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Abstract

Sugar beet leaves (SBL), which are a side stream of the sugar beets cultivation, are currently
left unexploited after sugar beets have been harvested. The general aim of this thesis was to
study the biorefinery of SBL, with a special focus on the isolation of proteins. To reach this
aim the research was divided into three sub-aims: 1) to determine whether there is variability
in the chemical composition of the leaves due to pre-harvest conditions (plant age), 2) to
evaluate the variability of the techno-functionality of leaf soluble protein concentrate (LSPC)
due to system conditions and 3) to extend current product and process synthesis
approaches to enable the design of biorefining process. To address the first aim, SBL
collected at different time points were used. Despite a small variation in the chemical
composition of the leaves of different plant ages, a large effect of the plant age on the
quality of LSPC was observed. In particular, LSPC from old plants was brown (indicative of
polyphenol oxidase - PPO - activity), whereas LSPC from young plants was yellow. Based on
these data, samples extracted with sodium disulfite (to inhibit PPO-mediated browning) were
used for further experiments. The obtained LSPC consisted mainly of protein (69.3% w/w db
(N-5.23)) and carbohydrates (5.1% w/w db; half of which was charged carbohydrates). The
main protein present in LSPC was Rubisco. The emulsion and foam properties of LSPC were
studied as a function of protein concentration (Cp), pH and ionic strength (I). The minimal C,
of LSPC needed to form a stable emulsion (C;) was comparable to that of other widely used
plant proteins, such as soy protein isolate. A critical ¢-potential ({cr ~ 11 mV) was identified,
below which flocculation occurs. At pH 8.0 and high I (0.5 M) the Ccr was higher than at low I
(0.01 M), which relates to a higher protein adsorbed amount at the interface (I'max). The foam
ability (FA) of LSPC increased with Cp at all conditions tested. The FA was related to the
soluble and not to the total Cp in the bulk. Interestingly, the minimal C,; i.e.Cora needed to
reach highest FA was constant as a function of pH. At high I (0.5 M) LSPC had higher FA than
at low I (0.01 M), which was related to the faster adsorption of proteins at the interface. A
minimum Cp, was required to form stable foams. At pH 3.0 and 5.0 the foam stability of LSPC
was higher than at pH 8.0. This was postulated to be due to formation of aggregates
(between proteins or between proteins and charged carbohydrates). From these data it was
shown that the techno-functional properties of LSPC could be linked to the molecular and
interfacial properties of the dominant proteins in the concentrates. Thus, predictions for the
techno-functional properties of impure systems, such as LSPC, can be made using only the
known molecular properties of the dominant proteins and a small set of experiments. The
knowledge acquired through the previous studies was used to adapt an existing
methodology; namely the product-driven-process synthesis (PDPS) methodology, to extend
its use in biorefinery. The adapted PDPS contained 4 novel steps, which facilitated its use in
biorefinery. To illustrate how this new approach can be used in practice, a case study of a
sugar beet leaves biorefinery was presented.
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Chapter

General Introduction

To ensure sustainability in food processing the large volume of the waste or side
streams needs to be valorized. In this thesis sugar beet leaves, which are a side stream
of sugar beets (Beta vulgaris L) cultivation, has been considered for its potential for
recovery of valuable compounds, such as proteins. In the past, several studies have
described extraction of proteins from leaves, but typically harsh conditions, e.g. use of
heat during protein isolation, were used (Z-4). In many reports, the obtained protein
concentrates/isolates were further assessed for their use as functional ingredients in a
variety of food products, such as emulsions and foams (5-8). From these reports, it
becomes evident that the techno-functionality of the obtained protein
concentrates/isolates depends on the intrinsic properties of the proteins. The latter can
be affected by the presence of other non-protein compounds, e.g. presence of charged
carbohydrates. Therefore, a variation in the chemical composition of the raw material
and a variation of the protein isolation method that can both influence the chemical
composition of the final protein concentrate/isolate, can ultimately affect the techno-
functionality. Furthermore, the conditions of the system where the protein
concentrates/isolates will be applied in can affect the techno-functionality. The aim of
this thesis is to assess the variability of the soluble proteins isolated from sugar beet
leaves (LSPC) due to a variation in the chemical composition of the raw material and to
a variation in the isolation method. In addition, the effect of system conditions on the
techno-functionality of LSPC is evaluated. Lastly, considering the techno-functionality of
proteins, but also of other compounds present in an agricultural feedstock, and their
sensitivity to various factors, a methodological approach for the design of a biorefining
process is described.

SUGAR BEET LEAVES

Sugar beet leaves are a side stream of the sugar beets cultivation. In the Netherlands in
2014 the sugar beets cultivation area was 75,094 ha (9). This translates to approximately
6.8 Mt beets (9 and 2.7 Mt leaves. Currently, after the sugar beets are harvested, the




CHAPTER 1

sugar beet leaves are embedded in the soil. The dry matter composition of leaves
comprises mainly proteins, carbohydrates, lipids and minerals, whereas other
compounds, such as phenolic compounds, are present in smaller amounts (Table 1.1).
Therefore, by embedding the leaves in the soil, a plethora of potentially valuable
compounds, are left unexploited. It needs to be noted that due to the high water
content of leaves (~ 90% (10)) the actual content of these compounds is rather low.
However, given the high abundance of sugar beet leaves their exploitation for the
extraction of valuable compounds is well justified. In a biorefinery process such
compounds will be extracted and further used in various applications.

CHEMICAL COMPOSITION OF (SUGAR BEET) LEAVES

Proteins are one of the main compounds present in leaves, accounting for 25-35% (5,
10, 11) of their dry matter (Table 1.1). Other major compounds commonly present in
leaves include carbohydrates, ash and lipids.

Table 1.1 Gross chemical composition (% w/w dry weight basis, db) of various leafy materials.

source protein® carbohydrate ash lipids
Beta vulgaris L.* (10) 28.7 30.7 16.2 10.6
Medicago sativa L.® (11) 24.9 22.5 9.6 4.8
Solanum Africana (5) 34.5 28.1 17.4 10.0
Amaranthus hybridus (5) 323 30.4 19.5 9.1
Telfaria occidentalis (5) 34.6 347 13.0 9.4
Vernonia amygdalina (5) 31.7 38.6 12.1 9.2

“Average values for leaves collected at 60, 80 and 100 days after sowing

"Average values for leaves grown in warm and cool growth chambers/ carbohydrate content refers to: total sugars,
starch and crude fiber

CProtein is expressed as N-6.25

It needs to be noted that often the values reported in literature for carbohydrate
content are calculated by difference; i.e. subtraction from the total determined dry
matter weight (10, 12). This might lead to an overestimation of the real carbohydrate
content in the leaves. In addition, this method of calculation always leads to an
apparent 100% characterization of the total dry matter of a sample, which is not always
the case (13, 149).

The protein content of leaves reported in literature might also be often an
overestimation of the true protein content. This is because the protein content is
typically calculated by multiplying the total nitrogen content of the leaves by the
conventionally used nitrogen-to-protein conversion factor (N-Prot factor) of 6.25. This is
based on the assumption that all nitrogen present in leaves derives from proteins and
that in these proteins the nitrogen content is 16%. However, leaves contain
considerable amounts (~20%) of non-protein nitrogen (NPN) in the form of betaine
(15), inorganic nitrogen, nucleic acids, free amino acids, ammonium salts, chlorophyll
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and other organic nitrogen (16). In addition, the reported values of nitrogen in the
proteinaceous amino acids from leaves range from 15.8 to 19.2% (16, 17). Thus, indeed
the use of the conventional 6.25 N-Prot factor results in an overestimation of the true
protein content. To determine the true protein content of leaves N-Prot factors need to
be calculated based on the amino acid composition of the leaves. Based on the amino
acid analysis and nitrogen determination two N-Prot factors; i.e. k, and k, (18 can be
determined. The k, is the ratio of the sum of amino acid residue weights, determined by
amino acid analysis, to nitrogen weight from the recovered amino acids. The k, is the
ratio of the sum of amino acid residue weights to total nitrogen (N) weight determined
by, for instance, Dumas or Kjeldahl. The ratio of k,/k, gives an estimate of the NPN
present in the samples. Based on the average of N-Prot factors (k,) determined for
different leaves, a N-protein factor of 4.44 (+ 0.22) (16, 1) appears to give a much
more accurate estimate of the true protein content in leaves.

PROTEIN IN (SUGAR BEET) LEAVES

The proteins in leaves consist of both water soluble (50%) and insoluble (50%) fractions
(19. Almost half of the soluble fraction consists of the enzyme ribulose-1,5-
bisphosphate carboxylase oxygenase (Rubisco) (19. Rubisco plays an important role
during photosynthesis; i.e. it catalyses the initial reaction during the conversion of
inorganic CO, to organic matter. In leaves, Rubisco is typically present in a
hexadecameric form (Figure 1.1) by the association of 8 large (~ 55 kDa) and 8 small
(~15 kDa) polypeptide chains (subunits), resulting in a total molecular mass of around
560 kDa (19, 20).

Figure 1.1 Space filling model of the crystal structure of Rubisco obtained from spinach consisting of
8 large and 8 small subunits. All subunits are depicted with different colors (21).

Based on the amino acid sequence, the theoretical isoelectric point (pI) of Rubisco is
around pH 6.0 (average of theoretical pl of large subunit; 6.33 and of small subunit; 5.84
(22). The insoluble fraction mainly consists of membrane proteins of the chloroplasts.
These proteins are associated with chlorophyll, carotenoids and lipids (19.

PROTEIN EXTRACTION FROM LEAVES

The extraction of proteins from leaves typically consists of three steps: (1) cell
disrupture, (2) filtration and (3) isolation, i.e. separation or fractionation of proteins
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(Figure 1.2). In the first step, the cells of the leaves are usually mechanically ruptured to
release the cellular material. To this end, typically a homogenizer (e.g. blender, mill) or a
press is used (5, 23-27). If blending or milling is used, the leaves are subsequently either
squeezed (through a cheese cloth or a screw press) or filtered to remove the
insoluble/fibrous material. After removal of the insoluble material, two different
approaches are used to obtain protein concentrates/isolates. In one approach, the
proteins are separated from the non-protein material to obtain a “whole protein
concentrate” (whole leaf protein concentrate; WLPC). In the other approach, the
proteins are fractioned into a “chloroplastic” or green fraction (green leaf protein
fraction; GLPF) and a “cytoplasmatic” or white fraction (white leaf protein fraction,
WLPF).

Leaves

) Cell ” Step 1
disrupture

l

retentate
< iltrati e Step2
(insoluble/fibrous Filtration P
material) l

filtrate
(soluble material)

v '

Separation Fractionation «——  Step3
h 4
whole protein chloroplastic cytoplasmatic
concentrate or Lo
(WLPC) green fraction white fraction
(GLPF) (WLPF)

Figure 1.2 Main steps in protein extraction from leaves to obtain either a whole protein concentrate
(WLPC) or a green fraction (GLFP) and a white fraction (WLFP).

The most common methods described in literature for the isolation of WLPC are
heating at 80-85 °C (4, 28), acid precipitation (26), ultrafiltration (4 or combination of
the above (Z, 28). A white leaf protein fraction (WLPF) can be obtained after removal of
the green protein fraction (GLPF) using a two-step fractionation. The first step is
typically achieved by heating at 50 — 60 °C (29-32), use of flocculants (33) or use of
organic solvents (34). The final products of this step are an insoluble fraction (GLPF),
which is typically obtained after centrifugation or filtration, and a soluble fraction. The
soluble fraction can be further treated to obtain the white fraction (WLPF). The white
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fraction is obtained by precipitation, which is commonly achieved by heating at high
temperatures (80-85 °C) (29, use of acid (32 or combination of the above (33 34)
(Table 1.2).

Table 1.2 Examples of the main methods described in literature for the separation or fractionation
(step 3) of proteins from leaves. Data obtained from (/, 4, 29, 30, 33-35).

heat
E Medicago sativa L. g5 C“:p"';g& 5 WLPC 619 42 of total
3
H
g acid precipitation and heating
& Beta vulgaris L. WLPC d. d
eta vulgarts pH 4.5/ 70°C, 5 min c " "
heatir
cans GLFP 472 (15.1% based on total protein)
Medicago sativa L. 60°C,20s
heati
;’g n’;g WLEP 88.7 26.1 (8.7% based on total protein)
heating
eaims GLFP ndb nd.
Medicago sativa L. 60°C, 205
acid precipitation , 69.9
WLFP
pH3S 8
organic solvents GLFP 55 (50% true protein) nd
Medicago sativa L. Festuca arundinacea L. var.
it 7 L . . RV
B Alta Lolium rnultifiorum L. var. RVP acid precipitation pH 4.0 (40 °C) WLFP 60 (55% true protein) nd
g
=
g flocculants GLFP 50 (45% true protein) nd.
£ | Medicago sativa L. Festuca arundinacea L. var.
£ Alta Lolium rnultiforum L. var. Melle
acid precipitation pH 4.0 (40 °C) WLFP | 65 - 75 (60 - 72% true protein) nd.
Beta wulgaris acid precipitation pH 5.3 (32 °C , 20 min) GLFP nd. nd.
acid precipitation and heating pH 4.5/ 70°C , 5 min WLFP 5891 54 (25% based on total protein)
heating 50°C, 5 or 10min / 55°C, § or 10min GLFP 311-376 nd.
Beta vulgaris L.
acid precipitation pH 3.0 WLFP 43.6-417 nd.
heating 55°C, 5 min GLFP 376 nd.
Beta vulgaris L.
2 steps acid precipitation 1. pH 5.0 5.6 542632
WLEP d.
2.pH3.0 66.1-82.1 "

* Expressed as N+6.25
" not determined

Regardless of the isolation method, and the source of the leaves, the main protein
recovered in the final concentrate/isolate is Rubisco (3 20, 32). The isolation method
does, however, affect both the protein recovery and the protein purity of the final
protein concentrate (Table 1.2). From an economical and an application point both
protein recovery and protein purity of the final protein concentrate/isolate are
important when extracting proteins from leafy materials. Moreover, special attention
needs to be given on the (techno-)functionality of the isolated proteins, given that the
(techno-)functionality determines the range of applications of a protein
concentrate/isolate. Harsh conditions applied during protein extraction, e.g. extreme pH
values and high temperatures, can negatively affect the protein techno-functionality.
From example, as discussed below, heating at 80 °C during protein isolation from leaves
leads to protein concentrates that are completely insoluble over the whole pH range
(Figure 1.3). Therefore, in this thesis a mild isolation method; i.e. no use of a heating
step, is employed.
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AGRONOMIC AND ENVIRONMENTAL FACTORS AFFECTING QUANTITY AND
QUALITY OF PROTEIN EXTRACTED FROM LEAVES

In addition to the isolation method, various agronomic and environmental factors have
been reported to affect the quantity of the extracted proteins. For example, for kale it
was shown that the protein yield (g/m? increased from 11.5 to 26.2% when a
combination of nitrogen-phosphorus-potassium (NPK) fertilizer was used (4, 36). At the
same time the ratio of protein nitrogen to total nitrogen in the extracted juice increased
from 64.6 to 67.7%. Critical parameters regarding fertilization are the type and amount
of fertilizer and the application time (36). Weather conditions during plant growth also
play a key role in the amount of extractable leaf proteins. For example, a well irrigated
soil allows plants for a more efficient nitrogen usage and also prevents nitrogen losses
to the soil due to leaching. A 32% higher protein yield (kg/ha) was obtained from kale
grown in an irrigated than in a non-irrigated soil (36). Also, the age of the plant has
been shown to influence the quantity of protein extracted from leaves. For winter wheat
leaves, the protein yield decreased from 800 kg/ha for leaves collected 60 days after
sowing to ~600 kg/ha for leaves collected 90 days after sowing (36). This decrease in
protein yield was attributed to an increase in the NPN to protein nitrogen ratio (36).
Other researchers have also reported effects of the plant age on the overall chemical
composition of the leaves (10, 37, 38). Such effects are expected to influence not only
the quantity of the extracted proteins but also the quality. For example, the total
content of phenolic compounds in sugar beet leaves collected 100 days after sowing
was approximately 1.5 times higher than that in leaves collected after 60 days (Z0). It is
known, that the naturally present phenolic compounds in leaves can, upon cell
disrupture, be oxidized by endogenous polyphenol oxidases (PPOs). This reaction leads
to quinones that can polymerize with other phenolic compounds (39 or covalently link
to proteins (40). Protein modification can negatively affect the quality of the proteins,
e.g. decrease their solubility (40), as is discussed in more detail below. Thus, in addition
to the variation of the protein content, the variation of the overall chemical composition
of leaves due to differences in plant age is of importance.

TECHNO-FUNCTIONAL PROPERTIES OF PROTEINS

Proteins are often used as ingredients in food products because of their techno-
functional properties, such as solubility, emulsion and foam properties. These properties
depend on the intrinsic properties of the proteins, which in turn can be influenced by
various parameters such as (1) the conditions (temperature; T, pH, I) applied during
protein isolation, (2) the conditions in the final system (termed here system conditions),
and (3) the interaction with other compounds (e.g. other proteins and/or non-protein
compounds). The major effects of these three parameters on solubility, emulsion and
foam properties are discussed below.

Solubility
Typically, the solubility of a protein is defined as the amount of protein that remains in
solution under certain conditions, e.g. protein concentration (C,), pH and ionic strength,
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relative to the initial amount of dispersed protein. Proteins have usually minimum
solubility around their isoelectric point (pI). This relates to the fact that under these
conditions the net charge of the protein, often measured as (-potential, is zero, and
thus there is no electrostatic repulsion between the protein molecules. Various factors
related both to processing (e.g. conditions during protein isolation, purity of final
protein concentrate) and to system conditions (e.g. pH, I) can affect the solubility of a
protein. These factors are discussed in detail below.

Protein denaturation is one of the main problems encountered when
temperatures higher than the denaturation temperature (Ty) of the protein is used
during protein isolation. Unfolding of the protein structure ultimately causes changes to
the physico-chemical characteristics of the protein that subsequently lead to a decrease
in protein solubility. Figure 1.3 shows the differences in protein solubility as a function
of pH for a protein concentrate obtained from alfalfa leaves using either acid or heat
precipitation (2). When acid precipitation was used for the protein isolation, the
solubility of the alfalfa protein concentrate showed a typical U-shape curve in the pH
range from 2.0 to 10.0. However, when heating at 80 °C (> T4 of Rubisco (41)) was
applied, the alfalfa protein concentrate was insoluble over the whole pH range. This is
due to the denaturation of the proteins present in the alfalfa protein concentrate.

100
80
60

40

Soluble protein %

20

w__ ¥ Y e
0 2 4 6 8 10
pH

Figure 1.3 Protein solubility at C, = 7 g/L (calculated from % soluble N) as a function of pH for acid
precipitated (o) and heat precipitated (%) alfalfa (Mediago sativa L.) proteins. The 100% protein
solubility refers to 7 g/L (reproduced and adapted from (2)).

0

The ionic strength of the system can also affect the solubility of a protein. For
example, an increase in ionic strength from 0.03 M to 0.25 M led to a decrease in
solubility of helianthin from > 40% to almost 0% in the pH range from 2.0 to 3.5.
However, no effect on solubility was observed at pH > 4.0 (Figure 1.4 A) (42). In this
case, the loss of protein solubility was attributed to a reduced electrostatic repulsion
energy that allowed the proteins at pH 3.0 to approach each other and form
aggregates. In the same study it was shown that a change in ionic strength leads to
changes in the association state of the protein; i.e. at pH 8.5 and I = 0.03 M helianthin
was present as 50% 11S and 50% 7S, whereas at pH 8.5 and I = 0.25 M it was present as
70% 11S and 30% 7S (42). Whether such a difference in the association state of the
protein at high and low ionic strength leads to a difference in the solubility of the
protein cannot be derived from this study because the solubility of helianthin at each
ionic strength was defined as % of protein dissolved at pH 8.5.
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Figure 1.4 Protein solubility as a function of pH for (A) helianthin at I =0.03 M (A) and I=0.25M
() at C, =4 g/L. and (B) glycinin at [=0.03 M (&), [=02M (") and [=0.5 M (#) at C, =6 g/L
The protein solubility is expressed as protein solubility relative to the protein solubility at pH 8.5 (A)
or pH 7.6 (B), hence the protein solubility at pH 8.5 (A) or pH 7.6 (B) is set at 100% (reproduced and
adapted from (43, 44)).

Different proteins show different sensitivity to changes in ionic strength. An
increase in ionic strength similar as described for helianthin had only a minor effect on
the solubility of the soy protein glycinin (Figure 1.4B). However, for the same protein
an increase in ionic strength from 0.03 M to 0.5 M led to a significant increase in the
solubility in the pH range from 3.0 to 6.0 (Figure 1.4B). Furthermore, it was shown that
the ionic strength affects the association state of glycinin (43). At pH 7.6 and 1 = 0.5 M,
glycinin is present as hexamer (45 46), whereas at I = 0.03 M it is predominantly
present as hexamer, while a small part of it (15-20%) is present as trimer (43). Thus, the
ionic strength of the system is of importance especially when multimeric proteins, e.g.
Rubisco, are to be studied. With respect to Rubisco, to our knowledge, there is no
literature available regarding the effect of ionic strength on the association/dissociation
state of the protein. Typically, urea (47) or SDS (48) are applied to effectively dissociate
Rubisco into its subunits.

In the case of complex mixtures, e.g. protein concentrates, a change of the
association state of the protein due to ionic strength could lead to a change in the state
of complexation between the protein molecules and the charged carbohydrates. The
latter can ultimately lead to differences in protein solubility of the protein(s) present in
the protein concentrates as a function of ionic strength. These effects might not be
similar to the effects of ionic strength on the solubility of the pure protein(s). For
example, for algae juice (24.5% w/w protein) at pH 5.5 the solubility (relative to the
solubility at pH 8.0) atI = 0.03 M and I = 0.5 M was 60% and ~ 38%, respectively (13).
For a more pure algae concentrate (ASPL; 64.4% w/w protein), the solubility (relative to
the solubility at pH 8.0) at pH 5.5 was similar between the two ionic strengths tested
(100%). Another interesting observation derived from this example is that the solubility
of algae juice at pH 5.5 (I = 0.03 M) was ~ 60%, whereas the solubility of algae
concentrate was 100% (Figure 1.5A).
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Figure 1.5 Protein solubility as a function of pH for (A) for algae juice (i.e. ASPI before acid
precipitation) (®) and purified ASPI (i.e. ASPI after acid precipitation) (e) and (B) glycinin (o), B-
conglycinin (e), and SPI (64 glycinin, / 36 B-conglycinin) (®) at C, = 8 g/L and I = 0.5 M. The protein
solubility is expressed as protein solubility relative to the protein solubility at pH 7.6 (A) or 8.0 (B),
hence the protein solubility at pH 7.6 (A) or 8.0 (B) is set at 100% (reproduced and adapted from (13,
49).

The difference in solubility between algae juice and algae concentrate might due
to the overall difference in the chemical composition, e.g. difference in charged
carbohydrates content, of algae juice and algae concentrate. However, the charged
carbohydrate content for algae juice was not reported in this study (13). Charged
carbohydrates and proteins can form complexes, which have a different overall charge
than the pure proteins (50). Such complexation of proteins and charged carbohydrates
will also shift the overall pl, and eventually alter the solubility profile of the protein. The
presence of different proteins in a protein concentrate can also alter the solubility
pattern of the protein concentrate as compared to the individual proteins. For example,
glycinin and B-conglycinin, the main proteins of soy protein isolate, when fractioned
were soluble up to 100% at pH 3.0, whereas their mixture (SPI) was only 50% soluble at
the same pH (43 (Figure 1.5B). In the case of protein concentrates from leaves, the
main protein present, as discussed earlier, is Rubisco, while other proteins such as
photosystem II protein D1 (PSII) and chlorophyll a/b binding protein can also be found.
Based on the amino acid sequence of Rubisco its theoretical pI is 6.1 (22). This pl is
different from the apparent pI (pH where the minimum solubility is observed) of various
Rubisco-containing protein concentrates. The reported apparent pI was around pH 4.5
(2. This apparent discrepancy can be due to the contribution of different proteins as
well as the presence of charged carbohydrates in the protein concentrates.

The cross-linking of proteins with phenolic compounds can also influence the
solubility of a protein. As discussed earlier, phenolic compounds that are naturally
present in leaves can, upon cell rupture, be oxidized by endogenous polyphenol
oxidase (PPO) into respective quinones (5I). Once quinones are formed, they can
polymerize with other phenolic compounds (39 or covalently link to proteins (40) . The
reaction products are brown (Figure 1.6A), and thus the color can be an indication of
protein modification. Such protein modification can lead to decreased protein solubility
(Figure 1.6B). The extent of modification and the effects of this modification on protein




CHAPTER 1

functional properties may differ from protein to protein (40) as shown in Figure 1.6B
for a-lactalbumin and lysozyme.

A B

3 4 5 6 7 8 9
pH

Figure 1.6 (A) Protein obtained from Solanum tuberosum L. in the presence (white) or absence
(brown) of ascorbic acid. (B) Protein solubility as a function of pH for unmodified (closed symbols)
and PPO-modified (open symbols) a-lactalbumin (@, O) and lysozyme (A, A)at C, =5 g/L and I =
0.02 M (reproduced and adapted from (40)).

To prevent the oxidation of phenolic compounds, and thus the cross-linking of
proteins with phenolic compounds, typically ascorbic acid or sulfite is added in the
protein extraction solvent. The anti-browning effect of ascorbic acid stems from its
ability both to reduce quinones to their precursor phenolic compounds and to lower
the pH of the material, which leads to PPO inactivation. Sulfite is known to prevent
enzymatic browning, by inactivating the PPO and/or by formation of sulfo-adducts that
do not contribute to browning (52).

