA as a function of the average number of cross-
links per monomer in a-LA/HRP (o ) and a-LA/mTG (A ) nanoparticles.

molecule with mTG in both the stages of nanoparticles formation (figure . The
conversion of Lys was obtained using OPA assay |10]. In the first stage (conversion of
a-LA ~ 80 %), there were only 1 — 2 cross-links formed in a-LA/HRP as compared
to 1 — 3 cross-links in @-LA/mTG nanoparticles. In the second stage (conversion
of oligomers to polymers), the average number of cross-links increased to 3 — 4 for
a-LA/HRP and it was 4 — 7 for a-LA/mTG.

Tyrosine cross-links induced by HRP

While most studies on protein crosslinking by HRP focus on the reactivity of tyrosine,
the possible side-reactions towards other amino acids, or the oxidizing effect of the
H302 has not been discussed at great length in literature. Oxidative enzymes are
known to oxidise a variety of amino acid residues in proteins, such as methionine,
cysteine, tryptophan, histidine [11] .On the contrary, we observed cross-linking of
only tyrosine residues (chapter 3). To delineate the effect of oxidation of amino acids
versus their cross-link ability, various model reactions were performed. For example,
apo a-LA was incubated with HoO5 in absence of HRP, various single amino acids
such as tyrosine, tryptophan, cysteine, histidine were incubated with HRP and H5O4
separately as well as in the presence of tyrosine at an equal molar ratio. It was
found that in absence of HRP, incubation of a-LA with HyO, results in oxidation
of the methionine. This was inferred from the increase of the molar mass of a-LA
by16 Da (in ESI-MS), but no cross-linking was observed in this case. The absence of
cross-linking was concluded from the absence of peaks other than that of monomeric
a-LA in RP-HPLC-MS. Upon incubation of single amino acids in the presence of
HRP and H>Os, oxidation of tryptophan was observed, only tyrosin