Formation of protein stabilized emulsions and foams

Emulsions and foams are colloidal systems in which oil (in emulsions) or air (in foams) is
dispersed in a continuous liquid phase, e.g. water (53). Proteins tend to adsorb at the
oil-water or air-water, respectively, interface and thus facilitate the formation of
emulsions and foams, or else prevent the separation of the two phases (53). For
emulsions, historically, a common way to characterize the emulsifying ability of a
protein was to determine its emulsifying capacity (EC). The EC, which is widely used in
literature, is typically expressed as the amount (mL) of oil emulsified by a certain
amount (g) of protein. The results obtained from this method were qualitative and they
could not be linked to the physico-chemical characteristics of the tested protein. Later,
the emulsifying activity index (EAI) was introduced. The EAI was based on the turbidity
of the emulsion after homogenization, which was directly related to the average droplet
size (d3,). A more quantitative description for the emulsifying ability of a protein has
been more recently introduced (54 55). In this approach, the emulsifying ability is
characterized by the critical concentration (C,); i.e. the minimum protein concentration
needed to form a stable emulsion under given processing conditions (e.g.
homogenization pressure, homogenization time, oil concentration). Below the C,
(protein poor regime), there is not sufficient protein to fully cover the oil-water interface
within the timescale of emulsification. As a consequence, the oil droplets coalesce
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directly after homogenization. As the protein concentration increases more protein is
available to cover the oil-water interface, and thus less coalescence is observed. This
can be followed by measuring the average droplet size (ds,) (Figure 1.7A).
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Figure 1.7 (A) Average droplet diameter (d;,) as a function of protein concentration for f-
lactoglobulin at pH 7.0, I = 0.01 M and ® = 0.1. Critical concentrations indicated by dotted lines
(reproduced and adapted from (56)) (B) Normalized foam ability (™) and bubble radius (r3,) () as a
function of protein concentration for B-lactoglobulin at pH 7.0. Critical concentrations indicated by
dotted lines (reproduced and adapted from (57)).

In the protein poor regime the ds, decreases with increasing protein concentration. At
Cp = C. the d;, reaches its minimum size (d;,min), and becomes, thereafter, independent
of protein concentration (at C, > C.; i.e. at the protein rich regime). The dj;min IS
determined by mechanical parameters, such as homogenization pressure,
homogenization time etc.

Similarly to emulsions the foam ability (FA); i.e the amount of foam formed after
sparging gas, of a protein increases with increasing protein concentration. In the case of
foams, two critical concentrations have been identified; i.e. Cira and Cgp3o Which
demarcate the shift from the protein poor to the protein intermediate and the shift
from the protein intermediate to the protein rich regime, respectively (Figure 1.7B). In
the protein poor regime (C, < Cr) the foam ability increases with increasing protein
concentration up to a maximum value (FA,,), reached when C, = C.a. In this regime,
the bubbles are large, but their mean radius (r;,) decreases with increasing protein
concentration. In the intermediate-protein regime (Ciea < C, < Ceusz) no further
increase in foam ability is observed; i.e. FA = FA,,. In this regime the r3, still decreases
with increasing protein concentration until C, = Ccuso. At Cy = Canp the 13, reaches a
minimum value and thereafter becomes independent of protein concentration (at C, >
Cer32; protein-rich regime).

Effect of intrinsic properties and system conditions on protein stabilized
emulsions and foams

As described above, the adsorption of proteins at the interfaces is crucial for the
formation and stability of emulsions and foams. Two main parameters of the adsorption
play an important role in this process; the maximum amount of adsorbed protein (..,
and the adsorption rate. The latter was shown to be affected by the exposed
hydrophobicity and the electrostatic repulsion (58, 59).
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Before moving forward discussing the effect of intrinsic properties and system

conditions on the stability of emulsions and foams we need to clarify some differences
between these two colloidal systems. Typically, emulsions are made using multiple
passes through the homogenizer. Therefore, in this case after the emulsification the
emulsion droplets (at C, > C) are stable against coalescence. Regarding foams, there
are various ways to create bubbles, e.g. by whipping, sparging gas, fermenting yeast
(60. Among these methods, the sparging of gas through porous plates or disks was
shown to be one of the most reliable methods to form foam in a reproducible way (60).
Therefore, this method is used for foam formation in this thesis. In this case, the
bubbles are formed once (as opposed to “multiple passes” in case of emulsions).
Therefore, after foam formation the bubbles can still coalescence.
Emulsions. Recently, Delahaije et al (55) proposed a model for pure protein systems
that links the adsorbed amount of protein (I.,), Which is needed to stabilize the oil-
water interface, and the adsorption rate constant k,gso, to the C, the volume fraction of
oil (@) and the minimum average droplet size (dsomin) (56). It was shown that for pure
protein stabilized emulsions the values of I, and ko, can be estimated from the
protein charge (related to electrostatic interactions), the relative exposed
hydrophobicity and the protein radius (56). As expected proteins with different
molecular characteristics were shown to have different C,, at a given pH / L. For example,
atpH 7.0,I = 0.01 M and 10% (v/v) sunflower oil the C, of lysozyme, ovalbumin and 8-
lactoglobulin were > 25 g/L, ~ 10 g/L and ~2 g/L, respectively (55). The difference in C,
was attributed to the difference in the relative exposed hydrophobicity of these three
proteins; 0.06, 0.19 and 1.00, respectively.

After the formation of an emulsion that is stable against coalesence, the system
conditions can change, e.g. decrease of pH or ionic strength. At pH values close to the
pl of the protein flocculation occurs. The latter is due to low electrostatic repulsion; i.e.
there is not sufficient charge on the adsorbed layer to dominate over the attractive
interactions (e.g. van der Waals and hydrophobic) between emulsion droplets. This can
be observed by an increase in ds,. In this case the ds, reflects the diameter of the
flocculate and not the droplet diameter (Figure 1.8). When there is sufficient amount of
protein to fully cover the oil-water interface the flocculation is reversible as soon as the
pH is brought away from the pl (61). In other words, in protein poor regime (C, < C.)
the stability against flocculation is determined by the change in adsorbed amount. In
protein rich regime (C, > C,,) the stability against flocculation is mostly due to fact that
repulsion becomes too low (61).
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Figure 1.8 Average droplet diameter (d;,) of whey protein isolate (WPI) stabilized emulsions (10%
oil, I =0.03+0.01 M, C, = 10 g/L) made at pH 8.0 and then adjusted to various pH values (reproduced
and adapted from (61))

At high ionic strengths a decrease of the electrostatic repulsion between the
proteins leads to a decrease of the effective radius of the protein at the interface. As a
consequence, more proteins have to adsorb to completely cover the oil-water interface,
and thereby prevent flocculation (Figure 1.9). This explains the observation that at high
ionic strength the C,, is higher than at low ionic strength (61).
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Figure 1.9 Effect of high and low protein concentration on the emulsion stability against flocculation
after formation (dark grey and light grey circles represent the protein and the Debye double-layer,
respectively) (adapted from (55)).

The stability of protein stabilized emulsions against flocculation can be improved
by the presence of charged carbohydrates. Anionic carbohydrates can form complexes
with proteins, and co-adsorb at the oil-water interface. As a consequence a more
charged layer is created at the oil-water interface, and thus the electrostatic repulsion is
higher. For example, in pure B-lactoglobulin stabilized emulsions flocculation was
observed in the pH range 4.0 — 5.5, which is around the pI of B-lactoglobulin (pI = 4.9
(57), whereas in mixed B-lactoglobulin-pectin stabilized emulsions no flocculation was
shown at the same pH range. This was attributed to the higher electrostatic repulsion in
this pH range for mixed B-lactoglobulin-pectin than for pure B-lactoglobulin, as shown
by droplet (-potential measurements (62). A similar effect; i.e. protein-charged
carbohydrates stabilized emulsions are stable around the iso-electric point of the
protein, while the pure protein stabilized emulsions are not, was also observed for ASPI
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(I4. In addition, the complexation of proteins with carbohydrates can lead to the
formation of a thicker adsorbed layer, and thus steric stabilization.

Foams. Foam stability describes the stability (against coalescence and/or
disproportionation) of the foam in time. A measure of foam stability is the half life time
(t12), which is the time at which half of the initial foam volume (or height) has collapsed.
As described above, at C, > C.3, (protein-rich regime) the bubble radius decreases with
increasing protein concentration (57). The decrease of r3;, is expected to decrease
drainage rate and increase foam stability. However, for several proteins, e.g.
B-lactoglobulin (57) and a-lactalbumin (63) the foam stability was found to decrease at
Cp, > Cas, even though one might expect either a constant, or increasing foam stability
with increasing protein concentration.

The pH of the system was shown to affect foam stability. Typically, a protein is
expected to have maximum foam stability at pH values close to its pl. That was shown
for a number of proteins, such as alfalfa protein concentrate (8 and egg white albumin
(EWA) (64). The high foam stability under these conditions was attributed to the fact
that the electrostatic repulsion between the protein molecules is minimal, and
subsequently the adsorption of the protein at the air-water interface is maximal.
However, other researchers found different effects. For example, Kuropatwa et a/. (65)
found that the stability of whey protein isolate (WPI) stabilized foams was the lowest at
pH 5.0 (pI of WPI). The latter was attributed to the formation of B-lactoglobulin
octamers. Another factor that affects foam stability is the ionic strength of the system.
For some proteins, e.g. WPI, the foam stability at pH 5.0 was higher at high (I = 0.2 M)
than at low (I = 0.01 M) ionic strength, whereas for other proteins, e.g. EWA, no effect of
ionic strength was observed under these conditions (64). For complex (non-pure
protein) systems, such as protein concentrates, the composition of the concentrate has
an effect on the foam properties. For example, it was shown that the foam stability of
protein-charged carbohydrates complexes was higher than the foam stability of pure
protein systems (66). This was attributed to the more rigid interface formed in the
presence of protein-carbohydrates complexes. However, it needs to be noted that the
role of aggregates on foam stability is controversial. In some studies, it was shown that
the presence of aggregates had a positive effect (63), while in some others it was shown
that large aggregates can negatively affect foam stability (67).

DESIGNING OF A BIOREFINERY PROCESS

From the previous sections it becomes clear that proteins isolated from leaves can be
used in a variety of applications as functional ingredients. However, to further increase
the economic revenue from the exploitation of leaves, a biorefinery approach needs to
be followed. The design of a biorefining process is challenging due to the high number
of products (i.e. compounds) that can be obtained from one feedstock and the plethora
of possible pathways that can lead to these products. Therefore, a systematic approach
for the process design is needed. Typically, in literature the main focus of such
approaches is on the identification and selection of the optimum processing pathway
given certain objectives, such as yield maximization, energy minimization, or economic
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performance (68). However, to design an optimal biorefining process also the specific
physico-chemical properties of the individual final products need to be considered. The
latter has been the focus of the product design methodologies (69-72). Thus, both
product and process design methodologies need to be used. In the last years, a number
of methodologies that integrate product and process design were published.

The product driven process synthesis (PDPS) methodology combines both the
product and process design and can be used for this purpose. PDPS was first
introduced as a structured approach towards the synthesis of a process in the food
sector, where several raw materials are combined to produce one final product (72).
Later, it was also successfully applied for the design of the separation process of one
compound from a feedstock, e.g. the isolation of isoflavones from okara (73), the
separation of oleosomes from soybeans (/4), and the separation of polyphenols from
tea (75). The use of PDPS in a separation process is not as straightforward as in the case
of structured products. Some of the challenges, which have been already identified by
Jankowiak et al (73), are due to the complexity induced by the interaction among the
different compounds present in the feedstock, which hinders the isolation of pure
compounds. Moreover, in contrast to the production of a structured product, in the
case of a separation process the raw material; i.e. the feedstock, may be less well
defined or even less constant with respect to the composition. In other words, various
factors, such as weather, soil, fertilizers, plant age, as discussed above, can lead to
changes in the chemical composition of the feedstock, and as a consequence induce
changes to the quantity and quality of the final product. The isolation process itself can
influence the quantity, quality and composition of the final products. Finally, the
composition and the state (e.g. native/denatured) of the final product define the
applications in which the final product can be used. In the case of a biorefinery process,
where multiple products are to be separated (extracted) simultaneously or
consecutively the design of the process becomes even more complicated. To address all
these challenges PDPS in its current form needs to be adapted.

AIM OF THIS THESIS

The aim of this thesis is to study the biorefinery of sugar beet leaves, with a special
focus on the isolation of proteins. The research is therefore divided into three sub-aims.
The first sub-aim is to determine whether there is a variability in the chemical
composition of the leaves, and thus in the quantity and quality of the extracted
proteins, due to pre-harvest conditions (plant age). The second sub-aim is to evaluate
the variability of the techno-functionality of LSPC due to system conditions, and the
third sub-aim is to extend current product and process synthesis approaches to enable
the design of a biorefining process.
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THESIS OUTLINE

The outline of this thesis is schematically shown in Figure 1.10.

Chapters 3, 4

Variability of chemical Variability of techno-
composition of leaves functl_onallty of
due to pre-harvest proteins due to
conditions system conditions
Input process Output

Product and process
synthesis in
biorefinery

Figure 1.10 Schematic representation of the thesis outline.

First the variation in the chemical composition of sugar beet leaves, due to variation in
plant age (i.e. harvesting time), is studied (Chapter 2). For this, leaves from sugar beets
grown in a field and in a greenhouse are used. The effects of this variation on the
subsequent quantity and quality (color) of the extracted protein concentrate (LSPC) are
determined. In the next two chapters, the effect of various system conditions on the
techno-functional properties of LSPC is described. This is done using two approaches
recently developed to describe the emulsion and foam properties of pure protein
stabilized systems, and link them to the molecular properties of the protein. These
approaches are used to obtain a quantitative characterization of the techno-functional
properties of sugar beet leaf proteins and also link these properties to the molecular
properties of the main proteins present in LSPC. More specifically, Chapter 3 focusses
on the effect of protein concentration, pH and ionic strength on the emulsion
properties of LSPC. Chapter 4 extends this work by studying the effect of the same
conditions on the foam properties of LSPC. In both chapters, soy protein isolate (SPI) is
used as a reference. SPI is selected as a reference protein because of its origin (plant-
derived) and because, similarly to LSPC, it is a mixture of a (multimeric) protein and
other non-protein compounds. In Chapter 5, an existing methodology, namely the
product driven process synthesis (PDPS) that was developed for structured products, is
adapted for use in biorefineries. A case study of a sugar beet leaves biorefinery is shown
as an example. In the last chapter (Chapter 6), the main results obtained in the previous
chapters are discussed with respect to data shown in literature. The chapter ends with
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an outlook of how the knowledge acquired through this thesis can be further
implemented in literature.
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Chapter

Effect of plant age on the quantity and quality of
proteins extracted from sugar beet
(Beta vulgaris L.) leaves

Effects of the developmental stage of leaves (e.g. young, mature or senescent) on their
chemical composition have been described in literature. This study focuses on the
variation in chemical composition and quantity and quality of proteins extracted from
leaves due to variation in plant age (i.e. harvesting time), using leaves from sugar beets
grown in field (Rhino, Arrival) and in greenhouse (Isabella). Within the same variety
(Rhino-field, Arrival-field, Isabella-greenhouse), the protein content was similar for
leaves from young and old plants (221, 16+1, and 10+3% w/w db, respectively).
Variation in final protein isolation yield was mostly due to variation in nitrogen
extractability (28-56%), although no consistent correlation with plant age was found. A
significant effect of the plant age was observed on the quality (color) of the extracted
proteins; i.e. brown (indicative of polyphenol oxidase activity) and yellow for extracts
from old and young plants, respectively.

Based on: Kiskini, A; Vissers A., Vincken, J. P; Gruppen, H.; Wierenga, P. A, Effect of
plant age on the quantity and quality of proteins extracted from sugar beet (Beta
vulgaris L.) leaves. Journal of Agriculture and Food Chemistry 2016, 64, 8305-8314.




CHAPTER 2

INTRODUCTION

Leaves from various plants have long been considered as a source of protein for both
food and feed applications (Z) due to their nutritional value (e.g. adequate amounts of
essential amino acids) (2), good techno-functional properties (e.g. high solubility at a
wide pH range) (3) and high abundance in nature. For instance, in the Netherlands in
2011, the sugar beet cultivation area was 72,000 ha (4), which translates to
approximately 2.2 Mt leaves. The quantity and quality of the proteins extracted from
leaves depend on different factors, one of which is the overall chemical composition of
the leaves. This composition has been shown to differ among leaves of different age
(developmental stages) e.g. young, old or senescent (5-8. However, when leaves are
obtained collectively during harvest of the plants, as for example in the case of sugar
beet leaves, an array of leaves of different developmental stages is collected. Also, the
harvesting time may vary, since, for instance, in Northern Europe the harvest of the
sugar beets usually takes place from September until December. Therefore, when sugar
beet leaves are to be used as a source of protein for food or feed applications, it is
important to test whether harvesting time; i.e. the plant age, has an effect on the overall
chemical composition of the whole foliage, and consequently on the protein quantity
and quality of the proteins extracted.

Differences in the protein content of the whole foliage with varying plant age have
been observed. In sugar beet leaves the protein content increased from 26.4% to 31.0%
w/w dry weight basis (db) in leaves collected 60 and 100 days after sowing, respectively
(8). For alfalfa leaves, it was reported that the protein content of the foliage initially
increased with plant age by 24% and subsequently decreased by 19% (9).

The protein extractability can be hindered due to the presence of intact cell walls.
It was reported that protein extraction from dehulled rapeseed meal was 33% lower
when no cell wall degrading enzymes were used (I10). Also, even after the cell wall
opening pectins, which constitute a large part of cell walls of dicotyledon plants, can
still hamper the protein isolation due to their interaction with proteins. Overall, it is
expected that differences in the carbohydrate content will lead to differences in protein
extractability. It has been shown that in sugar beet leaves the carbohydrate content
decreased from 41% to 31% w/w db in leaves collected 60 days to 100 days after
sowing, respectively (8).

Other compounds present in leaves, like phenolic compounds, are also expected
to influence protein extractability (Z1). The naturally present phenolic compounds in
leaves can, upon cell disrupture, be oxidized by endogenous polyphenol oxidases
(PPOs), such as catecholase and cresolase (12). This reaction leads to quinones that can
polymerize with other phenolic compounds (13) or covalently link to proteins (11). The
latter can potentially hinder protein extractability. The reaction products are dark
colored, thus the color is an indication of protein modification. Protein modification can
negatively affect the quality of the proteins, e.g. decrease their solubility. It has been
shown that covalent linkage of enzymatically oxidized phenolic compounds to proteins,
like lysozyme or a- lactalbumin, significantly decreased protein solubility at pH values
ranging between 3.0 and 5.0 (11).
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Similar to proteins and carbohydrates, the content of phenolic compounds may
also vary with plant age. For example, the total content of phenolic compounds in sugar
beet leaves collected 100 days after sowing was approximately 1.5 times higher than
that in leaves collected after 60 days (8. In contrast, in lettuce leaves it was reported
that the phenolic compounds content in leaves collected 59 days after sowing was 8.5
times lower than in leaves collected 28 days after sowing, although at 73 days after
sowing it was similar to that of 28 days. While the phenolic compounds content showed
a fluctuation over time, the PPO activity determined in these leaves showed a constant
increase with the lettuce age (Z4).

From the above, it is evident that the plant age has an effect on the chemical
composition of the leaves. The aim of the present research is to determine the effect of
plant age on the chemical composition of the sugar beet leaves and thereby its effect
on the protein quantity and quality (color) of the extracted proteins. It is hypothesized
that: (1) plant age affects the chemical composition of the sugar beet foliage, (2) the
quantity of protein from sugar beet leaves obtained from old plants is lower than that
from leaves from young plants and (3) in leaves from old plants there is higher PPO
activity, which leads to brown color formation during protein extraction.

MATERIALS AND METHODS

Chemicals and sugar beet leaves

The sugar beet leaves were obtained either from sugar beets grown in a field (Beta
vulgaris L. var. Rhino, var. Arrival) or grown in a greenhouse (Beta vulgaris L. var.
Isabella) at Unifarm (Wageningen, The Netherlands). The seeds were provided by Royal
Cosun (Breda, The Netherlands; purchased from Kws Saat, Einbeck, Germany).
Chlorophyll a (purity of 90% w/w, based on HPLC as provided by the supplier) was
purchased from Wako Pure Chemical Industries (Osaka, Japan). Gallic acid (purity of
98.5% based on GC as provided by the supplier), (+)-Catechin hydrate (purity of > 98%,
based on HPLC as provided by the supplier) and L-tyrosine (purity of > 98% w/w, based
on HPLC as provided by the supplier) were purchased from Sigma Aldrich (St. Louis,
MO, USA). All other chemicals used were purchased from either Merck (Darmstadt,
Germany) or Sigma-Aldrich.

Growth conditions

Field. The sugar beet seeds (pelleted seeds containing fungicides and insecticides)
were sown in April 2013 (Beta vulgaris L. var. Rhino) and April 2014 (Beta vulgaris L. var.
Arrival). The plants were protected against weed and fungi. In both years, there was no
need for pest control. In 2013, the sugar beet leaves (no stems) were collected 3 and 6
months after sowing and were denoted as LFs;z and LFg, respectively. In 2014, the
collection of the leaves took place 3 and 8 months after sowing and the leaves were
respectively denoted as LF3, and LFga. The subscript indicates the age, in months, and
the variety of the sugar beets. The leaves, at the different harvesting times, were
collected from different spots in the field to ensure that leaves from regrowth were not
used. Senescent leaves were discarded. The leaves collected in 2013 and 2014 were
collectively denoted as field leaves (LF).
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Greenhouse. Fifteen seeds of sugar beets (Beta vulgaris L. var. Isabella) were sown,
each month from December 2012 to July 2013. Seeds were sown in pots (12 x 12 x 20
c¢m) containing normal soil for flowering plants. The plants were grown in these pots
until their first leaf fall off. Next, they were transplanted to trays (40 x 30 x 25 ¢cm) and
grown until they had two true leaves. Eight healthy seedlings were then randomly
selected and thinned to one per pot (25 x 25 x 25 cm). The plants were grown under a
natural photoperiod, with a minimum of 16 h light exposure. In case of shorter natural
photoperiod, artificial light was used (SON-T Agro, Philips, Eindhoven, The Netherlands).
The humidity in the greenhouse was 65-75% and the temperature was set at 16-18 °C.
The plants were watered with tap water twice a day. Pest was biologically controlled
using swirski-mite (Koppert biological systems, Berkel en Rodernrijs, The Netherlands).
All sugar beets were sown at different time points and harvested at the same time
(September 2013) resulting in leaves ranging from 2 (LG,) to 9 (LGg) months. In this
way, variations due to different storage times before analysis were avoided. The sugar
beet leaves (no stems) that were collected from the sugar beets grown in the
greenhouse were collectively denoted as greenhouse leaves (LG). Similarly to the
collection of leaves from the field, senescent leaves were discarded. The LGy leaves
were mostly senescent and hence they were excluded from the analyses.

Sugar beet leaves handling

After the sugar beets leaves were collected, the leaves were washed using tap water and
stored at 4 °C until the excess water was completely drained off (not longer than 36 h).
Part of the leaves was stored in vacuum sealed bags at -20 °C until further analysis. The
rest of the leaves were freeze-dried. The freeze-dried leaves were ground in an ultra-
centrifugal mill (Retsch ZM 200, Haan, Germany) at 6,000 rpm with a 0.5 mm or 0.2 mm
sieve, for the leaves grown in the greenhouse and in the field, respectively. The freeze-
dried powders were stored at -20 °C until further analysis.

Protein isolation

Sugar beet leaves grown in the field. Frozen sugar beet leaves (13+2.4% w/w dry
matter) were blended for 2 min in a household-type blender with 150 mM sodium
phosphate buffer pH 8.0 containing 0.8 M NaCl, using a leaves to buffer ratio of 1:3
(w/w). In another experiment, LFs were blended under the same conditions in the same
buffer supplemented with 0.17% (w/v) Na,S;0s and denoted LFgrs03. The pH of the
suspension was readjusted to 8.0 after supplementation of the Na,S,0s. The pulp
obtained after blending the leaves was left for 1 h at 4 °C and subsequently filtered
through a Biichner funnel (no filter paper). The filtrate was centrifuged (38,400 g, 4 °C,
30 min) and the supernatant (juice) obtained was subsequently dialyzed (MWCO
12,000-14,000 Da, Medicell International, London, UK) at 4 °C for 18-24 h against
35 mM sodium phosphate buffer pH 8.0 (LFsg, LFgr, LF3a, LFga) Or against the same buffer
containing 0.13% (w/v) Na,S,0s (LFerso3). Next, the dialyzed juices were further dialyzed
against distilled water at 4 °C for 24 h. The pH of the dialyzed juice was lowered to 4.5
using 0.5 M HCI at room temperature. The acidified dialyzed juice was kept at 4 °C for at
least 1 h and subsequently centrifuged (5,000 g, 4 °C, 10 min). The pellet obtained was
re-dispersed in distilled water and solubilized by adjusting the pH to 8.0 using 0.5 M
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NaOH at room temperature and subsequently freeze-dried. The obtained leaf soluble
protein concentrates obtained were denoted as LSPC g3z LSPCirgr, LSPCirgrs03 LSPCir3a
and LSPC ¢ ga. Extractions were performed in duplicate.

Sugar beet leaves grown in the greenhouse. A similar process as for field leaves was
followed, albeit with some adaptations; i.e. freeze-dried (96.9+0.4% w/w dry matter)
instead of frozen leaves were used. The leaves were suspended in distilled water at
13% (w/w). From this point onwards, the same process that is described for the protein
isolation from the leaves grown in field was followed. The leaf soluble protein
concentrates obtained from sugar beet leaves grown in the greenhouse were denoted as
LSPCiga LSPCiga, LSPCigar LSPCigs, LSPCige, LSPCig7 LSPCigg. Extractions were
performed twice in two consecutive years.

Dialyzed juices obtained from frozen LG were used for the determination of the
presence of colored compounds and PPO activity. The same process, as described for
the dialyzed juices from field leaves, was followed. Extractions in the presence of
Na,S,05 were not performed.

Compositional analyses

For each analysis at least two independent samples were taken and each analysis was
carried out at least in duplicate. The average and the standard deviation (SD) obtained
from the two independent samples were calculated. All values were expressed on a dry
weight basis (db).

Dry matter content. Dry matter content was determined gravimetrically by drying the
samples at 105 °C overnight.

Total nitrogen content. Total nitrogen content (N;) was determined by the Dumas
method using a Flash EA 1112 N analyzer (Thermo Fisher Scientific, Waltham, MA, USA),
according to manufacturer’'s protocol. Methionine was used as standard for the
quantification.

Amino acid analysis. Amino acid composition was determined based on ISO
13903:2005 method (15) adjusted for micro-scale. The amide nitrogen from asparagine
and glutamine and nitrogen from aspartic acid and glutamic acid were not determined
separately. Therefore, nitrogen recovered from these amino acids was calculated
assuming that ASX (asparagine/aspartic acid) and GLX (glutamine/glutamic acid) were
present as either 100% ASN/GLN or 100% ASP/GLU.

Nitrogen-to-protein (N-prot) conversion factors. Based on the amino acids analysis
two N-protein (N-Prot) factors; i.e. k, and k, were determined, as described previously
(16). The k;, is the ratio of the sum of amino acid residue weights determined by amino
acid analysis to total nitrogen (Ny) weight, determined by the Dumas method. The k, is
the ratio of the sum of amino acid residue weights to nitrogen weight from recovered
amino acids. Given that the nitrogen recovered from asparagine/aspartic acid and
glutamine/glutamic acid was calculated assuming that ASX and GLX were present as
either 100% ASN/GLN or 100% ASP/GLU, two k, and two k, values were calculated for
each sample. The values for k, are presented as a range between a lower and an upper
limit, calculated with ASX/GLX = 100% ASN/GLN and ASX/GLX = 100% ASP/GLU,

27




CHAPTER 2

respectively. The values for k, are presented as average between the values calculated
with ASX/GLX = 100% ASN/GLN or 100% ASN/GLN because the standard deviations
were found to be on average <0.2% of the average values. The ky/k, ratio represents
the ratio of proteinaceous (Naa) over the total nitrogen (Ny). The k, calculated for the
leaves was used as the N-Prot factor for the respective leaves, whereas the average k,
calculated for the LSPC 3 and LSPC ¢z Was used as the N-Prot factor for all LSPCs.

Carbohydrate composition and total uronic acid content. Carbohydrate content was
determined as the sum of the uronic acid and the neutral carbohydrate contents.
Freeze-dried leaves and LSPC (10-13 mg) were treated with 72% (w/w) H,SO, (1 h,
30 °C) followed by hydrolysis with 1 M H,SO, for 3 h at 100 °C. The suspensions were
then centrifuged (16,000 g, 20 °C, 10 min) and the supernatants were used for uronic
acid and neutral carbohydrate determinations. Uronic acid content was determined as
described previously (Z7). A calibration curve with galacturonic acid (12.5-100 pg/mL)
was used for quantification. Neutral carbohydrates were analyzed as free
monosaccharides using high performance anion-exchange chromatography on a
Dionex Ultimate 3000 system (Thermo Scientific, Sunnyvale, CA, USA) equipped with a
CarboPac PA-1 column (2 mm x 250 mm ID) in combination with a CarboPac guard
column (2 mm x 50 mm ID) and a pulsed amperometric detection, as described
previously (18 with adaptations. The elution profile that was used (0.4 mL/min) was as
follows: 0-35 min 100% H,0, 35-50 min from 100% 0.1 M NaOH to 100% 1 M NaOAc in
0.1 M NaOH, 50-55 min 100% 1 M NaOAc in 0.1 M NaOH, 55-63 min 100% 0.1 M
NaOH, 63-78 min 100% H,0. From 0 to 35 min and from 63 to 78 min, a post column
addition of 0.5 M NaOH at a flow rate of 0.1 mL/min was performed to detect and
quantify the monosaccharides eluted. Arabinose, rhamnose, galactose, glucose, xylose
and mannose (2-75 pg/mL)) were used for the quantification. The total neutral
carbohydrate content was calculated as the sum of the weight of the total anhydrous
monosaccharides.

Phenolic compounds content. Phenolic compounds were extracted from freeze-dried
leaves using 5 consecutive extractions of 30 min at 4 °C in 50% v/v aqueous MeOH
containing 0.5% (v/v) acetic acid, at a leaves to extractant ratio of 1:10 (w/v) (19). In each
extraction, the pellet was separated from the supernatant by centrifugation (8,000 g,
4 °C, 10 min). Fresh solvent was added to the solids after each centrifugation step. The
supernatants obtained were combined and filtered (0.45 pm cellulose filter), to yield the
final extract. Phenolic compounds content was determined in the final extract using the
Folin-Ciocalteu phenol reagent method (20) with adaptations. The extract (20 L) was
diluted with 1.58 mL distilled water and incubated with 100 pL Folin-Ciocalteu reagent
for 20 min. Subsequently, 300 pL Na,COs (20% w/v) were added to the mixture and
after 2 h incubation the absorbance at 725 nm was measured. A gallic acid calibration
curve (0-1 g/L) was used for the quantification.

Ash content. Ash content was determined gravimetrically by incinerating the dried
samples at 525 °C overnight.
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Lipid content. Lipid content was determined gravimetrically using the Folch method
(21) with adaptations. In detail, the freeze-dried samples were extracted twice using a
MeOH/CHCl; (1:2 v/v) solution at room temperature. The washing of the combined
extracts was done by addition of 5 mL of 0.88% (w/v) aqueous KCI solution. The weight
of the lipid extract was determined after the solvents were evaporated using a rotary
evaporator. From this weight the mass of chlorophyll a (described below) was
subtracted to obtain the total lipid content.

Lignin content. Acid insoluble lignin was determined gravimetrically, as described
previously (22).

Chlorophyll a content. Chlorophyll a content was determined after dissolving the lipid
extract into 1 mL 90% (v/v) aqueous acetone. The absorbance of the solution was
measured at 664 nm (23). For the quantification a calibration curve of chlorophyll a in
90% v/v aqueous acetone was used.

Nitrogen recovery

To study the plant age effect on nitrogen extraction, the nitrogen extractability; i.e. the
proportion of nitrogen that was recovered in the juice (nitrogen recovery in the juice%)
was calculated as the amount of nitrogen in the juice divided by the amount of nitrogen
in the respective pulpx100%. The pulp, rather than the frozen or the freeze-dried
leaves, was used as the initial reference material for the nitrogen recovery calculation, to
avoid any differences caused by leaf to leaf variation. To study the effect of plant age on
nitrogen isolation, the recovery after dialysis and acid precipitation was calculated as
the amount of nitrogen in the dialyzed juice or in the LSPC divided by the amount of
nitrogen in the juicex100%.

Protein composition

The protein composition was determined using SDS-PAGE under reducing conditions.
All samples (freeze-dried LG and LF, LF Rhino juice, LF Rhino dialyzed juice, LF Rhino
protein concentrates; 5.0 g protein/ L) were prepared according to the manufacturer’s
protocol. They were then applied to the gels (any kD, Mini-protean TGX precast protein
gels, Bio-Rad Laboratories, Hercules, CA, USA). The proteins were separated on a Mini-
protean II system (Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s protocol and visualized by staining the gels using Coomassie blue stain
(InstantBlue, Expedeon, San Diego, CA, USA).

Presence of colored compounds

The presence of colored compounds in the dialyzed juice was determined by measuring
the absorbance from 250 to 750 nm in 1 cm quartz cuvettes using a UV-1800 Shimadzu
spectrophotometer and UV Probe 2.00 software (Shimadzu, Kyoto, Japan).

PPO activity assay

PPO-cresolase activity was determined by incubation of the dialyzed juice with tyrosine,
while PPO-catecholase activity was determined by incubation of the dialyzed juice with
catechin. The dialyzed juice (200 pL) was mixed with 100 pL tyrosine (2 mM in 0.1 M
sodium phosphate buffer, pH 6.7) or catechin solution (2 mM in 0.1 M sodium
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phosphate buffer, pH 6.7) in a 96-well plate. The formation of oxidation products after
the addition of tyrosine was monitored at 520 nm (24) over 1200 min using a TECAN
Infinite F500 spectrophotometer (Mannedorf, Switzerland). The formation of oxidation
products after the addition of catechin was monitored at 420 nm (25) over 300 min. The
formation of oxidation products after the tyrosine addition was monitored over a longer
period of time because prior experiments showed that in this case there is a long lag
phase before the colored compounds are formed. Incubation of dialyzed juice with
buffer was used to verify for autoxidation. Another control was performed by adding
tyrosine or catechin to the buffer (0.1 M sodium phosphate buffer, pH 6.7). The initial
reaction rates of cresolase and catecholase were calculated from the slopes of the linear
segment (initial segment) of the absorbance vs time curves (corrected for the nitrogen
content of the sample) and were expressed as AU-min™-(mg N)™.

RESULTS AND DISCUSSION

Composition of the sugar beet leaves

The protein content did not considerably vary between the LF (field leaves) from young
and old plants (Table 2.1). In the LG (greenhouse leaves), the protein contents for
plants of 3-8 months were also quite constant (on average 9.6+2.5% w/w db) (Figure
2.1). Only the youngest plants (2 months old) had deviating high protein content
(22.2+0.2% w/w db) (Figure 2.1). Overall, the protein content in the LG (LG, excluded)
was 41-59% lower than the protein content in the LF, which shows that the growth
conditions have an effect on the protein content in the leaves. That was expected since
it is known that environmental conditions; e.g. temperature, rainfall, light, can affect the
growth response and thus the chemical composition of the plants (26). These data
suggest that the protein content in the leaves depends on the growth conditions and
possibly on the variety, but not on the plant age.
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Figure 2.1 Protein (m), carbohydrate (A), ash (e) and phenolic compound contents (¢) in the
greenhouse leaves. Error bars indicate SD. Error bars are not shown when SD is smaller than the size
of the used marker.
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Table 2.1 Chemical composition (w/w% db) of field leaves (LF) and the corresponding protein
concentrates (LSPCs)®.

Sample m?ti{r" Protein* carb:;t;(;ra te Lipids’ Chlorophylla Lignin  Ash c:mh;l;?lllllcds Total
LF3x 11.3 22.8 19.2 42 0.3 6.4 16.4 1.5 70.8
(£0.3) (*1.7) (£0.7) (£0.1) (£0.1) (+0.6)  (+0.1) (£0.3)
LF¢r 14.1 21.7 229 8.0 0.8 10.1 15.2 2.7 81.4
(£0.2) (£1.5) (£2.2) (£1.0) (£0.2) (£0.6)  (£0.5) (0.1)
LF;5 10.6 14.6 31.4 5.0 0.3 13.0 14.0 1.0 793
(£0.4) (£1.0) (£0.9) (£0.3) (=0.1) (*0.2) (£1.0) (=0.1)
LFgx 15.8 16.6 273 7.7 0.5 15.8 11.0 1.5 80.4
(£0.2) (£2.6) (£0.4) (£0.4) (£0.1) (£0.3)  (£2.0) (£0.1)
LSPCyp3r 93.0 75.0 3.1 42 n.d. n.d. 1.3 n.d. 83.6
(£0.5) (+4.4) (£0.5) (£0.1) (£0.4)
LSPCy6r 91.8 64.1 3.8 33 n.d. n.d. 2.0 n.d. 732
(£1.4) (+4.3) (£1.2) (£0.3) (£0.6)
LSPC 34 95.0 61.2 3.7 4.9 n.d. n.d. 1.0 n.d. 70.8
(x0.8) (+4.3) (£0.2) (£0.8) (£0.0)
LSPCppsa 94.4 54.2 5.1 7.7 n.d. n.d. 2.0 n.d. 69.0
(£1.3) (=4.1) (£0.4) (£0.2) (0.0)

* All data are expressed as average (from at least two independent samples) (£SD).
® In w/w% fresh weight.

¢ Determined as Nr-k,.
4 Determined as CHCl3/MeOH soluble material, corrected for chlorophyll @ content.
¢ Not determined.

The amino acid composition did not differ between the leaves of different plant
ages, both for LF and LG samples (Table 2.2). Based on the amino acid analysis, the two
N-Prot factors k, and k, were determined. In the LF, the k, was 8-13% higher for young
than for old plants (Table 2.3). For the LG, the k, varied between 4.12 and 4.57, while no
clear effect of the plant age was identified. Overall, the average k, calculated for the
sugar beet leaves was 4.41+0.26 for all leaves (Table 2.3). This value is similar to the
average k, value (4.46+0.37) reported for other leafy materials (27). For k, a minimal
and a maximal value were calculated for each sample, assuming all ASX/GLX to be
present as ASP/GLU or as ASN/GLN, respectively (Table 2.3). The k, factor was similar
for all leaves tested (Table 2.3). The average k, factor (average lower limit and average
upper limit) for all leaves (both LF and LG) was 22-43% higher than the average k. This
indicates the presence of substantial amounts of non-proteinaceous nitrogen (NPN),
such as inorganic nitrogen, hormones, chlorophyll and nucleic acids. From the ratio
Naa/N7, it was estimated that the leaves from old plants from Rhino and Arrival contain
24-46% and 43-150%, respectively, more NPN than the leaves from young plants (Table
2.3).
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Table 2.3 Proteinaceous nitrogen and nitrogen-to-protein conversion factors k, and k;, for different
materials (LF, LG, LSPC)*

Sample Nuu/Ny (% )b,c N-Pr(l)(t gactor N-Pr(;(t Eactor
D a
LF3x 75<x<87 4.72 (+0.01) 5.40<y<6.31
LFer 69<x<81 4.36 (+0.01) 5.39<y<6.31
LF;3, 79<x<92 4.95 (£0.01) 5.39<y<6.28
LFga 70<x<80 4.32 (+0.01) 5.37<y<6.21
LGy 66<x<77 4.15 (+0.01) 5.39<y<6.31
LGy, 73<x<85 4.57 (£0.01) 5.41<y<6.31
LGy 66<x<77 4.16 (+0.01) 5.40<y<6.30
LG5, 66<x<77 4.12 (+0.01) 5.38<y<6.26
LGg 68<x<79 4.29 (+0.01) 5.40<y<6.30
LGy 68<x<80 4.31 (0.01) 5.39<y<6.31
LGy 72<x<84 4.53 (+0.01) 5.40<y<6.32
Average (£SD) 70 (£4)<x<82 (£3) 4,41 (£0.26)  5.39(+0.01)<y<6.29(+0.03)
LSPC3r 85<x<99 5.33 (20.01) 5.39<y<6.24
LSPCyrer 82<x<95 5.13 (£0.01) 5.38<y<6.23
Average (+SD) | 84 (£2)<x<97 (+2) 523 (20.14)  5.39(x0.01)<y<6.23(+0.01)

*LF, field leaves; LG, greenhouse leaves; LSPC, protein concentrates.

" Proteinaceous nitrogen (N4) as proportion (%) of total nitrogen (Nr).

“ Lower and upper limits represent values calculated with ASX/GLX = 100% ASP/GLU and ASX/GLX = 100%
ASN/GNL, respectively.

4k, is the average value of k, calculated with ASX/GLX = 100% ASP/GLU and with ASX/GLX = 100%
ASN/GLN.

¢ Lower and upper limits represent values calculated with ASX/GLX = 100% ASN/GLN and ASX/GLX = 100%
ASP/GLU, respectively.

The total carbohydrate content in LF Arrival was higher in LFs;, than in LFgy
(31.4£0.9 vs 27.3£0.4% w/w db), whereas in LF Rhino the carbohydrate content did not
differ considerably between the two plant ages (Table 2.1). For the LG an increase from
18.0+£1.3% (for 2 months old plants) to 28.2+3.1% w/w db (for 3-8 months old plants)
was observed (Figure 2.1). The main monosaccharides present in all leaves after
hydrolysis were glucose and uronic acids (Table 2.4), which are building blocks of
cellulose and pectins, respectively.

33




CHAPTER 2

Table 2.4 Constituent monosaccharide composition (mol%) of field (LF) and greenhouse (LG)
leaves.

Sampl Arabi Rhamnose Galact Glucose Xylose Mannos Uronic acid
LFsr 17 0 11 38 4 0 29
LFsr 18 0 10 43 3 0 26
LF;3, 22 0 5 46 3 0 23
LFsg\ 22 0 8 44 3 0 23
LGy 12 0 7 33 4 0 43
LGy 15 0 4 35 5 0 41
LGy 15 0 5 36 5 0 39
LGs 16 0 6 42 5 0 30
LGy 18 0 6 41 5 0 30
LGy 19 0 6 36 6 0 34
LGg 18 0 6 37 5 0 34

The overall protein composition was similar for the leaves of both plant ages (both
Rhino and Arrival), as shown by SDS-PAGE under reducing conditions (Figure 2.2A).
The most distinctive bands were observed around 50,000 and 15,000 g/mol, which are
indicative of the large (LS ~ 52,000; Uniprot accession code Q4PLI7) and small (SS ~
13,000; Uniprot accession code AOA0J8D2X9) Rubisco subunits (28). In addition, two
less intense bands were observed at around 37,000 and 25,000 g/mol, which are
indicative of respectively the photosystem II protein D1 (PSII) (Uniprot accession code
A0A0237ZQ82) and of the chlorophyll a/b binding protein (Uniprot accession code
049812) that have been identified in Beta vulgaris species) (28). In the greenhouse
leaves the most distinctive bands were observed around 50,000 and 25,000 g/mol,
whereas no bands were observed at 39,000 and 15,000 g/mol (with the exception of
LGy) (Figure 2.2B).

MW (g/mol) A B

250,000
150,000
100,000

75,000 [ === =

50,000| — € LS Rubisco

37,000 — <€ PsII

25,000 = 6 chlo_rophyll a{b
binding protein

20,000

SS Rubisco
15,000 <

10,000

Marker LF3z LFgg LF;4 LFga Marker LG, LG; LGy LGy LGy LG, LGy

Figure 2.2 SDS-PAGE gels stained by Coomassie blue of: (A) field leaves (LF) and (B) greenhouse
leaves (LG).

For both LF Rhino and LF Arrival, the phenolic compounds content was on average
1.7 times higher in leaves obtained from old than in leaves obtained from young plants
(Table 2.1). This is line with previous research (8). Similar to LF and to literature (8), the
phenolic compounds content in leaves from older plants (LG3-LGg) was on average 2
times higher than that measured in leaves from younger plants (LGy) (Figure 2.1).
Interestingly, it was observed that with further increase in plant age (leaves from 7-8
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months old plants) the analyzed phenolic compounds content decreased to the initial
value measured, i.e. in leaves from 2 months old plants (Figure 2.1).

The ash content did not differ between the two plant ages, neither for LF Rhino
nor for LF Arrival (Table 2.1). For the LG, an increase in the ash content from 18.7+0.2%
to 23.6+0.2% w/w db was observed as the plant age increased (Figure 2.1).

For both LF Rhino and LF Arrival, the lipid and lignin contents increased with plant
age (with 90 and 54% for lipids and with 58 and 22% for lignin, respectively). The
chlorophyll a content did not differ between the two plant ages for LF Arrival, whereas
an increase from 0.3+0.1% in LFs; to 0.84£0.2% in LF¢ (Table 2.1) was observed for LF
Rhino.

In total, 71-81% of the total dry matter in the LF samples was annotated (Table
2.1). This incomplete mass balance cannot be explained. It should be noted that such
incomplete analysis is often observed in literature (Z, 29) and it should be taken into
account when explaining variations in chemical composition among different samples.

Nitrogen recovery

The nitrogen that was extracted in the juice; i.e. the nitrogen extractability of LF Rhino,
was quite constant for both plant ages (53.0£5.0 vs 45.6+2.9% for LFs;z and LFg,
respectively, Table 2.5A). In contrast, for LF Arrival, a 39% decrease in the nitrogen
extractability was observed as the plant age increased from 3 to 8 months (Table 2.5B).
For the LG samples a decrease of even 50% was observed as the plant age increased
from 2 to 5 months (Table 2.5B).
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Table 2.5 Nitrogen recovery % at each processing step for (A) field leaves (LF) and (B) greenhouse
leaves (LG).

A Recovered in: LFy;" [ LFe® | LR | LR’
extraction juice 53.0 45.6 483 29.3
(+5.0) (+2.9) (£1.4) (+3.8)
62.2 63.9 59.9 57.7
dialyzed juice
solation ralyzed jut (+3.5) (+3.2) (+6.1) (+£2.9)
LSPC 44.9 50.9 41.6 42.8
(£1.7) (£0.4) (£1.7) (£4.3)
B Recovered in: LGy | LGy® | LGy | LGy’ | LGy | LGy | LGy®
extraction . 55.6 44.4 411 277 401 46.1  46.1
Juice (*0.3) (+42)  (£5.7) (*7.4)  (#6.5) (£6.0)
dialvzed iui 44.8 55.5 450 444 523 595 620
o lalyzedjuice | 160)  @6.1)  (#3.6) (#2.3)  (£14) (45.5)
isolation
LSPC 38.6 452 347 343 435 486 ndf
(+7.0) *7.1)  (#9.7) (*18)  (+4.2)

* Average (+SD) of two repeated extractions in the same year.

" Similar values were also obtained when proteins were extracted in the presence of sulfite.
¢ Average (£SD) of two repeated extractions in two consecutive years.

¢ Extraction was done once.

¢ Not determined.

It must be noted that the absolute age of the plants grown in the field and in
the greenhouse may not represent exactly the same developmental stage of the plant,
given the fact that based on previous observations at Unifarm the growth of the sugar
beets; i.e. time until harvest, in a greenhouse was faster than in a field. For the LG
samples, it was observed that the nitrogen extractability increased again at higher plant
age. Other researchers have also reported that the nitrogen extractability (nitrogen
recovered in the juice/nitrogen in the pulp) from bean leaves initially decreased with
plant age and subsequently increased (30). For other species, e.g. lucerne, the nitrogen
extractability was shown to be constant (on average 78+5%) with age, whereas for
sunflower leaves the nitrogen extractability showed a sharp decrease from 62% (leaves
collected in July) to 22% (leaves collected in September) (30). Overall, it was shown that
nitrogen extractability from leaves of different species changes with age, but not always
in the same way (30). In this study, we also show that nitrogen extractability changes
with age, even within the same species. Despite the variation in the nitrogen
extractability, the nitrogen recovery in the dialyzed juice was quite constant with plant
age (Table 2.5). This shows that, given the fact that the low molecular N-containing
compounds were removed after dialysis, the protein recovery was quite constant with
plant age. The nitrogen recovery in the subsequent stage (LSPC) was also quite constant
with plant age, with the exception of LF Rhino for which the nitrogen recovery in
LSPC ¢ er Was 13% higher than in LSPC; 3z (Table 2.5A).
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Chemical composition of the protein concentrates obtained from field
leaves

In protein concentrates obtained from LF of both varieties, the protein contents did not
differ between the two plant ages (Table 2.1). The k, factors calculated for LSPC¢ 3z and
LSPC 6z Were quite similar; on average 5.23+0.14 (Table 2.3). The k, factors calculated
for these samples ranged from 5.39+0.01 to 6.23+0.01 for both LSPC 3z and LSPC¢er
(Table 2.3). It was observed that the k, factor for the protein concentrates (LSPC) was 3-
19% higher than the respective k;, factor, whereas for the leaves (LF) this difference was
higher (22-43%), as discussed previously. This indicates that the isolation method
leading to the concentrates indeed led to removal of NPN.

The total carbohydrate content in LSPC gs was higher than in LSPC¢34 (5.1+£0.4 vs
3.7+0.2% w/w db), whereas for LF Rhino protein concentrates the carbohydrate content
was similar in both plant ages (on average 3.5+0.5% w/w db) (Table 2.1).

In protein concentrates obtained from LF Rhino, the lipid content was higher for
leaves from young than for leaves from old plants (Table 2.1). For protein concentrates
obtained from LF Arrival, the opposite was the case (Table 2.1). The ash content in
LSPCirga was higher than in LSPC ¢35 whereas in protein concentrates from LF Rhino,
the ash content was the same for both plant ages (Table 2.1).

Overall, it was shown that the chemical composition of LSPC ¢z was quite similar
to the chemical composition of LSPC, ¢ except for lipid content (Table 2.1). In contrast,
the chemical composition of the protein concentrates obtained from LF Arrival differed
between the two plant ages (Table 2.1).

Protein composition of the protein concentrates obtained from field
leaves

The overall protein composition was similar for the protein concentrates (from LF Rhino)
of both plant ages, as shown by SDS-PAGE under reducing conditions (Figure 2.3). For
all samples (juice, dialyzed juice and protein concentrate) the most distinctive bands
were observed around 50,000 and 15,000 g/mol (large and small subunits of Rubisco,
respectively (28). This suggests that the isolation method did not lead to loss of
Rubisco. The band at around 25,000 g/mol present in leaves was not apparent in this
case. This indicates that the isolation method was adequate for the removal of the
green color.

MW (g/mol
250,000 | A
150,000 | = b = P ’
100,000 i —
75,000 - -
|
50000 | . - - € LS Rubisco
37,000 | - ol < Psil
25,000 | W= L é chlorophyll a/b
20,000 binding protein
15,000 pe— .
SS Rubisco
10,000 . <
arker j. dj. LSPC Marker j. d.j. LSPC
LF3r LFer

Figure 2.3 SDS-PAGE gels stained by Coomassie blue of: j. = juice, d.j. = dialyzed juice, LSPC =
protein concentrates from (Rhino) field leaves (LF).
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PPO-mediated browning in extracts of field and greenhouse leaves from
old plants

A striking observation was that the juice obtained from leaves of old sugar beets (LF¢)
was brown, whereas the juice from leaves of young sugar beets (LF3;) was yellow
(Figure 2.4A inset). The same effect was observed for LF Arrival and for LG (Figure
2.4A, B insets).

Absorbance (UA)
«

Absorbance (AU)
o

o

o
o
23l

0

0
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Figure 2.4 (A) UV-vis spectra of the dialyzed juices obtained from the field leaves. (Inset) Cuvettes
containing dialyzed juice from LF;z (la), LFersos (2a), and LFq (3a) and respective protein
concentrates LSPCyrsr (1b), LSPCrrersos (2b) and LSPCirer (3b). (B) UV-vis spectra of the
dialyzed juices obtained from the greenhouse leaves. (Inset) Cuvettes containing dialyzed juices from
1to 7, LGZI to LGgl.

The brown color observed in these juices was still present in the high molecular
mass (>12,000 g/mol) fraction after dialysis and acid precipitation (Figure 2.4A inset).
Hence, it is stated that most of the brown color observed was associated with high
molecular weight compounds. In another study, it was shown that the brown color
observed during protein extraction from potato tubers was due to oxidized phenolic
compounds (37). In the same study, it was also shown that most of the oxidized
phenolic compounds were associated with high molecular weight compounds, which is
in line with our observation. Therefore, it was hypothesized that the brown compounds
observed in our study were formed by quinones, which were produced via PPO-
mediated oxidation of the phenolic compounds. To test whether PPO activity
(catecholase / cresolase activity) was indeed the reason for the brown color formation in
the juices from the old plants, juice from LF¢; was prepared in the presence of sulfite.
Sulfite is known to prevent enzymatic mediated browning, by inactivating the PPO
and/or by formation of sulfo-adducts that do not contribute to browning (24). Indeed,
in the presence of sulfite, the juice from the leaves of old plants (LFers03) Was not brown
(Figure 2.4A), which indicates that the PPO activity was responsible for the brown color
formation. The PPO activity was determined in the dialyzed juice of LFgrsos and
surprisingly, after the removal of sulfite, the PPOs were still active (Figure 2.5A1, B1).
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Figure 2.5 Catecholase activity (on catechin) (AU min™ - (mg N)™") (A1, 2) and cresolase activity (on
tyrosine) (AU-min"-(mg N)') (B1, 2) activity measured in the dialyzed juice obtained from the field
(LF) (A1, B1) and the greenhouse (LG) (A2, B2) leaves.

It has been shown previously that when chlorogenic acid was incubated with
tyrosinase and sulfite, the enzyme was irreversibly inactivated, while no color
development was observed (32). As discussed before, sulfite can lead to the formation
of sulfo-adducts that do not contribute to browning. Hence, the latter is suggested to
be the case in the present study.

Given the fact that the brown color formation in the (dialyzed) juices from the
leaves of the old plants was attributed to PPO activity, the lack of brown color formation
in the (dialyzed) juice of the leaves from young plants was consequently thought to be
due to absence of PPO activity. Surprisingly, the catecholase activity measured in the
dialyzed juice from leaves of young plants was similar to that in the dialyzed juice of
leaves from old plants (Figure 2.5A1). The cresolase activity was higher in the dialyzed
juice of leaves from old plants than in that of leaves from young plants (0.005 AU-min™-
(mg N)™ in LFgs vs 0.002 AU-min™ - (mg N)™ in LFs; and 0.023 AU'min™- (mg N)™ in LFga
vs 0.004 AU'min™ - (mg N)™ in LFs,) (Figure 2.5B1). In the LG dialyzed juices, both the
catecholase and the cresolase activity were higher in leaves from old plants than in
leaves from young plants (Figure 2.5A2, B2). The values determined for LGy (0.47
AU-min™- (mg N)* and 0.007 AU-min™ (mg N)*, for catecholase and cresolase activity,
respectively) deviated very strongly from the values determined for the other samples
(LG3-LG,4 and LGg-LGg) and were, therefore, not included in further considerations.
Interestingly, the cresolase activity measured in LF3, (yellow juice and dialyzed juice) was
similar to the cresolase activity measured in LFg (brown juice and dialyzed juice)
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(Figure 2.5B1). This indicates that the cresolase activity itself does not explain the color
difference between the juices of leaves from old and young plants. Furthermore, the
catecholase activity in LGy dialyzed juice (yellow juice and dialyzed juice) was 1.2 - 4.4
times higher than the catecholase activity in the brown juices and dialyzed juices
obtained from the field leaves. Thus, the PPO activity (cresolase and/or catecholase) per
se, as determined with the typical methods used throughout literature, cannot explain
the striking difference in color between the (dialyzed) juices and the LSPC from young
and old plants.

Overall, it is concluded that the age of the sugar beets does not affect the protein
content in the whole foliage. The nitrogen extractability varies with plant age, although
no consistent correlation with plant age is found. The nitrogen recovery in the
subsequent isolation stages is independent of plant age. Thus, the variation in the final
yield of protein extraction is mostly due to the variation in nitrogen extractability. A
significant effect of the plant age is observed on the quality (color) of the protein
extracted from the sugar beet leaves; i.e. the protein extracted from leaves of older
plants is brown, whereas the protein extracted from leaves from young plants is yellow.
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Chapter

Emulsion properties of sugar beet (Beta vulgaris L.)
leaf and soybean (Glycine max) proteins

To apply novel proteins, e.g. sugar beet leaf proteins (LSPC), in emulsions an
understanding is needed of the relation between system conditions (e.g. pH, I), protein
molecular properties (e.g. protein radius, charge; {-potential) and emulsion properties.
Previously a model describing this relation was proposed for pure protein systems. A
main parameter in this model is the critical protein concentration (C) at which a stable
emulsion is formed. The aim of this study was to test whether this model can be applied
to LSPC, and soy protein isolate (SPI). At pH 8.0 (I = 0.01 M), the C, of LSPC was
comparable to the C. of SPI (2.1 and 1.0 g/L, respectively). For both proteins the C,,
increased with decreasing {-potential and was highest at a pH around the pl (i.e. lowest
C-potential). A critical -potential (¢, ~ 11 mV) for both proteins was identified below
which flocculation occurs. LSPC-stabilized emulsions were stable against flocculation at
a wider pH range (pH < 3.0 and pH 2 5.5) than SPI-stabilized emulsions (pH > 5.5). For
both proteins, C. was higher at pH 8.0 and high I (0.5 M) than at low I (0.01 M) (5.4 and
3.5 g/L, for LSPC and SPI, respectively). This relates to a higher protein adsorbed
amount at the interface (I'y.) at high I The predicted values for the formation and
stability of emulsions (at ¢ > {,) by these impure protein systems based on the
molecular properties of the dominant proteins, taking also into account the presence of
charged carbohydrates, were close to the experimental values. Thus, the model
developed to characterize the emulsion properties of pure protein can be applied to
these mixed protein systems.

Based on: Kiskini, A.; Delahaije, R. J. B. M,; Wierenga, P. A,; Gruppen, H. Emulsion
properties of sugar beet (Beta vulgaris L)) leaf and soybean (Glycine max) proteins
(submitted)
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INTRODUCTION

There is a strong interest to use proteins from novel sources, such as plant leaves like
sugar beet leaves, as ingredients in different food applications (e.g. emulsions). For this,
the emulsion properties of these novel proteins need to be characterized. A
complicating factor is that the emulsion properties depend on the molecular properties
of the protein as well as the system conditions. This means that each novel protein
should be tested under many different conditions to obtain a complete overview of its
emulsion properties. Such an approach is impractical, and although it provides much
data it does not give a clear overview. Recently, a new concept was developed that
describes the efficiency of a protein to form an emulsion based on the critical protein
concentration (C) needed to obtain stable emulsions (Z-3). This C. depends on the
system conditions, which in turn affect the molecular properties of the protein, e.g.
protein radius, charge, exposed hydrophobicity. This concept was developed using
purified proteins (e.g. B-lactoglobulin, ovalbumin) and has not been tested on less pure
(plant) protein concentrates/isolates. The first aim of this study is to provide an
overview of the emulsion properties of sugar beet leaf protein concentrate (LSPC) and
soy protein isolate (SPI) under different system conditions; i.e. pH and ionic strength (I).
The second aim is to test whether the recently developed concept (Z) of
characterization of the emulsion properties of pure protein systems could also be
applied in more complex systems, such as LSPC and SPL

The basis for the recently proposed concept is that above a certain protein
concentration (C,), also referred to as protein-rich regime (C, > C), the emulsion
droplets obtained after homogenization will have a minimum size (dz,min). This
minimum size depends on the mechanical parameters (e.g. homogenization pressure)
and the physical properties of the system (e.g. viscosity of the oil). At protein
concentrations below the C., there is not sufficient protein to cover the oil-water
interface of all droplets within the timespan of formation, and as a result the emulsion
droplets (partially) coalesce. This regime is referred to as the protein-poor regime. The
C. can therefore be used as a quantitative parameter that describes the efficiency of a
protein to form a stable emulsion.

The C. depends on the volume fraction of oil (®,;), the adsorbed amount of
protein (I, that is needed to stabilize the interface, the minimum average droplet size
(ds2min) @and the adsorption rate constant kugson, (4). It was shown that for pure protein
stabilized emulsions the values of I, and kugsor, can be estimated from the protein
charge (related to electrostatic interactions), the relative exposed hydrophobicity and
the protein radius (4). In this way, the C links the molecular, interfacial and emulsion
properties and also helps to understand the effect of varying system conditions. For
example, at pH 7.0, I = 0.01 M and 10% (v/v) sunflower oil the C. of lysozyme,
ovalbumin and B -lactoglobulin are > 25 g/L, ~ 10 g/L and ~2 g/L, respectively (I). The
difference in C,, is due to the differences in the relative exposed hydrophobicity of these
three proteins; 0.06, 0.19 and 1.00, respectively. The C., can be also used as a factor to
describe the effect of system conditions on emulsion stability. For example, it was
shown that the C, of a B-lactoglobulin-stabilized emulsion increased from ~ 2 g/L to
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~ 2.5 g/L with an increase of the ionic strength from 0.01 M to 0.2 M (Z). This increase
was attributed to a decrease of the effective protein radius due to a decrease in
electrostatic repulsion between adsorbed proteins and the consequent decrease of the
Debye layer. This decrease in electrostatic repulsion was experimentally confirmed by a
decrease in ¢-potential.

In mixed systems, such as protein concentrates or isolates other factors, such as the
protein composition and the presence of charged carbohydrates, are expected to
contribute to the emulsion properties. For example, for algae protein isolate (ASPI) the
presence of charged carbohydrates was shown to be the reason for the stability against
flocculation in the pH range 4.0 - 5.0 (4. In LSPC, a protein content of 64% (w/w dry
basis, db) and a charged carbohydrates content of 1.9% (w/w db) were determined (5).
Rubisco, which is a multimeric protein, consisting of 8 large and 8 small polypeptide
chains, was identified as the main protein in LSPC (6). Soy protein isolate (SPI) also
consists of a mixture of protein (83% w/w db) and other compounds (3). Soy protein
consists of glycinin and B-conglycinin, which are both also multimeric proteins (3).
Therefore, the aim of this study is to test whether the overall behavior of mixed/non-
pure protein systems can be predicted based on molecular properties of the dominant
proteins present in the systems. To test this, the recently developed concept () of
characterization of the emulsion properties of pure protein systems will be applied. In
addition, to obtain an overview of the emulsion properties of LSPC- and SPI-stabilized
emulsions, the emulsion stability against flocculation of the emulsions produced at pH
8.0 and low ionic strength (I = 0.01 M) will be determined by changing the system
conditions after emulsification.

MATERIALS AND METHODS

Chemicals and sugar beet leaves

Sugar beets (Beta vulgaris L. var. Florena) were grown on a sandy field in Wageningen,
The Netherlands. After collection of the sugar beets, the fresh leaves were manually
separated from the stems. The leaves were then washed using tap water and stored at
4 °C, until the excess water was completely drained off (no longer than 36 h).
Afterwards, the leaves were stored in vacuum sealed bags at -20 °C. Soy protein isolate
(SPL 64:36 (w/w) glycinin:B-conglycinin, 83.1 + 0.1% w/w db protein (N-5.60) (3), based
on Dumas analysis, as described previously (6)) was produced at the Laboratory of Food
Chemistry (Wageningen University, Wageningen, The Netherlands) as previously
described (7). Sunflower oil was purchased from a local supermarket (Wageningen, The
Netherlands). 8-anilino-1-naphthalenesulfonic acid (ANSA) (> 97% purity, based on
HPLC) and B-lactoglobulin (L-0130, > 90% purity, based on PAGE) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals used were purchased from
either Merck (Darmstadt, Germany) or Sigma-Aldrich.

Protein isolation from sugar beet leaves

The protein was extracted from the frozen sugar beet leaves in 0.15 M sodium
phosphate buffer pH 8.0 containing 0.8 M NaCl and 0.17% (w/v) Na,S,0s, as described
previously (5). The soluble proteins after centrifugation and subsequent dialysis were
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isolated by acid precipitation at pH 4.5 using 0.5 M HCl. The pellet obtained was
subsequently re-solubilized in distilled water at pH 8.0 and freeze-dried, yielding the
leaf soluble protein concentrate (LSPC). LSPC contained 69.3 + 0.3% w/w db protein
(N1-5.23) (%), based on Dumas analysis, as described previously (5).

Preparation of LSPC and SPI dispersions and solutions

LSPC and SPI were dispersed in 3.65 mM sodium phosphate buffer pH 8.0 without NaCl
(final I = 0.01 M) or with 0.49 M NacCl (final I = 0.5 M) and stirred for at least 3 h at room
temperature. The LSPC and SPI dispersions were termed LSPC,,; and SPl,, respectively.
The LSPC,,; and SPI; at pH 8.0 and I = 0.01 M were centrifuged (5,000 g, 20 °C, 10 min).
After centrifugation the obtained supernatants were filtered through a Biichner funnel
using a Whatman paper filter (5-10 ym) (Sigma-Aldrich). The LSPC and SPI filtrates,
which contained only the dissolved part of the sample, were termed LSPC,, and SPI,
respectively. The ionic strength of one part of the LSPC,, and SPIL, was adjusted to 0.5
M by addition of NaCl. The samples were then stirred for at least 1 h at room
temperature. The pH of the samples was periodically checked and re-adjusted to pH 8.0
by addition of 0.2 M NaOH when necessary. All concentrations given below for LSPC,
SPlLoy, LSPCyo and SPI, are on protein basis (Cp).

Gross chemical composition of proteins

The gross chemical composition described by the dry matter, protein, total neutral
monosaccharides and uronic acids content of LSPC,, SPl.. LSPC., and SPIL, was
determined as described elsewhere (6).

Quantification of exposed hydrophobicity

Protein exposed hydrophobicity was determined using ANSA as a fluorescent probe, as
described previously (8), with adaptations. LSPC, and SPI, (C, = 0.5 g/L) and 2.4 mM
ANSA solutions were made in 3.65 mM sodium phosphate buffer at pH 8.0. The
maximum area of the fluorescence spectrum was corrected with the area of the buffer.
The relative exposed hydrophobicity was expressed as the area obtained for the sample
relative to the area obtained for a 0.5 g/L B-lactoglobulin solution in the same buffer.

Protein composition

The protein composition of LSPC,, SPIL.;, LSPC, and SPIL was determined using SDS-
PAGE under reducing conditions. The proteins were separated on a Mini-protean II
system (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's
protocol and visualized by staining the gels using Coomassie blue stain (InstantBlue,
Expedeon, San Diego, CA, USA), as described elsewhere (6).

Molecular mass (M,,) calculation

Based on SDS-PAGE analysis of LSPC, Rubisco was found to be the most abundant
protein in LSPC. Therefore, the M,, of LSPC was estimated as the M, of Rubisco. Rubisco
is typically present in a hexadecameric structure, consisting of 8 large (52,301 g/mol)
(Uniprot accession code Q4PLI7) and 8 small (12,936 g/mol) (Uniprot accession code
AOA0J8D2X9) (9 subunits. Therefore, the M,, of Rubisco was assumed to be 521,896
g/mol. The SPI used in this study consists of glycinin and B-conglycinin in a ratio of
64:36 (w/w) (3). At pH 7.6 and I = 0.5 M, glycinin is present as hexamer with a M,, of
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320,000 - 360,000 g/mol (10, 11). At pH 7.6 and I = 0.03 M glycinin is predominantly
present as hexamer, while a small part of it (15-20%) is present as trimer (12). B-
conglycinin at pH > 5.0 and I = 0.5 M is mainly present as trimer with a M,, of 180,000
g/mol, whereas at I < 0.1 M, it is mainly present as hexamer (13). For calculations, the
M,, of a hypothetical SPI molecule at pH 8.0 and I = 0.01 M was estimated to be 328,160
g/mol and atI = 0.5 M 282,400 g/mol.

Protein solubility
To determine whether there is a protein concentration effect on protein solubility,
LSPCx and SPIL, were prepared by dispersing LSPC and SPI in 3.65 mM sodium
phosphate buffer pH 8.0 (final I = 0.01 M) at C,= 1.5, 2.5, 5.0 and 10.0 g/L. Next, the
LSPC,.: and SPIL, were stirred for at least 3 h at room temperature and then centrifuged
(5,000 g, 20 °C, 10 min). The protein concentration of the supernatants was determined
using Dumas, as described previously (6). The protein solubility was defined as the
protein concentration of the supernatant at each pH divided by the protein
concentration of the sample at pH 8.0; initial protein concentration of LSPC, or SPI,
(at pH 8.0). The latter was set to 100%. In the protein concentration range tested the
solubility of LSPC and SPI was constant independent of the initial amount of dispersed
protein.

The protein solubility as a function of pH was determined for LSPC,,; and SPL,, (at
C, = 10.0 g/L) and LSPC,, and SPIL, (obtained after centrifugation of LSPCy and SPli
at C, = 10.0 g/L) as previously described (14), with adaptations. The pH of the LSPC,,
SPlL, LSPC, and SPL at low (I = 0.01 M) and high (I = 0.5 M) ionic strength was
adjusted (at room temperature) from pH 8.0 to 2.0 with 1 unit intervals, using 0.2 M HCI.
Added amounts of HCl or NaOH and the actual pH values were recorded using a pH-
stat unit (719 S Titrino, Metrohm, Herisau, Switzerland). At each pH interval, the
conductivity of the protein solutions was measured using a conductivity meter (Inolab
conductivity meter level 1, WTW, Weilheim, Germany) and converted to the equivalent
molar concentration of NaCl. The pH adjustment did not considerably influence the
ionic strength of the solutions up to pH 3.0. After pH-adjustment, samples were kept at
room temperature for at least 1 h. The samples were then centrifuged (5,000 g, 20 °C,
10 min) and the protein concentration of the supernatants was determined using
Dumas, as described previously ().

Part of the LSPC,, and SPIL (obtained after centrifugation of LSPC,, and SPI, at
Cp =10 g/L, pH 8.0 and I = 0.01 M) was freeze-dried. These freeze-dried supernatants
were then dispersed in 3.65 mM sodium phosphate buffer pH 8.0 (final I = 0.01 M) at C,
similar as LSPC,, and SPL, stirred for at least 3 h at room temperature and centrifuged
(5,000 g, 20 °C, 10 min). The protein concentration of the supernatants was determined
using Dumas, as described previously ().

Emulsification

For emulsification only the soluble part of LSPC and SPI at pH 8.0 and I = 0.01 M
(LSPC,, and SPIL) were used. LSPC,, and SPI were mixed with 10% (v/v) sunflower oil
using an Ultra turrax Type T-25B (IKA, Staufen, Germany) at 9,500 rpm for 1 min. Next,
the samples were homogenized by passing them 30 times through a Labhoscope 2.0
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laboratory scale high-pressure homogenizer (Delta Instruments, Drachten, The
Netherlands) at 15 MPa. During homogenization, the samples were cooled on ice-water.
Subsequently, the emulsions were stored for 24 hours at 4 °C prior to further analysis.
Prior to analysis, the emulsions were brought to room temperature. Three different sets
of experiments were performed:

Effect of protein concentration at pH 8.0, pH 5.0 and pH 3.0. LSPC,, and SPL, at
different protein concentrations (C, = 0.25 - 10.0 g/L for LSPC, and C,= 0.6 - 9.2 g/L
for SPIL,) at pH 8.0 and I = 0.01 M were prepared. After emulsification, the pH of the
LSPC,,- and SPI-stabilized emulsions was re-adjusted to pH 8.0 using 0.2 M NaOH (if
needed). Part of the LSPC,,- and SPIL-stabilized emulsions (C, = 0.25 - 10 g/L for
LSPC and C, = 0.6 - 9.2 g/L for SPI,) at pH 8.0 and I = 0.01 M was used to adjust the
pH to 5.0 and 3.0 using 0.1 or 0.2 M HCl. The emulsions were further diluted by mixing
1 part 3.65 mM sodium phosphate buffer adjusted to respective pH with 1 part of
emulsion.

Effect of pH. After emulsification, the pH of the LSPC,,- and SPI,-stabilized emulsions
(Co= 10 g/L for LSPC,, and C, = 9.2 g/L for SPIL,) at pH 8.0 and I = 0.01 M, was adjusted
to pH 2.0 - 7.0, with 1 unit interval, using 0.1 or 0.2 M HCI. The emulsions were further
diluted by mixing 1 part 3.65 mM sodium phosphate buffer adjusted to respective pH
with 1 part of emulsion.

Effect of ionic strength (I). After emulsification, the ionic strength of part of the
LSPC,- and SPIy-stabilized emulsions (C, = 0.25 —10.0 g/L for LSPC,, and C,= 0.6 - 9.2
g/L for SPI,) at pH 8.0 and I = 0.01 M was adjusted to 0.5 M. The ionic strength was
adjusted by mixing 1 part of 3.65 mM sodium phosphate buffer containing 3.99 M NaCl
(final I = 4.0 M) pH 8.0 with 7 parts of the initial emulsion, and the pH was re-adjusted
to pH 8.0 using 0.2 M NaOH (if needed).

Determination of particle size

Laser diffraction. The average particle size (expressed as volume surface average
diameter; ds,) of the emulsions was measured using laser light diffraction (Mastersizer
3000, Malvern Instruments, Worcestershire, UK) equipped with a Hydro SM sample
dispersion unit, as described previously (4). For each sample, five sequential
measurements were performed and averaged.

The (ds>) as a function of concentration was fitted using equations 3.1 and 3.2.

For C, < C, (protein-poor regime): d,, = a.- (% _CL] + 0 (3.1)

(3.2)

in which C, is the protein concentration (g/L), a (L/g) and C, (critical concentration, g/L)
are the fitting parameters and d;,mi, is the minimum average particle size (um).

For C, 2 C,, (protein-rich regime): d,, =d

3,2min

Diffusing wave spectroscopy (DWS). As indication of the droplet size /in sity, i.e.
without dilution, DWS measurements were performed using forward laser scattering at
13° angle in a Zetasizer Nano ZSP (Malvern Instruments). The path length was 4 mm
and the measurement position was set to 2.19 nm. Measurements were performed at
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25 °C for 120 s and data obtained were averaged for five sequential runs. The averaged
data were normalized by dividing all the values obtained by the maximum value
measured. Normalized autocorrelation curves were fitted using equation 3.3 as
described elsewhere (4):

gz(t)—lze'[3tp (3.3)
in which g5(t) is the autocorrelation function of multiple scattered light as function of
time t and B and p are fitting parameters. The decay time (11,,), which is defined as the

time at which g,(t)-1 decayed to half of its initial value, was determined by fitting
equation 3.3.

Determination of theoretical total net charge of dispersions and
solutions

The theoretical total net charge of LSPC was calculated based on the amino acid
sequence of the large and small Rubisco subunit (1:1 large:small subunit ratio) (9. For
SPI the amino acid composition of glycinin and B-conglycinin (64:36 (w/w) glycinin:B-
conglycinin ratio) was used (9. For SPL, the theoretical total net charge was calculated
both in the presence and in the absence of the basic subunits of the glycinin. In all
cases, the contribution of the uronic acids present in the samples was taken into
account. The pK, value for uronic acids is 3.3 (15) and for aspartic acid, glutamic acid,
lysine, arginine and histidine side chains 3.9, 4.3, 10.8, 12.5 and 6.0, respectively.

Determination of ¢-potential

The C-potential as a function of pH (pH 2.0 - 8.0, with 1 unit intervals) at I = 0.01 M was
determined with a Zetasizer Nano ZSP (Malvern Instruments) at 25 °C. Data were
collected over three sequential readings and processed using the Smoluchowski model,
as described elsewhere (16).

Dispersions and solutions. LSPC, and SPl, (C, = 5.0 g/L) and LSPC,, and SPI
(obtained after centrifugation of the LSPCy, and SPI at C, = 5.0 g/L) were measured at
150 V.

Emulsions. LSPC,- and SPI-stabilized emulsions (C, = 10.0 g/L for LSPC, and
Cp, = 9.2 g/L for SPIL,) were measured at 40 V, after being diluted 500 times in the
respective buffers.

Theoretical critical {-potential of emulsion droplets for flocculation
The theoretical critical {-potential ({.) for flocculation was calculated using the DLVO
theory, as described elsewhere (17). Based on the DLVO theory, the overall interaction
potential (Uyy, J) between two protein stabilized emulsion droplets is the sum of the van
der Waals interactions (U,gw, J) and electrostatic interactions (U, J). The U,gw and U,
were calculated based on equations 3.4 and 3.5, respectively (18).
A 2.R? 2-R? 4-R-h+h?
. + +In
6 |4R-h 4.R*+4-R-h+h? [4-R2+4-R~h+h2]j

vdw =7

(34)
U,=-2-mg ¢ R - e (3.5)
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in which A is the Hamaker constant (4.83-107" J) (19, R is the droplet radius (m), h is the
separation distance between the droplets (m), €, is the dielectric constant of vacuum
(8.85-10™%% C%/) m), €, is the relative refractive index of the medium (80), W, is the surface
potential (V) and K is the inverse Debye screening length (m).

The k was calculated using equation 3.6.

/2~N e’ 1
K= a @ (3.6)
€ € kg T

in which N, is the Avogadro constant (6.022:10” mol™), e is the elementary charge
(1.602-:10™*° C), I is the ionic strength (mol/m?3), kg is the Boltzmann constant (1.38-10%
J/K) and T is the temperature (K). It was assumed that flocculation occurs when the
primary maximum is below 5 kg-T or when the secondary minimum is below -5 kT (19).
Using this critical barrier of 5 kg'T, the Uy, vs Wy for different values of W, was plotted.
The theoretical critical -potential corresponds to the lowest Wy such that Uy, > 5 kg'T.

Experimental maximum adsorbed amount (Inyayx, exp)

The experimental maximum amount of protein adsorbed at the oil-water interface
(Mmax, exp iN mg/m2) was calculated using equation 3.7 (4).

_ d3,2min ) (l _q)oil)' QH ) Ccr
max,exp 6- (DO“

in which ®; is the volume fraction oil (-), dssmin is the experimentally determined
minimum droplet size (um), Qy is the exposed hydrophobicity (-) and Cq, is the (critical)
protein concentration (g/L).

(3.7)

Theoretical maximum adsorbed amount for monolayer (nax, theory)

To check whether the I, Calculated by equation 3.7 corresponds to the theoretical
maximum adsorbed amount of a monolayer (Mmaxtheory): the Tmactheory (mg/mz) was
calculated using equation 3.8 (4).

3
M, 100 (3.8)

1—‘max,thccry = ©

TR N
in which M,, is the molecular mass of the protein (g/mol), 8. (-) is the saturation
coverage at the jamming limit, which was theoretically calculated to be 0.547 and 0.907
for non-diffusing and diffusing proteins, respectively (20, 21). Ry is the effective radius
of the protein (m), which was calculated from equation 3.9, as described elsewhere (4).

1
R =R, 5 1"[%) K (3.9)
p

in which R, is the hard-sphere protein radius (m), which was calculated from equation
3.10, as described elsewhere (4) and x (-) is a constant. The constant x for both LSPC
and SPI was assumed to be similar as for 3-lactoglobulin (1.77:10°°, at pH 7.0) (4, given
that the C-potential of LSPC, SPI and B-lactoglobulin are in the same range (-21.4, -24.1
and -21.2 mV, respectively).

1
3-v-M, P
R”:[4.V71-NW] (3.10)

a
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in which v is the partial specific volume of the protein (0.73:10° m’/g) (22.

Light microscopy

Light microscopy (20x magnification) (Axioscope AO0l, Carl Zeiss, Sliedrecht, The
Netherlands) was used to distinguish between flocculation and coalescence after the
emulsions were either diluted 1:1 with the respective buffer or with 0.5% (w/v) SDS in
the respective buffer. In the case of droplet flocculation, the emulsion droplets (or
flocculants) are expected to fall apart after the addition of SDS, whereas no effect of
SDS is expected when droplet coalescence occurs.

RESULTS AND DISCUSSION

Characterization of LSPC and SPI in dispersions and in solutions

LSPC,; contained 69.3% (w/w db) protein and 5.1% (w/w db) carbohydrates; of which
3.1% (w/w db) neutral and 2.0% (w/w db) acidic monosaccharides (uronic acids) (Table
3.1). The ratio of uronic acids to protein was 0.03 w/w.

Table 3.1 Gross chemical composition (% w/w dry basis) and uronic acids:protein ratio (w/w) of
LSPC and SPI dispersions (LSPC,,, SPI,,) and solutions (LSPC,,, SPI,,) at pH 8.0 and [ = 0.01 M.

Sample Protein® Neutral constituent Uronic Uronic acids:protein
monosaccharides acids

LSPCy 69.3 (+0.3) 3.1(x0.1) 2.0(x£0.1) 0.03

LSPC,, 62.8 (+0.2) 4.6 (£0.1) 3.9 (+£0.1) 0.06

SPI 83.1 (+0.1) 2.9(£0.1) 0.7 (<0.1) 0.01

SPL, 63.1 (+0.2) 4.7(£0.2) 1.2 (<0.1) 0.02

* Determined as Nrk,.

The main protein present in LSPC,, was Rubisco, as indicated by the dominant
bands around 50,000 and 15,000 g/mol (9 (Figure 3.1). These gross composition
values are in the same range as previous values reported for LSPC obtained from a
different sugar beet variety (6). SPl, contained 83.1% (w/w db) protein and
3.6% (w/w db) carbohydrates; of which 2.9% (w/w db) neutral and 0.7% (w/w db) acidic
monosaccharides (Table 3.1). The ratio of uronic acids to protein was 0.01 (w/w). SPI
mainly consisted of proteins with molar masses around 64,000 — 67,000, 50,000, 35,000,
20,000 and 11,000 g/mol. These are indicative of the a/a’ subunits of B-conglycinin
(Uniprot accession codes P13916, P11827), the B subunit of B-conglycinin (Uniprot
accession code P25974), the acidic polypeptides of glycinin (except A5), the basic
polypeptides of glycinin and the acidic polypeptide A5 of glycinin (Uniprot accession
codes P04347, P04405, P04776, P11828) (9 (Figure 3.1).
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Figure 3.1 SDS-PAGE gels of LSPC,;, LSPC,,, SPI,,; and SPI, under reducing conditions stained
by Coomassie blue. Subscripts “tot” and “sol” indicate dispersions and solutions, respectively. In
LSPC lanes the large (LS) (A) and the small (SS) (B) Rubisco subunits are indicated. In the SPI lanes
the o/’ subunits of B-conglycinin (C), B subunit of B-conglycinin (D), the acidic polypeptides of
glycinin (except AS) (E), the basic polypeptides of glycinin (F) and the acidic polypeptide A5 of
glycinin (G) are indicated.

The solubility of LSPC and SPI, at pH 8.0 and I = 0.01 M, was only ~45% and ~27%,
respectively (C, = 10.0 g/L). When the soluble parts of LSPC and SPI were freeze-dried
and re-dissolved (C, = 10.0 g/L) at pH 8.0 and I = 0.01 M, the solubility of both samples
was > 95%. The difference in solubility between LSPC (and SPI) in dispersions and in
solutions was, therefore, suggested to be due to a difference in protein composition
and/or gross chemical composition. This difference is postulated to result in formation
of aggregates during freezing and freeze-drying of the starting material.

The most abundant proteins in the soluble parts (LSPC,, / SPL,) were similar to
the proteins present in the dispersions. The only difference was the lower intensity of
the band at + 20,000 g/mol for SPI, compared to SPIL, (Figure 3.1). The main
difference between the proteins present in dispersions and in solutions was the gross
chemical composition (Table 3.1). Both LSPC,, and SPIL were enriched in uronic acids;
the ratio of uronic acids to protein was 2 times higher in the LSPC,, and SPIL than in
the respective starting materials (Table 3.1). This was also reflected in a shift of the C-
potential vs pH curve to lower pH values for the solutions compared to the dispersions
(Figure 3.2A, B).

For LSPC,,, the lowest absolute charge (0 mV) was reached at pH 4.0, whereas for
LSPC, it was reached at pH 4.5 (Figure 3.2A). For SPI, the lowest absolute charge (0
mV) was reached at pH 3.3, whereas for SPL, it was reached at pH 4.5 (Figure 3.2B).
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Figure 3.2 {-Potential (A, B) and total net charge (C, D) as a function of pH for LSPC (A, C; closed
symbols) and SPI (B, D; open symbols) dispersions (A, A), solutions (M, [7) and emulsions (e, o)
at 1=0.01 M. In panels A and B all markers are average values of three measurements with the error
bars indicating SD. Error bars are not shown when SD is smaller than the size of the used marker. In
panel D the markers (X) indicate the total net charge of SPI solution if we exclude the basic
polypeptides of glycinin.

Theoretical calculations of the total net charge of the protein mixtures (dispersions
and solutions) support the suggested contribution of uronic acids (Figure 3.2C, D),
although the experimental shift was more pronounced than the theoretical shift.
Interactions between negatively charged carbohydrates and positively charged proteins

have previously been reported, for example, for complexes of whey protein isolate and
pectin and B-lactoglobulin and pectin (23, 24).

pH dependent solubility of LSPC and SPI

At = 0.01 M (C, = 10.0 g/L), the solubility of LSPC,, at pH 7.0 and at pH < 3.0 was
similar to the solubility at pH 8.0 (Figure 3.3A). For SPI (C;, = 10.0 g/L) the solubility at
pH 6.0 - 7.0 and at pH < 3.0 was similar to the solubility at pH 8.0 (Figure 3.3B). LSPC,;
had a minimum solubility at pH 5.0, and SPI,,; had a minimum solubility between pH 4.0
and 5.0. Given that for the emulsion formation only the soluble part was used, the
solubility of both LSPC,, and SPIL was also studied. The solubility of LSPC,, (obtained
from LSPC at C, = 10.0 g/L) was close to 100% in the pH range from 6.0 to 8.0 and at
pH < 3.0 (Figure 3.3A), and it was lowest between pH 4.0 and 5.0. For SPI, the
solubility was 100% between pH 6.0 and pH 8.0, and it was < 20% at lower pH values
(Figure 3.3B).
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Figure 3.3 Protein solubility as a function of pH for LSPC (A, closed symbols) and SPI (B, open
symbols) dispersions (A, A) and solutions (M, [J) at I =0.01 M and dispersions (e, o) and solutions
(@, &) at I = 0.5 M. All markers are average values with the error bars indicating SD, except for
LSPC and SPI solutions at [ = 0.5 M (e, o). Error bars are not shown when SD is smaller than the
size of the used marker.

LSPC,, was 60 - 86% less soluble than LSPC,, in the pH range from 3.0 to 4.0
(Figure 3.3A). The main difference in solubility between SPI,, and SPI, was seen at pH
< 4.0, where SPI, was 84 - 90% less soluble than SPL (Figure 3.3B). The difference in
solubility between the dispersions and solutions is suggested to be caused by the
enrichment of the solutions in uronic acids (Table 3.1), and the consequent shift of the
apparent pl (Figure 3.2A, B). In literature there is a large deviation reported regarding
the solubility of soy protein isolates (SPIs) at pH 3.0, ranging from 25 to 98% (solubility
at pH 8.0 arbitrarily set at 100%) (25-28). Although, the uronic acids content of the SPIs
was not reported in these studies, the results from our study indicate that a difference
in the content of uronic acids might partially also explain the differences in solubility
reported in literature.

At high ionic strength (I = 0.5 M), the solubility of LSPC,; decreased gradually as a
function of pH from 100% (arbitrary value) at pH 8.0 to 16 + 2% in the pH range from
2.0 to 4.0 (Figure 3.3A). For SPlL, the solubility was 100% between pH 6.0 and pH 8.0,
and it then decreased to a minimum value (21%) at pH 4.0.

AtI= 0.5 M for both LSPC, and SPIL the solubility as a function of pH was similar
to that of the respective dispersions. This similarity between the solubility of the
proteins (LSPC and SPI) in dispersions and in solutions at high ionic strength was
expected given that the high ionic strength leads to charge screening and therefore the
formation of less protein-uronic acid complexes. The main effect of the ionic strength
on the solubility of LSPC (both LSPC,, and LSPC,,) as a function of pH was observed in
the pH range from 2.0 to 3.0 (Figure 3.3A). In this pH range the solubility of LSPC (both
LSPCyo and LSPC,) at I = 0.5 M was ~17% whereas at I = 0.01 M the solubility was
~100% for LSPC,; and > 42% for LSPC,,. For SPI (both SPI, and SPL,) the ionic
strength had a pronounced effect on the protein solubility at pH 5.0 (Figure 3.3B). At
this pH and at high ionic strength (I = 0.5 M) the solubility of both SPI,,; and SPI, was
> 76%, whereas at pH 5.0 and I = 0.01 M the solubility was ~ 12%. This effect has been
previously reported in literature (29. The effect of ionic strength on protein solubility
can be due to a difference in the association state of the multimeric proteins. For
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example, at pH 7.6 and I = 0.03 M glycinin (64% of SPI) is mainly present as a hexamer,
while a small part of it (15-20%) is present as a trimer (1.2). B-conglycinin (36% of SPI) at
I = 0.5 M is mainly present as a trimer, whereas at I < 0.1 M, it is mainly present as a
hexamer (13). Such an effect of ionic strength has been also shown for other
leguminous proteins, such as helianthin (30). At pH 85 and I = 0.03 M helianthin is
present as 50% 11S and 50% 7S, whereas at pH 8.5 and I = 0.25 M it is present as 70%
11S and 30% 7S. A change in the association state of the protein could possibly lead to
a change in the interaction between the protein molecules and non-protein
compounds, such as charged carbohydrates.

Characterization of LSPC,,- and SPI,,-stabilized emulsions

Effect of protein concentration on emulsion flocculation. The average particle size
or, in case of non-flocculated emulsions, the average droplet size was measured as ds,
and indicated by the decay time (11,). For emulsions stabilized with both LSPC,, and
SPI,, prepared at pH 80 (I = 0.01 M), the d;, decreased with increasing protein
concentration (from 0.6 g/L to ~ 10g/L) (Figure 3.4A, C). At protein concentrations
above the critical concentration (2.1 g/L and 1.0 g/L for LSPC,, and SPL, respectively),
the d;, reached a minimum value of 0.6 um (Table 3.2; Figure 3.4A, C). These critical
concentrations are 2.4 — 5.0 times lower than the C, reported for whey protein isolate
(WPI) (17). For LSPC,,, at C, < 0.6 g/L macroscopic phase separation was observed. At
the same time, a small d3, was measured. It was assumed that the combination of small
droplets and macroscopic phase separation indicated that the protein concentration
was too low to allow homogeneous emulsification. This means that, unlike previous
observations on emulsion formation as function of protein concentration, three instead
of two regimes should be distinguished. These regimes are demarcated by two critical
concentrations.
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Figure 3.4 Average droplet size (ds) (A, C) and decay time (ty,) (B, D) as function of protein
concentration of emulsions stabilized with LSPCy, (closed symbols) and SPI, (open symbols) at pH
8.0and 1=0.01 M (M, ) or[=0.5M (®, ). All markers are average values of five measurements
with the error bars indicating the SD. Error bars are not shown when SD is smaller than the size of the
used marker. The lines represent the fit of the data calculated with equations 3.1 and 3.2 and the
fitting parameters shown in Table 3.2. The lines for 1, (C) are guides to the eye. In panels A and C
insets show the d; , obtained from the fitted data vs the expected” d; ,, based on equation 3.7 (using
the T nax, theory)s 32 for LSPCy - and SPI-stabilized emulsions at pH 8.0 and I=0.01 M

Below the first critical concentration (C.; critical concentration for emulsion formation)
there is not enough protein to emulsify all oil, and macroscopic phase separation is
observed. At higher concentrations, all oil is emulsified, and the ds, decreases with
protein concentration, until the second critical concentration (C. or else Cgq3p) is
reached. Above this concentration a minimum droplet size (ds,min) is reached. This
observation of 3 regimes was previously described for foam formation (3) but had not
clearly been identified in the emulsion studies.

When the ionic strength of the emulsions was adjusted to 0.5 M, an increase in C,
was observed (Figure 3.4A, C), from 2.1 to 5.4 g/L for LSPC,, and from 1.0 to 3.5 g/L for
SPI, (Table 3.2). This increase was larger than what was previously reported for other
proteins, such as -lactoglobulin, for which the C., increased from 2.0 g/L atI = 0.01 M
to25g/Latl=0.2M (2).
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Table 3.2 Fitting parameters (a, d; min and C,,) obtained by fitting equations 3.1 and 3.2 to the data
shown in Figures 3.4 and 3.5.

LSPC,y SPL,
| 0.01 0.5 0.01 0.5
pH [30] 50 [80] 80| 3.0 [50] 80/ 80
Cp < Ccr: a
1 d. |88 118 290202(73 69 111 [1LI
d3)2(c)ﬁt : (E - C_j + 3.2 min 3,2min 2.6 3.7 0.6 0.7 8.5 8.7 0.6 0.6
“ (pm)
C,>C.. c
d3 2min @h) |30 100 21154139 53 10 | 35

Effect of pH on emulsion flocculation. When the pH of the emulsions was adjusted
from pH 8.0 to 5.0 and 3.0 the C, increased for both LSPC,- and SPIL-stabilized
emulsions (Table 3.2). In addition, the measured particle size (ds,) at pH 5.0 and 3.0
was higher than at pH 8.0, even in the protein-rich regime (Figure 3.5A, C).
Average droplet size (d;,) over C, Decay time (1,,) over C,
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Figure 3.5 Average droplet size (d;,) (A, C) and decay time (t,,) (B, D) as function of protein
concentration of emulsions stabilized with LSPCy,, (closed symbols) and SPI, (open symbols) at [ =
0.01 M and pH 3.0 (e, 0), pH 5.0 (A, A) or pH 8.0 (M, [J). All markers are average values of five
measurements with the error bars indicating the SD. Error bars are not shown when SD is smaller
than the size of the used marker. The lines for d;, (A, C) represent the fit of the data calculated with
equations 3.1 and 3.2 and the fitting parameters shown in Table 3.2. The lines for 1y, (B, D) are
guides to the eye.
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The increase in particle size was not due to coalescence but due to flocculation, as
confirmed by microscopy (Figure 3.6). The flocculation was further confirmed (at C, ~
10 g/L) by the decrease in particle size, as seen by microscopy, after addition of SDS to
the emulsions (Figure 3.6). The flocculation corresponded to a decrease in charge, as
shown by the {-potential values (Figure 3.2), and a consequent decrease in electrostatic
repulsion between the particles. The increase in C., with decreasing pH and the increase
in ds, at pH around the pI was also shown for other proteins, such as WPI (17).

pH8 pH 8 >pH5 pH 8 >pH 5 +SDS pH 8 >pH5 > pH 8

Figure 3.6 Light microscopy pictures of emulsions stabilized with 10 g/L. LSPC,; (10% v/v oil) at pH
8.0, after adjustment to pH 5.0, after adjustment to pH 5.0 and addition of SDS and after adjustment
to pH 5.0 and readjustment to pH 8.0.

To further study the effect of charge on protein-stabilized emulsions, the pH of
LSPC,,- and SPI,-stabilized emulsions (I = 0.01 M and C, ~ 10 g/L; protein-rich regime)
was adjusted to values between pH 2.0 and 7.0. For LSPC,-stabilized emulsions the
particles flocculated between pH 4.0 - 5.0 (Figure 3.7A, B). For SPI,-stabilized
emulsions, flocculation was observed over a wider pH range (pH 2.0 - 5.0) (Figure 3.7A,
B).

The flocculation corresponded to the pH range where LSPC,, and SPI, had the
lowest solubility (Figure 3.3) and where the charge of the emulsion particles was the
lowest (Figure 3.2A, B). The transition from non-flocculated to flocculated emulsions
occurred at an absolute (-potential of ~ 11 mV; the critical -potential ()
(Figure 3.7D). This experimental {, is similar to the theoretically calculated ¢ (~ 11 mV)
determined based on a critical barrier for flocculation of 5 kgT (19). In addition, this
value is almost similar to the {cr value that was determined for WPI stabilized emulsions
(Ccr ~9 mV) (12).
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Figure 3.7 Average droplet size (d;») (A, C) and decay time (t,,) (B, D) of emulsions stabilized by
LSPC,,; (@) and SPI, (o) at I = 0.01 M as function of pH (A, B) and absolute {-potential (C, D). All
markers are average values of three (for {-potential) or five (for d; , and t,,) measurements. In panel
A the error bars indicate SD. Error bars are not shown when SD is smaller than the size of the used
marker. The grey area in panel C and D represent the { <.

Link of C, to protein adsorbed amount on the interface. Using the experimental
data from the emulsions, estimates were obtained for the maximum adsorbed amount
of protein needed to cover the oil-water interface. With increasing ionic strength, the
["max, exp @t the interface increased from 1.7 mg/m2 to 5.1 mg/m2 for LSPC,, and from 1.0
mg/m?’ to 3.5 mg/m? for SPI, (Table 3.3). By using the I, o at low (I = 0.01 M) and at
high (I = 0.5 M) ionic strength the Ry at both ionic strengths was calculated (Table 3.3).
It was found that the R.; decreased with increasing ionic strength (Table 3.3). This
explains the observation that the C. calculated from the experimental data, for both
LSPC,, and SPL at high ionic strength was higher than at low ionic strength (Table
3.2).
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Table 3.3 Protein adsorbed amount at the interface derived from ds, (I'max, exp) @and based on
theoretical calculations (I'yay, theory) @t pH 8.0. The parameters used for the calculations.

Conditions LSPCS_.,. SPIsm_
Qu () 0.9 1.1
- Experimental Dyit (-) 0.10 0.10
H values Cq (gL 1=0.01/05M 2.1/54 1.0/35
| g
2z i3 min (LM)* 1=0.01/05M 0.6/0.7 0.6/0.6
£
= r
£ max, exp _
H Calculated (g 1=0.01/05M 1.7/5.1 1.0/3.5
= data
Resr(nm)° 1=0.01/05M 94/54 9.7/4.8
=
£ Literature g B 521,896/ 282,400 /
£ values M. (g/mol) [=0.01/0.5M 521,896 328,160
&)
- Experimental data ¥, (V) -21.4:10° -24.110°
2 " (nm)°® 1=0.01/05M 3.1/04 3.1/04
5. R, (nm)’ 1=0.01/05M 53/53 4.6 /43
< E Calculated Rer(nm)° 1=0.01/05M 7.0/5.6 6.0/45
= data r 1=001/05M
E (l';“};::;)’z (0.. = 0.547) 3.1/4.9 2.6/4.0
S (0., =0.907) 5.1/8.1 43/6.6

dLiterature values.
“Calculated data from equation 3.6.
fCalculated data from equation 3.10

“Experimental values.
"Calculated data from equation 3.7.
“Calculated data from equation 3.8.

The values of IMua e at each ionic strength were in the same range as the
theoretical maximum adsorbed amount (. theo) derived from the molecular
properties. For this calculation (equation 3.8) a monolayer with a saturation coverage
(0,) of 0.547 was used (Table 3.3). To assess whether the theoretical maximum
adsorbed amount (s, theory) COuld satisfactorily forecast the sensitivity of an emulsion
towards flocculation, the expected ds;, as a function of C, was calculated based on
equation 3.7. For both LSPC,,- and SPL-stabilized emulsions the expected ds;, as a
function of C, was calculated at pH 8.0 and I = 0.01 M. The values for d;, calculated
based on the Iy, meory Were in close agreement to the experimentally measured values
(Figure 3.4A, C, insets).

When the pH decreased from pH 8.0 to pH 5.0 and pH 3.0, the C,, increased for
both the LSPC,, and the SPI-stabilized emulsions. This higher C at pH 5.0 and pH 3.0
corresponds to an increase in . o at these pH values (from 1.7 mg/m? to 17.5 and
> 50 mg/m?’ for LSPC, and from 1.0 mg/m? to 54.7 and 76.1 mg/m? for SPIL; Figure
3.8). These values are much higher than the theoretical maximum adsorbed amount of
an adsorbed monolayer (Inay, theor). Even in case of a closely-packed monolayer
(B = 0.907) with R, = Regs, Mmax, theory €quals 8.8 and 7.6 mg/m2 for LSPC,, and SPIL,
respectively (Figure 3.8). Therefore, the higher adsorbed amount of protein determined
at pH 5.0 and at pH 3.0 was ascribed to the formation of multilayers. This indicates that
the theoretical model cannot be used to predict the adsorbed amount at pH values
close to pl, or at ¢ < . This accounts not only for complex systems but also for more
pure protein systems, such as WPI (1/). However, it needs to be noted that, as it was
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shown in the present study, when ¢ < {, at any C, (even in the protein-rich regime)
there is emulsion flocculation. Therefore, under these conditions (. should be used to
predict the stability of an emulsion against flocculation, rather than Cg,.
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Figure 3.8 Adsorbed amount (I'yay, cxp) calculated from equation 3.7 as a function of pH for LSPC,
(M) and SPI, (OJ) at C, = C,, and I = 0.01 M. The lines represent the theoretical maximum adsorbed
amount of a monolayer (I'yux, meory> calculated from equation 3.8) using a saturation coverage (0,.,) of
0.907 and R, = R4 for LSPC; (dashed line) and SPI, (solid line).

Effect of protein concentration on flocculation reversibility. For pure protein
systems, it was shown that the pH induced flocculation was reversible in the protein-
rich regime (17). To determine whether this was also the case for less pure systems, the
pH of LSPC,y-stabilized emulsions (C, = 1.0 and 10.0 g/L) was re-adjusted from pH 5.0
and pH 3.0 to pH 8.0. For the LSPC,,-stabilized emulsion at a low protein concentration
(G, = 1.0 g/L), the flocculation was irreversible (Figure 3.9). At higher protein
concentration (C, = 10.0 g/L), the flocculation was completely reversible. This was
confirmed by microscopy (Figure 3.6) and by the fact that 1;, decreased to the value
originally observed at pH 8.0 (Figure 3.9).

10000
1000

100

Ti2 (BS)

D,(,e b/ye .o/,.o 0,98 Dﬁ/&
\'\p,(,‘?\-\hg‘?::pﬁ/s“A hﬁ/s "
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Figure 3.9 Decay time (t,,) for LSPC,, stabilized emulsions at pH 8.0, pH 8.0 = pH 3.0, pH 8.0 >
pH 3.0 > pH 8.0, pH 8.0 2 pH 5.0, pH 8.0 > pH 5.0 > pH 8.0 at 1.0 g/L (') and at 10.0 g/L ().
The dotted lines are guides to the eye.

At high concentrations, sufficient protein will be present to form a saturated
adsorbed layer, even at pH close to the pl. At pH ~ pI, however, the lack of electrostatic
repulsion will still result in flocculation. If the pH is then re-adjusted to the original pH,
the flocculates will dissociate. At low protein concentrations this does not happen, since
there is not enough protein to form a fully adsorbed layer at pH ~ pl. Consequently, the
flocculation at low protein concentrations is not only caused by a lack of charge but
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also by a lack of protein coverage. These results show that even in this respect, the
complex systems behave in a similar manner as the ‘simpler’, pure protein-stabilized
systems

CONCLUSIONS

LSPC has emulsion properties comparable to the widely used plant protein SPL Both
LSPC- and SPI-stabilized emulsions show similar sensitivity to pH and ionic strength as
the more simple/pure protein-stabilized emulsions; i.e. WPL At pH 8.0, the values of Cq,
IMmax Rer @nd ds, obtained from experimental values were close to those forecasted
based on the molecular properties of the dominant proteins, taking also the charged
carbohydrates into account. From this it was concluded that the model (equation 3.7
using Mmax, theory iNstead of .y o) developed for pure protein-stabilized emulsions can
also be used to forecast the properties of emulsions stabilized by more complex protein
mixtures.
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Chapter

Foam properties of sugar beet (Beta vulgaris L.) leaf
and soybean (Glycine max) proteins

The use of novel proteins, e.g. sugar beet leaf proteins (LSPC), in foams requires an
understanding of the relation between system conditions, molecular and interfacial
properties of the proteins, and their foam properties. In pure protein systems, a model
was recently developed, where this relation was described using the critical
concentrations that were needed to obtain maximal foam ability (C.ra) and minimal
bubble size (C..3,). The aim of this study was to test whether this model could also be
applied in more complex systems, e.g. LSPC. Soy protein isolate (SPI) was also tested as
a control, given that it, similarly to LSPC, comprises a mixture of multimeric proteins and
other non-protein compounds, e.g. charged carbohydrates. The C.ga of LSPC and SPI
were similar (0.2 + 0.1 g/L) at pH 8.0 (I = 0.01 M). For both LSPC and SPI, the Cga
increased with decreasing pH. The critical soluble protein concentration was however
constant (0.2+0.1 g/L). At high ionic strength (I = 0.5 M) both proteins were more
efficient in foam formation than at low ionic strength (I = 0.01 M), which was related to
their faster adsorption at the interface. A minimum soluble protein concentration was
needed to form stable foams. At pH 3.0 and 5.0 the foams were more stable than at pH
8.0. The improved foam stability at these pH values was possibly due to the formation
of protein or protein-charged carbohydrate aggregates. Overall, the model developed
for pure protein systems was found to be applicable to these mixed protein systems.

Based on: Kiskini, A.; Lech, F. J.; Delahaije, R. J. B. M; Gruppen, H.; Wierenga, P. A, Foam
properties of sugar beet (Beta vulgaris L) leaf and soybean (Glycine max) proteins (to
be submitted).
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INTRODUCTION

Proteins from novel plant sources, such as leaves, have gained interest as alternatives to
existing protein-ingredients in food products. A plethora of studies have been
published focusing on the isolation of plant proteins and their characterization with
respect to their techno-functional properties, e.g. foam properties (Z-5). From such
studies it becomes clear that foam properties depend on the system conditions.
Therefore, to obtain a complete overview of the foam properties of a protein the effect
of various system conditions (e.g. pH, I) should be studied. Such an approach is usually
impractical. In addition, due to the fact that different methods for foam formation
and/or foam determination are usually used in literature the comparison of data from
different studies and/or the extrapolation to conditions different to ones presented in a
study becomes challenging. This challenge could be tackled if the foam properties of a
protein could be related to its molecular and/or interfacial properties. Given that the
molecular properties of a protein can be also affected by the system conditions an
understanding of the relation between system conditions, molecular and interfacial
properties of the proteins, and their foam properties is then needed.

Recently, a model was developed for the description of the foam properties of
pure proteins (6), based on an earlier model developed to describe the formation of
pure protein-stabilized emulsions (7, 8. In this model (6) the foam properties of a
protein, at given conditions (e.g. pH, I), are described as a function of the protein
concentration (Cp). There are two critical concentrations, denoted as Ca and Cer3 that
demarcate the shift from the protein-poor to the protein-intermediate and the shift
from the protein-intermediate to the protein-rich regime, respectively. In the protein-
poor regime the foam ability (FA), e.g. the initial foam height, increases with increasing
protein concentration up to a maximum value (FA..,,), reached when C, = C.a. In this
regime, the foam bubbles are large, but their mean radius (r;,) decreases with
increasing protein concentration. In the intermediate-protein regime no further increase
in foam ability is observed, i.e. FA = FA.,. In this regime the r;, still decreases with
increasing protein concentration until C, = Ceu3o. At Cp = Cezo the r3; reaches a
minimum value and thereafter becomes independent of protein concentration (protein-
rich regime). The decrease of r3, is expected to decrease drainage rate and increase
foam stability. For several proteins the foam stability was found to decrease in the
protein-rich regime (C, > Cq3,) (6, 9 even though one might expect either a constant,
or increasing foam stability with increasing protein concentration.

The critical concentrations (Cqra Cersz) can be used to compare the effects of
different system conditions. For example, the C.sa for B-lactoglobulin at pH 7.0 was
0.25 g/L, whereas at pH 5.0 and 3.0 it was 0.45 and 0.75 g/L, respectively. Similarly, the
Cer32 increased with a decrease in pH from 1.0 g/L at pH 7.0 to > 20 g/L at pH 5.0 (6).
This increase in critical concentration corresponded to a decrease in adsorption rate, as
measured by the change of surface pressure over time (6). Through this link, a link to
molecular properties can be made, since the adsorption kinetics are linked to the
molecular properties (e.g. exposed hydrophobicity, charge and radius) of the proteins
(Z0). In this way, the determination of the critical concentrations provides a systematic
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approach to characterize the foam properties of proteins, as well as a way to link these
properties to the molecular properties of the protein.

In non-pure protein systems, such as in protein concentrates or isolates, other
factors, e.g. the presence of charged carbohydrates, are expected to contribute to the
foam properties. It was, for example, shown that for algae protein isolate (ASPI),
removal of the naturally present charged carbohydrates resulted in a higher foam
stability between pH 5.0 - 7.0 (Z1). In LSPC and SPI, a protein content of 69.3% and
83.1% (w/w dry basis, db) and a charged carbohydrates content of 2.0% and 0.7% (w/w
db) were reported, respectively (chapter 3). The presence of charged carbohydrates in
these samples affected the protein solubility of LSPC and SPI (chapter 3). Given that in
many studies the solubility has been linked to the foam properties of a protein (1, 1.2), it
is expected that the effects on solubility will also affect the foam properties of these
mixed systems. Despite the complexity of these systems, it was shown that their
emulsion stability could be closely forecasted based on the known (from literature) and
measured molecular properties of the most dominant proteins, presence of charged
carbohydrates and a small set of experiments (chapter 3).

The first aim of this study is to provide an overview of the foam properties of LSPC
and SPI under different system conditions; i.e. pH and 1. The second aim is to test
whether the recently developed model for the characterization of the foam properties
of pure protein systems (6) can be applied in more complex systems, such as LSPC and
SPL

MATERIALS AND METHODS

Chemicals and sugar beet leaves

Sugar beets (Beta vulgaris L. var. Florena) were grown on a sandy field in Wageningen,
The Netherlands. After collection of the sugar beets, the fresh leaves were removed
from the stems. The leaves were then washed using tap water and stored at 4 °C, until
the excess water was completely drained off (no longer than 36 h). Afterwards, the
leaves were stored in vacuum sealed bags at -20 °C. The proteins were extracted from
the frozen sugar beet leaves in 0.15 M sodium phosphate buffer pH 8.0, containing
0.8 M NaCl and 0.17% (w/v) Na,S,0s, as described previously (13). The soluble proteins
after centrifugation and subsequent dialysis were isolated by acid precipitation at pH
4.5 using 0.5 M HCI. The pellet obtained was subsequently re-solubilized in distilled
water at pH 8.0 and freeze-dried, yielding the leaf soluble protein concentrate (LSPC).
LSPC contained 69.3% (w/w db) protein (N-5.23), based on Dumas, as described
previously (13), and 5.1% carbohydrates (w/w db); 3.1% (w/w db) neutral constituent
monosaccharides and 2.0% (w/w db) uronic acids (chapter 3). The main protein present
in LSPC was Rubisco (>80% of protein, as based on SDS-PAGE), with a molecular mass
of 521,896 g/mol (chapter 3), as shown by SDS-PAGE. Soy protein isolate was produced
at the Laboratory of Food Chemistry (Wageningen, The Netherlands), as described
elsewhere (14). SPI contained 83.1% (w/w db) protein and 3.6% (w/w db) carbohydrates;
2.9% (w/w db) neutral constituent monosaccharides and 0.7% (w/w db) uronic acids
(chapter 3). SPI consisted of glycinin and B-conglycinin in a ratio of 64:36 w/w (15). The
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molecular mass of SPI was assumed to be 328,160 g/mol, based on the weight ratios of
glycinin and B-conglycinin (chapter 3). All other chemicals used were purchased from
either Merck (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA).

Protein solubility
The solubility of LSPC and SPI (LSPC,, and SPI,) as a function of pH, atI = 0.01 M, was
determined, as previously described (chapter 3).

Preparation of LSPC and SPI dispersions and solutions

Freeze-dried LSPC and SPI were dispersed in 3.65 mM sodium phosphate buffer
(I = 0.01 M) pH 8.0 and stirred for at least 3 h at room temperature. The LSPC and SPI
dispersions (LSPC.; and SPIL;, respectively) at pH 8.0 and I = 0.01 M were centrifuged
(5,000 g, 20 °C, 10 min) and then filtered through a Blichner funnel using a Whatman
paper filter (5-10 pm) (Sigma Aldrich), to produce stock solutions (LSPC, and SPI,,
respectively). The protein concentrations of LSPC,, and SPL, were determined using the
Pierce® BCA protein assay using BSA as a standard. In the following sections, the
protein concentration (C,) refers to the protein concentration at pH 8.0 and I = 0.01 M.
All experiments were performed at least in duplicate.

Effect of protein concentration. | SPC,, and SPL, at different concentrations
(0.01 - ~ 5.0 g/L) were prepared by diluting the stock solutions with 3.65 mM sodium
phosphate buffer pH 8.0 (final I = 0.01 M).

Effect of jonic strength. The ionic strength of LSPC,, and SPIL stock solutions at pH
8.0 and I = 0.01 M was adjusted to 0.5 M by addition of crystal NaCl. The samples were
then stirred for at least 1 h at room temperature. The pH of the samples was
periodically checked and re-adjusted to pH 8.0 by addition of 0.2 M NaOH, if necessary.
Different concentrations (0.01 - ~ 5.0 g/L) of LSPC, and SPL, at I = 0.5 M were
prepared by diluting the stock solutions with 3.65 mM sodium phosphate buffer pH 8.0,
containing 0.49 M NaCl (final I = 0.5 M).

Effect of pH. The pH of LSPC,, and SPI, stock solutions at pH 8.0 and I = 0.01 M was
adjusted to pH 5.0 or to pH 3.0 by addition of 0.2 M HCI. After pH adjustment the
samples were stirred for at least 1 h at room temperature. Different concentrations
(0.01 - ~ 5.0 g/L) of LSPC and SPI dispersions were prepared by diluting the samples in
either 3.33 mM citric acid/sodium citrate buffer pH 5.0 (for pH 5.0, I = 0.01 M) or in
10 mM citric acid/sodium citrate buffer pH 3.0 (for pH 3.0, I = 0.01 M).

Foam properties

LSPC,, and SPIL, at pH 8.0 and I = 0.01 M orI = 0.5 M or dispersions at pH 3.0 or pH 5.0
and I = 0.01 M (40 mL) at different concentrations (0.01 — ~ 5.0 g/L) were placed in the
foam cell (d = 34 mm) of an automated foam analyzer (FoamScan, Teclis IT-Concept,
Longessaigne, France) at 24 °C and were allowed to equilibrate for 15 min at this
temperature. Nitrogen was sparged through a metal frit into the sample in the closed
foam cell, as described elsewhere (6). The N, was sparged at a flow rate of 200 mL/min
until a foam volume of 200 mL was reached. The foam volume was measured as a
function of time by image analysis. The relative foam ability (FA) was expressed as the
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foam volume of the sample after 60 s, divided by the maximum obtainable foam
volume (183.3 mL) of a 10% SDS solution (pH 8.0, I = 0.01 M). The FA as a function of
concentration was fitted with equation 4.1, adapted from (6)

o

FA(C,);, =W 4.1)

where FA is the foam ability (-), C, is the protein concentration (g/L) and a, § and & are
the fitting parameters. Based on FA(C,)s a critical concentration (C.a) (9/L) for foam
ability was determined, as described in detail previously (6). This C.ra corresponds to
the C, at which the foam volume (height) reaches its maximal value, under the pre-set
conditions, and thereafter becomes independent of the Cj. In this study, the C.ra was
defined as the threshold beyond which the absolute rate of change of FA with respect
to C, was below 0.1%. The Sauter bubble radius (r;;) was determined by analysis of
images obtained at the end of sparging. The (r3,) as a function of concentration was
fitted using equations 4.2 and 4.3, adapted from (8).

1 1
For C,, < Ceu32 (protein-poor regime): rg,z(cp)m = 8'[C_‘—J+r3<zm-m 4.2)

p crr3,2
For C, 2 Cey3 (protein-rich regime): rs,z(cp)m =1 4.3)

where r3, is the Sauter mean bubble radius (mm) and € and rs,yi, are the fitting
parameters. C.3, (g/L) is the critical protein concentration above which the Sauter
bubble radius becomes independent of the protein concentration, as described in detail
elsewhere (6). The foam stability was expressed as foam half-life time (t;,,), which is the
time at which 50% of the foam volume at the end of sparging had disappeared.

Interfacial properties

LSPC (0.6 g/L and 0.06 g/L) and SPI (0.6 g/L) solutions at pH 8.0 and I = 0.01 M or
I =0.5 M or dispersions at pH 3.0 or pH 5.0 and I = 0.01 M were used to determine the
interfacial properties. All experiments were performed at room temperature. Surface
pressure (I1) and dilatational complex elastic modulus (E;) were determined using an
automated drop tensiometer (Tracker, Teclis IT-Concept). The protein solutions or
dispersions were placed in a syringe. A droplet (9 pL) of sample hanging from the tip of
a needle (G18, Sigma Aldrich) was formed by a computer controlled syringe monitored
with a video camera. Surface pressure was calculated according to equation 4.4.
M=y,-y, (4.4)
where vy, is the equilibrium surface tension of the respective buffer (72.4 mN/m for
I =001 M and 71.8 mN/m for I = 0.5 M) and vy; the surface tension (mN/m) at each
measured time point. As an indication of adsorption kinetics, the initial adsorption rate
in the first 20 s of adsorption (dlN/dt) was used. For some samples, the dll/dt only
started to increase (0 > 1 mN/m) after a certain amount of time. This amount of time is
referred to as lag time. Surface elasticity measurements were adapted from a previously
described method (Z6) and performed using the automated drop tensiometer (Tracker,
Teclis IT-Concept). The formed drop was subjected to sinusoidal changes in interfacial
area (25 mm? at 0.1 Hz frequency and 5% deformation. Each set of five sinuses were
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followed by an equilibration phase of 60 s. The complex dilatational elastic modulus
(Eg), which consists of a storage modulus (E") and a loss modulus (E”), was calculated
from changes in surface tension and the surface area over the period of the sinusoidal
oscillation. The phase angle (§; tan (8) = E”/ E) was also determined. For all samples,
the phase angles did not differ with concentration / pH / ionic strength, i.e. tan () was
1143 ° for LSPC,, and 842 ° for SPI,. Therefore, only values for the complex modulus
are shown.

An amplitude sweep was performed with deformations ranging between 1% and
30% at a constant frequency of 0.02 Hz to study the rheological response as a function
of amplitude, as described previously (17). The rheological response is presented in the
form of Lissajous plots (8y vs 0A); difference in surface tension (dy = y — y;) versus
relative deformation (dA = A-A;/A;), where y and A are the surface tension and area of
the deformed interface and y; and A; are the surface tension and area of the non-
deformed interface. The curves were then qualitatively analyzed based on their shape.
An ellipsoidal shape of the curve indicates the absence of non-linearity in the response
of the interface towards deformation. This indicates that the determination of the elastic
modulus (Ey) was reliable (17).

Determination of {-potential

The pH of LSPC, and SPI, solutions (obtained after centrifugation of the 5.0 g/L
LSPC,,: and SPIL; at pH 8.0 and I = 0.01 M) was adjusted from pH 8.0 to pH 2.0, with
1 unit intervals, using 0.2 M HCI. The ¢-potential was determined with a Zetasizer Nano
ZSP (Malvern Instruments, Worcestershire, UK) at 25 °C and 150 V. Data were collected
over three sequential readings and processed using the Smoluchowski model, as
described previously (18).

Determination of protein exposed hydrophobicity

Protein exposed hydrophobicity was determined using ANSA as a fluorescent probe, as
described previously (19), with adaptations. LSPC, and SPIL, (C, = 0.5 g/L) and 2.4 mM
ANSA solutions were made in 3.65 mM sodium phosphate buffer at pH 8.0. The
maximum area of the fluorescence spectrum was corrected with the area of the buffer.
The relative exposed hydrophobicity was expressed as the area obtained for the sample
relative to the area obtained for a 0.5 g/L B-lactoglobulin solution in the same buffer.

RESULTS AND DISCUSSION

Effect of pH on the solubility of LSPC,, and SPI

The effect of pH on the solubility of LSPC,, and SPI, was described in detail in Chapter
3. In short, the solubility of LSPC,, as a function of pH showed the typical U-shape
curve with a minimum around pH 4.5 (Figure 4.1). At pH 5.0 only 14.8+0.8% of LSPC
stayed in solution, while at pH 3.0 the solubility was 40.0+2%. The solubility of SPI, was
constant (97.8+1.9%) between pH 6.0 and pH 8.0 and the lowest solubility was
observed in the pH range from 3.0 to 4.0 (6.9+0.2%) (Figure 4.1). The solubility of SPI,
at pH 5.0 was 11.7+2.8%.
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Figure 4.1 Protein solubility as a function of pH for LSPC, (M) and SPI, (IJ) at T = 0.01 M. All

markers are average values with the error bars indicating SD. Error bars are not shown when SD is
smaller than the size of the used marker.

Effect of protein concentration and ionic strength on foam ability and
cchA

The foam ability (FA) as a function of protein concentration was fitted with equation 4.1.
The fitted data described the experimental data well (Figure 4.2A, B), so in further text,
the fitted values for the C.ra were used (Table 4.1). The FA of both LSPC,,- and SPI,-
stabilized foams at pH 8.0 (I = 0.01 M) increased with increasing protein concentration
up to a critical protein concentration (Cgra), above which the FA reached a plateau value
(Figure 4.2A, C). The values of C.a at pH 8.0 and I = 0.01 M were comparable for
LSPC,, and SPI, (0.2 g/L and 0.3 g/L, respectively; Table 4.1). For both LSPC,, and SPIL,
the slope of the FA-concentration curve at I = 0.5 M was higher than at I = 0.01 M
(Figure 4.2A, C). This indicates that at higher ionic strength, both LSPC,, and SPI, were
slightly more efficient in foam formation than at lower ionic strength. This effect did,
however, not result in a decrease of the C., (Table 4.1). The fact that the C., at
I = 0.5 M is similar to that at I = 0.01 M might be an artifact of the experimental
conditions (N, was sparged until foam volume of 200 mL was reached).
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Figure 4.2 A: Foam ability (A, C) and foam half-life time (t;,; B, D) of LSPC  (closed symbols)
and SPI, (open symbols) as function of protein concentration at pH 8.0 and ionic strength of 0.01 M
(H, O) or 0.5 M (®, ). The solid lines in A and C represent the fit of the data using equation 4.1
and the fitting parameters o, B, and & shown in Table 4.1. The solid lines in B and D are guides to the
eye. All markers are average values with the error bars indicating SD. Error bars are not shown when
SD is smaller than the size of the used marker. The grey area indicates that the samples did not reach
the t;, within the timeframe (167 min) of the experiment.
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Effect of pH on foam ability and Cfa

At pH 5.0 and pH 3.0, the FA for both LSPC,,- and SPI, increased with increasing
protein concentration up to a Cga above which the FA levelled off (Figure 4.3A, C).
The Ca for both proteins at pH 3.0 and pH 5.0 was higher than at pH 8.0 (Table 4.1). It
should be noted that these values for Ca refer to the total protein concentration in the
bulk. If only the soluble C, of LSPCy, and SPIL at pH 3.0 and pH 5.0 is taken into
account, the Cgya is similar (S-Cqra = 0.2 £0.1 g/L) for both proteins and at all tested pH
values (Table 4.1). This indicates that -in these cases- the minimum protein
concentration of a protein to reach the maximum FA relates to the soluble protein
concentration, and not to the total protein concentration. A relationship between
protein solubility and foam ability has been previously described in literature (1, 12, 20).

Foam ability Foam stability
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Figure 4.3 Foam ability (A, C) and foam half-life time (t,,; B, D) of LSPC  (closed symbols) and
SPI (,; (open symbols) as a function of protein concentration at pH 3.0 (e, o), pH 5.0 (A, A) or pH
8.0 (M, J) and ionic strength of 0.01 M. The solid lines in A and C represent the fit of the data using
equation 4.1 and the fitting parameters o, 3, and 6 shown in Table 4.1. The solid lines in B and D are
guides to the eye. All markers are average values with the error bars indicating SD. Error bars are not
shown when SD is smaller than the size of the used marker. The grey area indicates that the samples
did not reach the t;,, within the timeframe (167 min) of the experiment.

Effect of protein concentration and ionic strength on C,3 >

At pH 8.0 and low ionic strength (I = 0.01 M), the r3, for both LSPC, and SPIL-
stabilized foams decreased with increasing protein concentration. This decrease
continued until a critical protein concentration (Cys2). At C; = Cquso the 35 reached a
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minimum value (r3;min), Which at C, > C32 was independent of C, (Figure 4.4A, C). The
Ce32 for LSPC, - and SPI,-stabilized foams was 5.0 g/L and 2.5 g/L, respectively (Table
4.1). AtI = 0.5 M, the C3, for LSPC, was considerably lower than atI = 0.01 M (0.5 g/L
vs 5.0 g/L; Table 4.1). However, for SPI, no effect of ionic strength on C.;3, was
observed (Table 4.1).

| effect at pH 8.0 pH effect at1=0.01 M

pHSO 001M

A\ A&
*
1 10 ,01 ) 0,1 . 1 10
Protein concentration (g/L) Protein concentration (g/L)
SPI
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pH8.0-0.01 M
=03
3
£
3 0,2 @ @
pH8.0-0.5M
i [0}
0,1 1 10 0,1 1 10
Protein concentration (g/L) Protein concentration (g/L)

Figure 4.4 Bubble radius (1) as a function of protein concentration of LSPC ,; (closed symbols) and
SPI ,, (open symbols) at (A, C): pH 8.0 and ionic strength of 0.01 M (M, [J) or 0.5 M (#, <) and at
(B, D): pH 3.0 (e, 0), pH 5.0 (A, A) or pH 8.0 (M, [J) and ionic strength of 0.01 M. All markers are
average values with the error bars indicating SD. Error bars are not shown when SD is smaller than
the size of the used marker. Solid lines represent the fit of the data using equations 4.2 and 4.3 and the
fitting parameters €, Cy3 2 and 13 o, Shown in Table 4.1. Respective concentrations of bubbles shown
in insets are indicated by the grey area.

Effect of protein concentration and ionic strength on foam stability

The foam stability (FS), indicated by t;,,, of LSPCy, at pH 8.0 at both ionic strengths
increased with increasing protein concentration (Figure 4.2B). The foam stability was
higher at high ionic (I = 0.5 M) than at low (I = 0.01 M) strength. For example, at
Cp = 5.0 g/L (C, > Ceusp protein-rich regime), the t;, for LSPCy, at I = 0.5 M was
approximately two times higher than atI = 0.01 M (Figure 4.5). For SPIL,, at both ionic
strengths tested, the FS initially increased up until a certain protein concentration and it
then significantly decreased, even at C, > C.3, (Figure 4.2D). While typically such a
decrease at higher protein concentrations is not expected, it has also been reported for
other proteins, such as B-lactoglobulin (6) and a-lactalbumin (9).
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Figure 4.5 Foam half-life times (t;,) of foams stabilized with LSPC, or SPI at pH 3.0, pH 5.0 and
pH 8.0 and ionic strength of 0.01 M (solid) and 0.5 M (pattern) (C, = 5.0 g/L). The grey area indicates
that the samples did not reach the t;, within the timeframe (167 min) of the experiment.

Effect of pH on C,3,>

As expected, the r;, for both LSPC,, and SPIL, decreased with increasing protein
concentration at all pH values tested (Figure 4.4B, D). For LSPC,,, the C.3, at pH 8.0
(5.0 g/L) was higher than at pH 5.0 (1.2 g/L) and at pH 3.0 (3.9 g/L) (Table 4.1). For SPIL
the Cgy3, at pH 8.0 was 2.5 g/L and at pH 5.0 and pH 3.0 it was 5.0 g/L and > 5.0 g/L,
respectively (Table 4.1). If only the soluble concentration of the protein at pH 5.0 and at
pH 3.0 is taken into account, then the minimum protein concentration (S-C35) required
to form a stable foam (r3, = r3,min), Using LSPC,, at pH 5.0 and at pH 3.0, was 0.6 g/L
and 1.2 g/L, respectively (Table 4.1). For SPI,, the S-C3, at pH 5.0 was 0.6 g/L (Table
4.1). At pH 3.0, the r3,mi, was not reached within the protein concentrations tested. For
both proteins, it was observed that the S-C.3, was the lowest at pH close to their
overall isoelectric point (LSPC,, pL: 4.5 and SPIL pl: 3.3; Figure 4.6). This shows that
unlike Cgea the Ce32is not only dependent on soluble protein.

35

25

{-potential (mV)

-25

-35

pH

Figure 4.6 C-potential as a function of pH for LSPC ,; () and SPI i ([J) solutions at ionic strength
of 0.01 M. All markers are average values with the error bars indicating SD. Error bars are not shown
when SD is smaller than the size of the used marker.
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Effect of pH foam stability

The FS of LSPC,,-stabilized foams increased with increasing protein concentration at all
pH values tested (Figure 4.3B). At C, > 5.0 g/L (protein-rich regime), LSPC,-stabilized
foams at pH 5.0 and pH 3.0 had higher FS than at pH 8.0 (Figure 4.5). Rubisco from
spinach also showed higher foam stability at pH 5.5 and pH 3.0 than at pH 8.0 (21).

For SPL,, the FS of the foams at pH 8.0 increased with increasing protein
concentration up until C, = 1.2 g/L and then it decreased (Figure 4.3D). At pH 3.0, no
stable foams could be obtained. In addition to the low t,;, the r3,,i, Was not reached,
which shows that the protein-rich regime was not reached. This is postulated to be due
to lack of sufficient soluble protein at this pH (i.e. Cc.3, for SPI at pH 3.0 > maximal C,
tested). At pH 5.0, the FS for SPIL-stabilized foam increased with increasing protein
concentration, even at C, > Cq3,. At Cp = 5.0 g/L (protein-rich regime), the FS of SPLy-
stabilized foam at pH 5.0 was 2 times higher than at pH 8.0 (Figure 4.5). These results
are in contrast with literature, where the foam stability of soy protein isolates is typically
minimal at pH 5.0 (22, 23). This apparent discrepancy might be due to the different
methods used for foam formation and determination, the different composition of the
samples used and/or the fact that the samples were tested at different protein
concentrations.

Our data indicate that initially, a minimum soluble protein concentration is
required to completely cover the air-water interface and form a stable foam. At pH 5.0
and at pH 3.0, it is postulated that aggregates are formed between proteins or proteins
and charged carbohydrates present in the samples. These aggregates contribute to the
higher FS at these pH values than at pH 8.0. Other researchers have also shown that
non-aggregated proteins are essential to produce stable foams, while aggregates
contribute to a better foam stabilization (20). Positive effects of the formed aggregates
on the foam stability were previously reported, for example, for complexes of napin and
pectin (24).

Link of foam ability to interfacial and molecular properties

Effect of ionic strength. To determine whether the foam properties of LSPC,, and
SPI, can be linked to their interfacial properties, the E4 and N of adsorbed layers
formed from these solutions were determined at different ionic strengths. For LSPC,, at
C, = 0.06 g/L (pH 8.0), the E4-I1 curves at I = 0.01 M and I = 0.5 M collapsed onto a
single curve (Figure 4.7A). This suggests that the interactions between the adsorbed
proteins at the air-water interface at low (0.01 M) and high (0.5 M) ionic strength are
similar. Thus, differences at dll/dt at low and high ionic strength can be taken as an
indication of differences in adsorption kinetics. LSPC,, adsorbed faster atI = 0.5 M than
atI=0.01 M (dMN/dt =45 vs 12 uyN/(m-s), respectively, Figure 4.7B), which might explain
the higher foam ability of LSPC, at1 = 0.5 M than atI = 0.01 (Figure 4.2A). The faster
adsorption at higher ionic strength was previously described for other proteins, e.g.
algae soluble protein isolate, whey protein isolate and ovalbumin (25). In these cases
this faster adsorption was attributed to a decreased electrostatic barrier for adsorption
at the air-water interface (16).
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Elastic modulus (E,) over surface pressure (I) M over time
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Figure 4.7 Elastic modulus (E4) as a function of surface pressure (I1) at the air-water interface (A, C)
and IT as a function of time (B, D) of LSPC g (at C, = 0.06 g/L grey closed symbols and C, = 0.6 g/L
black closed symbols) and SPI g (at C, = 0.6 g/L open symbols) at pH 8.0 and ionic strength of 0.01
M (H, H,O)or0.5M (@, @, ). All markers are average values with the error bars indicating SD.
Error bars are not shown when SD is smaller than the size of the used marker.

For LSPC,,, at C, = 0.6 g/L (pH 8.0), the E4-T1 curves at low and high ionic strength
did not superimpose. This indicates a slight difference in the equation of state of
adsorption for LSPC,. The suggested difference in the equation of state of LSPC,, at
different ionic strengths was also reflected in the behavior of these interfaces at larger
amplitudes. At I = 0.01 M, the interface showed a linear response (Figure 4.8). At
I = 0.5 M, the response was not analyzed since the bubble got expelled before the end
of the experiment (data not shown). The difference in the equation of state might due
to the contribution of non-protein compounds (e.g. charged carbohydrates) or to the
presence of multiple types and/or forms of proteins (e.g. dissociated forms). This
difference seems to be protein concentration dependent, given that at C, = 0.06 g/L,
the E4-MN curves for LSPCy, at I = 0.01 M and I = 0.5 M did superimpose. The protein
concentration-dependent effect of ionic strength on equation of state was not
surprising. For other proteins, e.g.B- lactoglobulin, it has previously been reported that
the effect of ionic strength on the dissociation state of the protein changed with the
protein concentration (26).

78



FOAM PROPERTIES OF LSPC AND SPI

T
I
(3

T
I

-
(7]
b
o

-0

5%
&y [mN/m]
S
8y [mN/m]
&y [mN/m]

Xxugx QN\AMQ

- N w|on

SP

20%
3y [mN/m]
s
N &
_.ngsk\\a © ok k\—-r\)w
o
Ny
8y [mN/m]
S
N &
ng; X\\A mghwx\Ammg
o
Ny
Sy [mN/m]
s

5%

&y [mN/m]
S
&
) \
&

8y [mN/m]
o
R
&

Sy [mN/m]

N &
& b Amg}:-d)r'\)i\

-0.!

s ;
X
ERS B oagh b
>

£ 3 3
R Z - 2 2 -o.% 02 Z-0 0.2
R E & 4 E
> > >
0 0o 8 )
12 12 12
BA [-] SA[] SA[]

Figure 4.8 Lissajous plots for LSPC,, and SPI, at pH 8.0, pH 5.0 and pH 3.0 (I=0.01 M) and 5%
and 20% deformation (C, = 0.6 g/L).

For SPIL,, the Ey and T were only determined at C, = 0.6 g/L (at both ionic
strengths). For these samples, no effect of the ionic strength on the equation of state
was observed (Figure 7C). The adsorption rate increased with increasing ionic strength
(200 vs 300 pN/(ms) at I = 0.01 M and I = 0.5 M, respectively; Figure 4.7D). This
difference was also reflected in a difference in foam ability; i.e at C, < Cqa the FA was
higher at I = 0.5 M than at I = 0.01 M (at C, > C.¢a the FA had reached its maximum
value).

Effect of pH. For LSPC,,, (I = 0.01 M and C, = 0.06 g/L), the E4-1 curves at pH 5.0 and
at pH 8.0 overlapped (Figure 4.9A). This suggests that the interactions between the
adsorbed proteins at the air-water interface at the different pH values are similar.
Hence, the longer lag time (approximately 500 s) for LSPC, at pH 5.0 than at pH 8.0 is
interpreted as a slower adsorption at this pH value (Figure 4.9B), which is suggested to
be the cause of the lower foam ability of LSPC, under these conditions.
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Elastic modulus (E,4) over surface pressure (M) M over time
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Figure 4.9 Elastic modulus (Eg) as a function of surface pressure (I1) at the air-water interface (A, C)
and IT as a function of time (B, D) of LSPC,, (at C, = 0.06 g/L grey closed symbols and C, = 0.6 g/L
black closed symbols) and SPI, (at C, = 0.6 g/L open symbols) pH 3.0 (e, ®, 0),pH 5.0 (A, A, A)
or pH 8.0 (M, M, [J) and ionic strength of 0.01 M. All markers in A and C are average values with
the error bars indicating SD. Error bars are not shown when SD is smaller than the size of the used
marker.

The slow adsorption at pH 5.0 is ascribed to the low solubility (14.8+0.8%) of
LSPC,, at this pH (Figure 4.1). This shows that the interfacial properties, similarly to
what was shown for the C4, relate to the soluble protein concentration and not to the
total protein concentration. At pH 3.0 (both at C;, = 0.06 g/L and 0.6 g/L) the E4-1 curve
was shifted with respect to the curves at pH 8.0 and pH 5.0 (Figure 4.9A). The LSPC,
interface at pH 3.0 showed non-linear behavior (Figure 4.8).

In contrast, for SPL (at C, = 0.6 g/L), the E4-I1 curves at pH 5.0 and pH 3.0
overlapped, and hence a similar equation of state is assumed (Figure 4.9C). The similar
adsorption rates for SPI, at pH 5.0 and pH 3.0 (Figure 4.9D) can explain the similar
foam abilities for SPI, at these pH values (Figure 4.3C). It needs to be noted that since
the SPIL interface showed non-linear behavior at pH 3.0, although less pronounced
that LSPC,, (Figure 4.8), the values for E4 should be taken with caution.

CONCLUSIONS

The foam ability, as expressed by the critical concentration of soluble proteins (S-Cgya)
needed to produce foam, was constant as a function of pH, for both LSPC and SPIL At
high ionic strength (I = 0.5 M), both proteins were more efficient in foam formation
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than at low ionic strength (I = 0.01 M). This was related to their faster adsorption at the
interface. A minimum concentration was required to form stable foams. At pH 3.0 and
5.0, an enhanced foam stability was observed, which is postulated to be due to
aggregates formed between proteins or proteins and charged carbohydrates. Less
protein was required to form a stable foam at high than at low ionic strength. Overall,
the foam ability and foam stability as a function of protein concentration for these
protein mixtures showed a similar trend as that for pure protein-stabilized foams.
Therefore, the use of critical protein concentrations to describe foam ability and foam
stability, as developed for pure protein systems, can be applied to these mixed protein
systems.
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Chapter

Using product driven process synthesis in the
biorefinery

The design of a biorefining process is challenging due to the high number of products
that can be obtained from one feedstock, and the fact that some products can be
negatively affected by processing conditions that are essential for other products. To
facilitate this design, we propose the use of the product driven process synthesis
methodology, with some adaptations. Four novel steps were introduced: (1)
decomposition of the feedstock into its main compound classes, (2) identification of the
potential uses of the compound classes found in the feedstock, based on the
functionalities that they can deliver, (3) selection of the product-targets by evaluating
their economic potential, and (4) identification of “critical tasks”; ie. tasks that
negatively affect the quantity and/or quality of each product during their separation. To
illustrate how this new approach can be used in practice, a case study of a sugar beet
leaves biorefinery is presented.

Based on: Kiskini, A.; Zondervan, E.; Wierenga, P. A, Poiesz, E; Gruppen, H. Using
product driven process synthesis in the biorefinery. Computers and Chemical
Engineering 2016, 91, 257 — 268.




CHAPTER 5

INTRODUCTION

In the last fifteen years, the biorefinery concept has gained great momentum. The term
biorefinery refers to the sustainable processing of a biomass into a spectrum of
products and energy (I). By consequence, a biorefinery approach within the industry
aims to optimize the yield of a range of components, rather than to maximize the yield
of a single component. The latter implies that the focus of a biorefining process is both
on compound classes present in high amounts in the feedstock (e.g. carbohydrates)
that can lead to high-volume products (e.g. animal feed, fertilizers) and on compound
classes present in low amounts in the feedstock (e.g. phenolic compounds) that can be
sold for high prices (e.g. pharmaceuticals). By aiming at such a holistic exploitation of
the use of the feedstock, the overall economic revenue of a biorefinery industry can be
potentially higher than that of a traditional industry, focusing on the optimization of the
production of only a single compound from the feedstock. For example, the cost for
algae production is €0.40/kg algae (2). If the algae were only used for biodiesel
production, the value of the biomass would be €0.20/kg algae, excluding the processing
costs (2. That means that the production of algae only for biodiesel is not feasible.
However, the total value of the biomass can reach up to €1.65/kg algae, if algae are
used in biorefining (2). It is expected that the increase in sales price of the whole
biomass, due to separation, will be higher than the added cost needed for the
separation, leading to increased economic revenue. It needs to be noticed that this
increase in revenue after biorefining is further increased due to the reduction in cost
from handling the remaining waste streams.

Given the wide range of products that can be derived from a feedstock and the
plethora of possible pathways that can lead to these products, it becomes evident that
a systematic approach for the design of a biorefining process is needed. In the past,
many systematic approaches have been developed to address the process design in
biorefinery. A brief description of the recent advances of these systematic approaches in
the context of biorefinery was presented by Ng et a/. (3). The main focus of these
approaches is the identification and selection of the optimum processing pathway given
certain objectives. These objectives were typically related to process design aspects,
such as yield maximization, energy minimization or economic performance. In some
cases, environmental, health and safety aspects were also considered. However, to
design an optimal biorefining process also the specific physico-chemical properties of
the individual final products need to be considered. The latter has been the focus of
product design methodologies. Thus, both product and process design methodologies
need to be used. In the last years, a number of methodologies that integrate product
and process design were published (3-7). The main idea behind these methodologies is
that first the consumer wants are identified and translated into product specifications.
Then, the process is designed in such a way that the final products meet these
specifications. More precisely, Moggridge and Cussler (6) presented a template for
chemical product and process design, where the whole procedure is decomposed into
four sequential steps. The first three steps describe the product design staring from the
identification of the customer needs, generation of ideas to meet the identified needs
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and selection of best ideas, while the last step refers to the process design
(“manufacture”). Based on this decomposition a framework for systematic chemical
product design by using computer-aided methods and tools was developed (5).
Wibowo and Ng (8) presented a systematic framework where the product manufacture
was decomposed into two separate steps. The whole procedure consists of five main
steps: “(1) product conceptualization, (2) identification of quality factors, (3) selection of
ingredients and microstructure, (4) generation of process alternatives and (5) process
and product evaluation”. In this methodology heuristics, mathematical models and
experimental data are used at each step to aid the decision making. More recently, Ng
(3) presented a product-oriented, hierarchical framework for the design of chemical
products. In this framework different disciplines, such as management, marketing, and
chemical engineering are brought together and the design of the product is divided
into three main phases: “(1) product conceptualization, (2) detail design and
prototyping, (3) product manufacturing and launch”. The product design was
approached as a multi-objective optimization problem and the use of different tools,
methods and databases is discussed. Also, Bernardo and Saraiva (4 showed an
integrated approach for product and process design, they applied it to a cosmetic
lotion case study. They showed that the approach that integrates process and product
design seems to provide more optimal solutions than the solutions obtained when the
two methodologies are used separately. More specifically for biorefinery, Ng et al. (9
developed recently a two-stage optimization approach for the selection of the optimal
processing pathway that leads to a final product with specified properties. In their
approach, first (first stage) the product properties (“product needs”) are identified and
then the final product (“mixture”) is designed based on these properties. In the second
stage, the optimal pathway that leads to the optimal mixture is identified using a super-
structural optimization approach. The identification of the product properties is an
important feature of this approach. In their approach the example of biofuel production
was used. The product properties in this case were defined in terms of energy content,
which is a well-known molecular property. The importance to introduce product
properties into the process synthesis was highlighted as well by Gani and O'Connell
(10). They used the example of phase equilibria. In this case, the intrinsic properties of
the molecules are also well known and well described. Such concepts should be further
developed to define more complex physico-chemical properties of the final products, to
include, for instance, the structure of proteins or carbohydrates. In addition, the
reactivity of the compounds should be taken into account, since chemical and physical
changes of the compounds can change the final product properties.

In the present study we propose the use of the product driven process synthesis
methodology (PDPS) to facilitate the product and process design in the biorefinery.
PDPS was first introduced by Bongers et al. (11) as a structured approach towards the
synthesis of a process in the food sector, where several raw materials are combined to
produce one final product. The PDPS methodology was already successfully applied in a
number of cases, as for instance the redesign of a production process for a bouillon
cube (12). Recently, some attempts have been made to use the PDPS for the separation
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of one compound from a feedstock, e.g., the isolation of isoflavones from okara (13),
the separation of oleosomes from soybeans (Z4),the separation of polyphenols from tea
(15). The use of PDPS in a separation process is not as straightforward as in the design
of a structured product. The challenges that arise in this case were discussed by
Jankowiak et al. (13).1n short, the main challenges are due to the complexity induced by
the interaction among the different compounds present in the feedstock, which hinders
the isolation of pure compounds.

This study aims to further extend the application of PDPS to biorefinery by
identifying steps that need to be adapted. A general description of the PDPS levels and
the adaptions required to facilitate the use of PDPS in the biorefinery are presented.
Emphasis is given to the complex physico-chemical properties of the final products. The
manifold interactions of the various compounds/products during the processing and
their effect on the products properties are also highlighted. Moreover, guidelines are
provided to link the feedstock (input) composition to possible product (output)
applications, and the functionalities that these products can deliver in food, feed or
non-food matrices. A case study of a sugar beet leaves biorefinery is used as an
example.

THE PDPS METHODOLOGY

The PDPS methodology consists of 9 hierarchical levels (Figure 5.1a). The first 4 levels
comprise the product design and the last 5 levels comprise the process synthesis (11).
In the first three levels, the background of the project and the business context are
defined (framing level), the consumer preferences (consumer wants level) are identified
and they are then translated into tentative products attributes (product attributes level).
At the next level (input-output level), the input; i.e. the ingredients required to construct
the pre-defined product, is listed and the characteristics of the output (product) are
described. As stated earlier, the next five levels deal with the process synthesis. The
fundamental tasks that are required to go from the input to the output are defined in
the task network (level 5). The mechanisms behind the selected tasks are defined in the
mechanism and operational window (level 6). In principle, different outcomes (products)
can be defined already at the “product attributes” level. At the “multi-product
integration” level, overlaps derived from levels 4-6 can be identified and possibilities to
combine the production of the final products are discussed. At the “equipment
selection and design level”, the unit operations are selected and the conceptual design
of the units and the final flow sheet are made. Ultimately, at the multi-product
equipment integration level, the interaction of the various unit operations selected at
the previous level is considered and optimized.
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’ Framing level ‘ Framing level: identification
& preselection of products

1. Decomposition of the feedstock into main

’ Consumer wants ] compound classes
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Figure 5.1 (a) Levels of PDPS. (b) Levels of adapted PDPS.

PDPS APPLICATION IN BIOREFINERY

Framing level: identification and preselection of products
The framing level of the PDPS is the first activity of the product design stage. At this
level, the general background of the project is described and the business context is set.
Furthermore, in the framing level, the intention is to identify a number of market
opportunities; i.e. product-targets. In biorefinery, the high number of the potential
products that can be obtained from a single feedstock makes the identification and
selection of the product-targets difficult. To facilitate this identification process we
propose the addition of three novel, well-defined steps as part of the framing level;
namely (1) decomposition of the feedstock into its main compound classes, (2)
identification of the potential uses of the main compound classes found in the
feedstock, and (3) selection of the best product-targets by evaluating the economic
potential for each identified product-target (Figure 5.1b).

The identification of the potential uses of the main compound classes, which are
present in the feedstock is typically done by a literature search, patent search or
brainstorming in groups. To aid the identification process, 5 tables are developed that
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contain information related to the compound classes; i.e. proteins, carbohydrates, lipids,
phenolic compounds and minerals, typically found in agricultural feedstocks (Table
5.1a-e). Such information has not been comprehensively reported in the scientific
literature. Therefore, the content of the tables should be seen as a first attempt to
provide a systematic overview of the different functionalities and possible applications
of (sub-)compound classes in food, feed and non-food areas. The different compound
classes were further decomposed into subcompound classes, e.g. carbohydrates were
segregated into pectins, cellulose, etc. The list was extended to include also similar
compound classes that can be obtained from other sources, e.g. whey protein from cow
milk, and are currently used in industry. Furthermore, a number of applications where
the various compounds can be used, such as food applications, e.g. ice-creams, jams
and non-food applications, e.g. cosmetics, biopesticides, are provided. The functionality
that each compound class brings to each application, such as gelling, foaming, water
binding, is described.
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Table 5.1 Example of compounds; (a) proteins, (b) carbohydrates, (c) lipids, (d) phenolic compounds,
and (e) minerals, used in various commercial preparations and the link to specific functionalities that

they deliver in these applications.

(a) PROTEINS

Subcompound

classes Functionality Applications
Food
Caseinates Foam Deserts
Emulsion
Digestibility
Caseins Bakery / Confectionary
Egg white Emulsion Ice cream
Gelling / Binding
Foam Meat products
Egg yolk Emulsion Dressings
Colour Confectionary
Foam
Gelling
Binding
Meat proteins Nutrition
Milk powder Creamer (Whitening agent) Coffee creamer
Gelling / Binding
Milk proteins Digestibility (hydrolysates)
Nutrition Clinical nutrition
Potato protein Emulsion
Soy proteins Nutrition
Gelling / Binding Gels
Meat extender
Soy proteins
(hydrolysates) Digestibility Sports nutrition
Whey protein Foam Vegetable whipped cream
Gelling / Binding Confectionary
Confectionary
Emulsification
Confectionary
Flavour enhancer
Nutrition Sports nutrition
Whole egg Foam
Emulsification Mayonnaise
Gelling / Binding Stabilisers (soups)
Nutrition
Whole milk Gelling / Binding
Feed
Soy proteins General feed ingredient
Non-Food
Soy proteins Culture media
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(b) CARBOHYDRATES

Subcompound

classes Functionality Applications
Food
Alginate Gelling Desserts
Emulsifying / Foam Flavour encapsulation
Arabino-Galactan (Proteins) Emulsifying / Foam

Gum Arabic (Arabino-Galactan)

Viscosifying

Arabinose Glycemic index lowering Pharmaceuticals
/Nutrition
Carageenan Gelling Jelly
Cellulose Gelling Jam
Water Binding Jam
Dextrans Inert binding material Pharmaceuticals
Glucose Nutrition / Energy Delivery
Fibers (General) Water Binding
Gos (Galactose) Nutrition Prebiotics
FOS (Fructose) Nutrition Prebiotics
Inulin (Fructose Polymer) Taste / Mouthfeel improvement
Lactose Inert binding material Pharmaceuticals
Locust bean gum Gelling Fruit-Filling
(Galactomannan)
Water Binding Sausage
Emulsifying/Foam Ice-Cream
Monosachharides (Neutral Sugars) Water Binding Jam
Preservant (a,, lowering) Jam
Pectin Gelling Candy
Water Binding
Xanthan Emulsifying / Foam Coffee creamer
Starch Viscosifying Soups / Sauces
Gelling Chocolate milk
Sucrose Taste Sweetener
Preservant (a,, lowering) Infused fruits
Xanthan Gelling Salad dressing
Non-Food
(Anything) Building blocks for chemicals Bio-ethanol
Cellulose Water binding Diapers
Materials Paper
Galacturonic acid Building blocks for chemicals Bioplastics
Guar gum (Galactomannan) Stabilising of emulsions Cosmetics
Lactose (GlucosetGalactose) Building blocks for chemicals Bioplastics
Starch Water binding Diapers
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Subcompound

classes Functionality Applications
Food
(Nut Oil) Bulk liquid / texture
Ice-Cream
Arachide Oil Bulk liquid / texture
Carnabau Wax Bulk liquid / texture Candy
Emulsifier/
Glucose-Monoesters stabiliser
Emulsifier/
Lecithin stabiliser Whipped cream
w Linoleic Acid Health Pharmaceuticals
a Emulsifier
= Milk Fat /stabiliser Ice-Cream
E Bulk liquid/texture
5 Mono- diglycerides Emulsifier/stabiliser
~ Olive Oil Bulk liquid / texture Table / Cooking oil
Palm Oil Bulk liquid / texture Frying fat
Emulsifier/
Phospholipids stabiliser Spreads / Margarine/Shortening
Sterols Health Margarine
Sunflower Bulk liquid / texture
3- fatty acids Health Margarine
Non-food
Lipids (General) Building blocks for chemicals Bio-fuel
Coconut Fat Texture Cosmetics
Linoleic Acid Texture Shampoo
Rapeseed oil Bulk liquid / texture
Stearic acid Texture Skin-care
Subz;);;lslz:;und Functionality Applications
Food
Astaxanthin Colorant
Beta-Carotene Colorant Beverages
Chlorophyll Antioxidants
Chlorophyll Colorant
|72] Epicatechin Gallate Antioxidants Margarine
% Epigallocatechin Gallate Antioxidants Dietary supplements
= Flavonoids Antioxidants
(@] Saponins Antimicrobial
& Emulsifier
= Foaming Root beers
8 Theaflavin Antioxidants
&) Tocopherols Antioxidants
5‘ Non-Food
=) Phenolic compounds
Z (General) Chemicals
g Antioxidants Biopesticides
o Phenol Formaldehyde
_ Resins Plastics Coatings
) Saponins Insecticide / Biocide Plants
Livestock (control of ammonia
Chemicals emissions)
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Subz;:;lspezund Functionality Applications
Food
Al Health NaCl replacer
Br Electrolyte
Ca Anti-microbial / Preservative
General in Food as taste
Ca Flavour enhancer/modifier
Ca Lactate Preservative Salted/Brined/Pickled Foods
1 Texture modifier Leavening acid
(ﬁ 1 Flavour modifier Soft drinks
é K Fertilizer
K Browning inhibitor Wine
% K-Salts Anti-microbial / Preservative Meat
) K-Salts Health
= Mg Anti-oxidant/ Protective lining Cans
> Mg-Salts Health Fruits
~ Na Health NaCl replacer
NaCl Electrolyte
NaCl Antimicrobial / Preservative
NH; Flavour
Salted/Brined/
Phosphates Preservative Pickled Foods
Phosphates Fertilizer
Phosphates Texture Modifier Leavening acid
S Flavour modifier Soft drinks
S Fertilizer
Vitamins Browning inhibitor Wine
Zn Antimicrobial/Preservative Meat
Zn Health
Non-Food
Fe [ | Fertilizer

A compound class can bring multiple functionalities to products. The composition,
and thus the functionalities of compound classes, usually depend on their source
(Figure 5.2). For example, sunflower protein is almost 100% soluble between pH 2.0 -
8.0 (16), whereas the solubility of alfalfa leaf protein is low between pH 3.0 - 5.0 (17)
(Figure 5.2). The processing steps can affect both the purity and the intrinsic properties
of a compound class (Figure 5.2). For example, the solubility of a protein extracted
from algae highly depends on the presence of “co-passengers” ; i.e. other non-protein
compound classes present in the final protein concentrate/isolate. The proteins present
in a crude protein isolate from algae, which contains 39% w/w “co-passengers”, are
100% soluble at pH 6.0, whereas the proteins in the algae juice, which contains
76% w/w “co-passengers”, are only 50% soluble at the same pH (Z8). Furthermore, the
method used to isolate a compound class can influence its functionality. For instance,
the use of heat during protein isolation from leaves leads to protein denaturation, and
subsequently to loss of protein solubility (Figure 5.2).
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Figure 5.2 Example of effect of source and processing on the functional properties (solubility) of
proteins (reproduced and adapted from (/6-18)).

Even a subcompound class can deliver multiple functionalities to products. The
reason for this is that each subcompound class consists of chemically different
molecules. It is quite often the case that different subcompound classes are incorrectly
assumed to be similar, and thus have the same techno-functionalities. To continue with
the example of proteins, given that proteins are mostly seen as a source of amino acids,
differences in techno-functionalities are not acknowledged. There is, however, a large
variability in subcompound classes of proteins (e.g. albumins, globulins). These
subcompound classes, although they might derive from the same source, they exhibit
different techno-functionalities. Moreover, individual compounds (e.g. B-lactoglobulin)
from one source (e.g. caprine milk) can be chemically different from the same type of
compound from another source (e.g. bovine milk). This is important for proteins, but
the situation for the compound classes of minerals and vitamins is less complex. For
example, vitamin C from orange juice is chemically exactly the same as vitamin C from
blueberry juice. Yet, specifically for the compounds classes of proteins and
carbohydrates the differences in functionality between similar subcompound classes
from different sources need to be taken into account.

To facilitate the selection process of the potential product-targets a first rough
evaluation of the economic potential (EP) is proposed as a third step. The economic
potential at this stage is based on the revenues from the sales of the products and on
the cost of raw materials. It can be calculated from equation 5.1, based on Cussler and
Moggridge (6).

EP-Y productsales raw materialcost (5.1)

year year

The product sales/year for each product-target is calculated from equation 5.2:
product sales

year N tor’m‘aﬁand ' Q ’ Csolids : Cproducl.Y. p (52)
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in which toperational 1S the operational time (h/year), Q the feed flow rate (t/h), Cqas the
solids content in the feed (W/w %), Cproqucet the product content in the feed (w/w % on
dry matter basis), Y the yield of the separation process (%) and p the sales price (€/t).

To estimate the sales prices of these products, open source literature can be used.
Of course, it is important to realize that the sales prices depend on the quantity in
which the products are sold as well as the market in which the products are sold. For
example, in case of phenolic compounds, ferulic acid may be sold as a bulk chemical for
which the price is typically around €3/kg (for markets of around 25 kt/year). It can also
be sold for food applications. In this case, prices of €8-264/kg have been reported (19).
Moreover, the sales prices are also determined by the functionality that a
(sub-)compound class delivers to a final product. For example, soluble proteins can be
used in food products (e.g., as emulsifiers) and can reach a price of €5/kg, and insoluble
proteins can be used either in food as meat extenders or in animal feed as a protein
source, and can reach a price of €0.75/kg (2. Table 5.1a-e can be used as a tool to
guide a user in the direction of the product-targets, based on their potential
functionalities. The calculation of the EP at this stage does not take into account the
processing costs. At this stage, the EP is a rough estimate, which does not include
processing costs. The reason is that the processing costs can only be estimated after the
final integrated task network has been designed. The EP calculation at this point serves
to exclude products that have negative EP, even without considering the processing
costs.

Consumer wants

The second level of the PDPS refers to the consumers wants; i.e. consumer preferences.
The focus of the biorefinery is to provide ingredients or components that will be used
by other industries to be converted into final products for food/feed or non-food
applications. This means that a business-to-business approach is followed. Consumer
wants can be obtained using different tools, such as interviews of focus groups, sensory
panels (in case of food products), input from lead customers or analyses of similar
products currently available on market (competitors’ analysis).

Product attributes

An important step at this level is the translation of the qualitative product properties,
expressed by the consumer as “consumer wants”, into quantitative product attributes.
Rule-based methods, such as the quality function deployment (20), which also makes
use of the house-of-quality, can be used as tools to facilitate this translation. These
methods provide a structured environment to map the qualitative attributes (consumer
wants) and to relate them to quantitative product attributes. The main challenge is to
identify the quantitative correlation between the quality characteristics and the physico-
chemical properties of the products. Since there are no generic rules that can be
applied, this quantitative correlation is typically identified by using experimental data
and domain knowledge, e.g. literature. For example, recently Dubbelboer et al (21)
developed models to link consumer-liking to physical properties and product
formulations of a mayonnaise. More precisely, in this work qualitative sensory
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attributes, such as mouth feel and spreadability, were recorded by trained tasting
panels for different products. For the different products, quantitative attributes (physical
properties and composition) were determined experimentally. The sensory attributes
were then correlated to the quantitative attributes by statistical methods and surrogate
models. In this specific study, a neural network approach was followed. The surrogate
models were verified and validated and were subsequently used to optimize the
product in terms of sensory attributes.

Input-output level

The input of the process refers to the feedstock and its composition. A complete
characterization of the input; i.e. a compositional analysis of the feedstock is required.
The output refers to the products of the process and their specifications. The
specifications refer both to the physical characteristics and the techno-functional
properties of the products. In biorefinery, these properties are strongly dependent on
the composition (purity) of the products (output). This in turn depends on the
composition of the feedstock (presence and variety of compounds in the feedstock) and
the processing conditions. Overall, in this step the specifications of the products need
to be related to their composition (purity). To establish these relations domain
knowledge (literature) and/or experimental data are needed.

Individual task networks

At this level individual task networks are defined for each separate product. Each task
network describes the necessary tasks needed to go from the feedstock (input) to each
and every pre-selected product (output) separately. Since in biorefinery the outcome is
not a structured product but a compound class, mainly separation tasks, e.g. cell wall
disruption, transfer of a component from one phase to another, are identified. For each
product, a set of alternative task networks is generated by changing the sequence or
the combination of different tasks. For example, for the extraction of polyphenols from
tea leaves the sequence of tasks can be either (a) size reduction, cell wall disruption,
separation or (b) cell wall disruption, separation, size reduction (I4).

Mechanism and operational window

After designing and selecting the most promising task networks, the mechanisms that
can be used for each task need to be defined. For each task, there are different
mechanisms that can be considered. For example, cell wall disruption can be achieved
using pulsed electric fields, enzymes, or shear. The desired mechanism then needs to be
selected and the operational window; i.e. the range of the values of the process
variables, needs to be specified.

Multi-product integration (integrated task network)

At this level, the individual task networks that were designed for the separation of each
separate product need to be combined. The combination of the separate task networks
into one integrated task network is quite challenging. The challenge stems from the fact
that tasks needed to separate a product “a”, with a specific functionality, might affect
the functionality of a product “b". For example, a heating task that is required for the
extraction of phenolic compounds from leaves, leads to protein denaturation and thus
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loss of protein functionality (e.g. decrease in solubility). In addition, the processing steps
can affect both the purity and the intrinsic properties of a compound class (product), as
discussed in the “framing level”.

We propose the addition of a novel step before designing the integrated task
network; namely the identification of the “critical tasks”; i.e. the tasks that negatively
affect the quantity and/or quality of each selected product (Figure 5.1b). After the
identification of the critical tasks for each product, a pre-design of the integrated task
network can be made. In case that any of the critical tasks, identified for each product, is
part of the integrated task network, some action needs to be taken. More precisely,
three of the following actions can be taken: (1) the sequence of the tasks in the
integrated task network has to be organized in such a way that the critical task for each
product takes place after this product has been separated, (2) the operational window
related to the critical task can be adjusted accordingly, or (3) the critical task has to be
replaced by another task.

It needs to be noted here that given that no thermodynamic models are available
for the complex food systems, experimental data are required to actually quantify the
effect of each critical step on the final products. These data can later be used to
formulate mathematical functions, and thus the whole process design can be
approached as a multi-objective optimization problem. Such an approach has been
recently presented by Murillo-Alvarado et al. (22) for the optimization of the processing
pathways in biorefineries.

After the integration of the task networks, the PDPS levels can be re-iterated. Such
re-iteration contributes in defining the whole process more in depth, while it reduces
the risk of fixated errors. For example, the economic potential (EP) can now be
determined taking into account also the extraction costs. In this way, products that lead
to a negative EP due to high extraction costs can be excluded, while other products that
can be obtained- perhaps side-streams of the pre-selected products- may be
considered.

CASE STUDY

A sugar producing company wants to expand its business in the field of biorefinery by
exploiting the leaves remaining on the field after the sugar beets have been harvested.
Thus, in this case the raw material (input) is already preselected. Furthermore, the
company has already decided that they want to follow a business-to-business (B2B)
model, and therefore the final products (output) will be the compounds extracted from
the leaves.

Framing level: identification and preselection of products

General background of the project. Sugar beet leaves are currently not used in
industry. After the sugar beets are harvested, the sugar beet leaves are embedded in
the soil. It is commonly assumed that the leaves provide essential nutrients (fertilizer)
that can be used by the crops sown in the field after the sugar beets are harvested.
Based on this, there have been suggestions that 30-40% of the leaves should be left on

96



PDPS IN THE BIOREFINERY

the field. However, only a small part of the nitrogen from the sugar beet leaves are
recovered in the crops (5% (23) to 27% (24). This shows that sugar beet leaves
embedded in the soil give only a small value as a fertilizer. Therefore, even if a part of
the leaves are left on the field, commercial fertilizers are used to provide the needed
nutrients. In consequence, a plethora of potentially valuable compounds, such as
proteins, carbohydrates, phenolic compounds, lipids and minerals, which are present in
the sugar beet leaves are left unexploited. These compounds could be extracted from
the leaves and further used in various applications, thereby creating an opportunity to
increase the value of the feedstock. The choice will be left to the final producer whether
or not to leave this small part of the leaves on the field.

In the Netherlands, in 2011, the sugar beet cultivation area was 72,000 ha (25).
This translates to approximately 5.6 Mt beets (26) and 2.2 Mt leaves per year. These
values illustrate the possible significance of the exploitation of the sugar beet leaves. To
allow for a cost efficient total process, a regional approach is needed. At local level, the
leaves should be dried, preferably using mild, low-tech methods, to reduce the volume
of the feedstock. The dried leaves can be then transported to a centralized processing
factory where the actual (high-tech) biorefining takes place. It needs to be noted here
that the seasonal character of the sugar beet leaves harvest might create a risk in terms
of economies of scale. This risk can be minimized by using the same processing unit for
different feedstocks that are available in different seasons.

Identification and preselection of products. Decomposition of the feedstock into its
main compound classes. Based on experimental analyses at our lab, the following
compounds classes were identified in sugar beet leaves (leaves and stems): protein 31%,
carbohydrates 26%, lignin 8%, ash 15%, lipids 8%, phenolic compounds 3%, chlorophyll
0.8% (expressed in w/w % on dry matter basis, db). Lignin is mentioned separately from
the phenolic compounds because lignin is an insoluble polymer of a phenolic
compound.

Identification of the potential uses of the main compound classes found in the
feedstock. To identify the potential uses of the main compound classes present in sugar
beet leaves, we used the information presented in Table 5.1a-e. For this case study, we
pre-selected proteins and carbohydrates, due to their high abundance in the feedstock
and the great variety of applications in which they can be used. Protein can be used
both in food and feed applications, while carbohydrates in this case were only
considered for non-food applications. Phenolic compounds were pre-selected as
product-targets because of the increasing interest in phenolic compounds as
antioxidants and the tentative high sales price that they can reach.

Selection of the best product-targets. For the selection process of the potential
product-targets a first rough evaluation of the economic potential for protein,
carbohydrates and phenolic compounds was made. To estimate the sales prices of
these products open source literature was used. An average sales price for proteins for
food applications was assumed to be €5/kg, while an average sales price for proteins
for feed applications was assumed to be €0.75/kg (2). The sales price for carbohydrates
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(chemical building block) was assumed to be €1/kg. In case of phenolic compounds,
e.g. ferulic acid, the sales price ranges between €8-264/kg (19). We here assumed a
sales price of €8/kg. Of course, it is important to realize that the sales prices depend on
the quantity in which the products are sold as well as the market in which the products
are sold. For illustrative purposes three tentative scenarios are presented.
— Scenario 1: All protein is sold for food applications (€5/kg), carbohydrates are
sold as chemicals (€1/kg) and ferulic acid as chemical (€8/kg).
—  Scenario 2: 20% of protein is sold for food applications (€5/kg), 80% of protein
is sold for feed applications (€0.75/kg), carbohydrates are sold as chemicals
(€1/kg) and ferulic acid as chemical (€8/kg)
—  Scenario 3: All protein is sold for feed applications (€0.75/kg) carbohydrates are
sold as chemicals (€1/kg) and ferulic acid as chemical (€8/kg).

The EP was calculated using equation 5.1. The EP derived from scenario 1 was 2-3
times higher than the EP derived from scenario 2, and 4-5 times higher than the EP
derived from scenario 3. However, scenario 1 considers that all proteins present in sugar
beet leaves have the techno-functional properties required for food applications. In
practice this is not the case. For example, only 20% of proteins present in algae can be
extracted and have the solubility required for food applications (18). Scenario 3 had a
lower EP than scenario 2. However, the extraction (processing) costs for scenario 2 are
expected to be higher than the extraction costs for scenario 3. It is expected that the
higher EP in scenario 2 (1-2 times higher than EP derived from scenario 3) will be
sufficient to counter the increase in cost. Therefore, scenario 2 was selected as the
optimum scenario.

The exact processing costs could be estimated in later stages, when the final
integrated task network has been designed. The information of those later levels should
then be included again at this level, thereby iterating through the PDPS levels. The
product-targets defined in this level are:

—  Protein for food applications.

—  Protein for feed applications.

—  Phenolic compounds for non-food applications.
—  Carbohydrates for non-food applications.

Consumer wants
The products that are produced here are aimed to be alternatives to existing products.
The aim of the company is to enter into existing markets. Thus, the consumer wants
were extrapolated from the characteristics of similar products already in market
(competitor analysis) and the input of the lead customers. As an example, the resulting
consumer wants for the protein for food applications, which in our case is a foam agent
for coffee, are:

—  Low price.

— No green color.

— No grassy odor and taste.

— Easily dissolved.

—  Foams well.
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—  Powder.
In addition to consumer wants the legislation related to these products, in the country
where the products are going to be sold, was taken into account.

Product attributes

Based on the consumer wants the product attributes were defined. The house of quality
was used to document the qualitative properties of the output and to relate them to
quantitative product characteristics. An example is given for the protein-based foam
agent for coffee. One of the consumer requirements was a product with no grassy
flavor. The grassy flavor is an off-flavor that can be assessed using a sensory panel. In
our case, we specified that a product is acceptable if it receives a score >4 (0: grassy off-
flavor — 5: no grassy off-flavor) by a trained panel. Using a similar approach all the
consumer wants were translated into product attributes (Figure 5.3).
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Figure 5.3 Example of house of quality for sugar beet leaf protein-based foam agent for coffee and
correlation of quality characteristics to target values. Symbols used: ® strong relationship, O
moderate relationship, A week relationship, ++ strong positive correlation, — negative correlation.

Input-output level
Input. The sugar beet leaves (leaves and stems) were the input of the process. Given

that the feedstock is a heterogeneous mixture of different compound classes we
needed to define the input in more details. Thus, the input of our process was: protein
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(31% w/w db), carbohydrates (26% w/w db), lignin (8% w/w db), ash (15% w/w db),
lipids (8% w/w db), phenolic compounds (3% w/w db) and chlorophyll (0.8% w/w db).

Output. The output of the process was:

—  Protein-based foam agent for coffee.

—  Protein for feed.

—  Phenolic compounds for chemical industry.

—  Carbohydrates for bulk chemical industry.
The specifications for each product were defined by using domain knowledge and
literature to actually translate the product attributes into product characteristics. As an
example, we here show how the product attributes that were determined for the
protein-based foam agent for coffee were translated into product specifications. The
first product attribute that was determined in the previous level was the color (white
color required). This was translated in absence in the final product of chlorophyll (green
color) (27) and absence of oxidized polyphenols (brown color) (28). There should not be
any off-flavors in the product. This was translated into absence of hexanal. The
requirement of high solubility was translated into absence of oxidized polyphenols
bound to proteins (29 and absence of denatured proteins. The latter was further
translated into no use of a heating step during the extraction (7). Lastly, a high foam
ability and foam stability was required for the product. This was translated into the
absence of low-molecular weight surface active components such as free fatty acids
(fat), or saponins (30). Similarly, for the other products the exact specifications were
determined (Figure 5.4).

input —.J process .—.{ output

Proteins for food applications

(e.g. foaming agent/whey protein replacer in
whipped cream)

Powder

Free of colour

No off-taste

Sugar beet leaves
(% wiw dm)

Protein 31 Phenolics for non-food applications

(e.g. ferulic acid used as chemical reagents)
Powde

Carbohydrates 26
8 W
15 Purity > 97

8
Phenolics 3
Chlorophyll 0.8

Figure 5.4 Input-output level in the case of sugar beet leaves biorefinery.
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Individual task networks

The main tasks needed to convert the input into each specified output (identified in the
previous levels) were defined, and then separate task networks were built for each of
the products (output). For illustrative reasons, the main tasks required for the extraction
of proteins from sugar beet leaves are described. The main tasks in this case include:
cell wall disrupture, separation (extraction), evaporation (Figure 5.5a). Another
alternative is shown in Figure 5.5b. In this case, the sequence of tasks is as follows:
evaporation, cell wall disrupture, separation (extraction), evaporation.

' . ' .
a :_ SBL :—>| cell wall disrupture H separation |—>| drying Ie'l_ protein |

f===== . rm-—--- .
b :_ SBL :el drying H cell wall disrupture H separation I—)| drying I_protein '

Figure 5.5 Two alternative task networks for the separation of proteins from sugar beet leaves.

Mechanism and operational window

In this level, the different mechanisms needed to fulfil the tasks presented in the task
networks were defined. For example, in the case of the size reduction different
mechanisms were identified, such as cutting, impact or ultrasound. For the extraction of
the proteins from the other compound classes, a number of mechanisms, e.g. solubility,
chemical affinity or molecular size were also identified. Similarly, for the other tasks
different mechanisms were identified. As an example, a final task network for the
extraction of proteins from sugar beet leaves is presented in Figure 5.6a (27). Shortly,
the sugar beet leaves are macerated (cell wall disrupture) and then mixed with Na,SOs.
The solids (indicated as pellet in Figure 5.6a) are separated by pressing (separation)
from the juice (indicated as supernatant in Figure 5.6a) and are subsequently
discarded. The pH of the juice is subsequently lowered to 5.3 using HCI (decrease pH).
At this pH, the chlorophyll containing fraction of the sugar beet leaves protein
precipitates (indicated as pellet in Figure 5.6a). This precipitate is separated by filtration
from the soluble fraction (indicated as pellet in Figure 5.6a) and can be used as protein
for feed. The soluble protein fraction (indicated as supernatant in Figure 5.6a),which is
obtained after this separation, is acidified to pH 4.5 with HCl (decrease pH). The
obtained pellet is dried (evaporation) to yield a white protein powder. The task
networks for the separation of phenolic compounds (Figure 5.6b) and carbohydrates
(Figure 5.6c) from sugar beet leaves were based on protocols used for the separation
of these compounds from tea leaves (15 and corn stover (3I), respectively. After
selecting the mechanisms and designing the task networks, the operational window for
each mechanism was specified. For example, in our case gravity was selected as one of
the mechanisms for the separation of soluble proteins from the insoluble fraction. Time
and centrifugal speed were the variables that could be controlled. The operational
window for the time was defined from 20 — 30 min and the operational window for the
centrifugal force was defined from 9,000 to 40,000 g.
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Multi-product integration (integrated task network)

The task networks that were designed for the separation of proteins, phenolic
compounds and carbohydrates were combined into one integrated task network. To do
that, we first identified the critical tasks for each of our products (Table 5.2).

Table 5.2 Example of critical tasks during the separation of proteins, carbohydrates and phenolic
compounds from sugar beet leaves and their expected effects.

Compounds Critical steps Effect
Proteins Heating Denatu.ration (los§ of solul?ility).
pH>8.5 Denaturation / chemical modification
Heating/ o o .
Carbohydrates pH>10 Depolymerization (low water binding capacity)
C(I))rlrl'g)lz)?lltllfis I;eHa:; %/ Oxidation / Polymerization

As discussed in the “multi-product integration” section, three different approaches
can be taken to circumvent negative effects of the concurrent separation of different
compounds. In this example, the first approach was to separate the leaves from the
stems. This separation resulted in a carbohydrate rich stream (stems) and a protein and
phenolic compounds rich stream (leaves). The benefit of this separation was that the
alkaline conditions used for the extraction of carbohydrates will not negatively affect
the proteins and the phenolic compounds. A second approach was to (re-)define the
operational window of critical tasks. In our example, heating will improve extraction of
phenolic compounds, but it can also lead to protein denaturation. Based on literature,
the denaturation temperature of Rubisco, which is the major protein in leaves, is around
76 °C. Therefore, the maximum temperature used in our process was set 70 °C.
Following a similar though process, an integrated multi-product task network was
designed (Figure 5.7).
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CONCLUSIONS

To facilitate the application of PDPS methodology to a biorefining process, three novel
steps have now been added to the framing level: (1) decomposition of the feedstock
into main compound classes, (2) identification of potential uses of the main compound
classes found in the feedstock and (3) selection of the best product-targets, by
evaluating the economic potential that they can offer. Each compound class consists of
different specific compounds with their own functionality. Since a prior the exact
compounds present in the feedstock and their functionality is not known, we developed
5 tables that contain information related to the main compound classes usually found in
the feedstock; i.e., proteins, carbohydrates, lipids, phenolic compounds, minerals, and
the functionalities that they can deliver to different matrixes. Information related to
various applications of the different (sub-)compound classes in food, feed, and no-food
areas is also provided. Such information is often not presented in scientific literature,
and thus the content of the tables should be seen as a first attempt to provide a
systematic overview of the different functionalities and possible applications of (sub-)
compound classes in different areas. Given that the functionality of the compounds will
be affected by process conditions, an extra step is proposed at this stage. This step
involves the identification of the “critical tasks”; i.e. tasks that negatively affect the
quantity and/or quality of each product during their separation. A case study of a sugar
beet leaves biorefinery is presented to illustrate the use of PDPS in biorefinery.
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General Discussion

The aim of this thesis was to study the biorefinery of sugar beet leaves, with a special
focus on the isolation of proteins. The research was therefore divided into three sub-
aims. The first sub-aim was to determine whether there is a variability in the chemical
composition of the leaves, and thus in the quantity and quality of the extracted proteins
(LSPC) due to pre-harvest conditions (plant age). The protein content in the leaves was
constant, although the content of other chemical compounds (e.g. carbohydrates,
phenolic compounds) varied among the leaves of different plant ages. This variation in
the chemical composition did not lead to a consistent with plant age effect on the
quantity of the proteins isolated, although it significantly and consistently affected the
color (quality) of the extracted proteins. The protein extract obtained from leaves of
young plants was yellow, whereas the protein extract from leaves of old plants was
brown (indicative of polyphenol oxidase activity) (Chapter 2). The second sub-aim was
to evaluate the variability of the techno-functionality of LSPC due to system conditions.
LSPC stabilized emulsions showed flocculation in the pH range from 3.0 to 5.5, which
corresponds to a critical {-potential ({.;) below 11 mV. At high ionic strength (I = 0.5 M)
more protein was required to form an emulsion, which was stable against flocculation,
than at low ionic strength (I = 0.01 M). This was related to a higher protein adsorbed
amount ([,,,) at the interface at high ionic strength. Regarding the foam properties it
was observed that a constant soluble protein concentration was required for the foams
to reach (a pre-set) maximum foam volume at all tested pH values (pH 3.0, 5.0 and 8.0).
At pH 3.0 and 5.0, and as long as there was sufficient soluble protein to initially form a
stable foam, LSPC foams were more stable than at pH 8.0. That was possibly due to
aggregation of proteins or complexation of proteins and charged carbohydrates. At
high ionic strength (I = 0.5 M) LSPC was more efficient in foam formation than at low
ionic strength (I = 0.01 M). This was related to the faster adsorption of the proteins at
the interface. An important result of this work was that it was shown that the techno-
functional properties of LSPC could be closely forecasted using the models that have
been developed for pure protein systems, by using the molecular properties of Rubisco




CHAPTER 6

(dominant protein present in LSPC) and taking into account the presence of charged
carbohydrates. The effect of protein concentration on the emulsion and foam
properties of LSPC was similar as for pure protein systems, such as B-lactoglobulin
(Chapters 3, 4). The third sub-aim was to extend current product and process synthesis
approaches to enable the design of a biorefining process. For that the product driven
process synthesis (PDPS) methodology, earlier developed for structured products, was
used as a basis and the required adaptations were presented (Chapter 5).

Overall, this thesis describes the effect of pre-harvest (plant age), post-harvest
(extraction with and without sulfite) and system conditions (pH, I) on the quantity
and/or quality of proteins isolated from sugar beet leaves, alongside with a systematic
approach for product and process design in a biorefinery. To obtain this overview a
number of experimental techniques for the isolation of LSPC were employed, after
several alternative techniques were tested. A summary as well as a discussion on the
consideration of these techniques are described in this chapter. In addition, a number of
research questions that arose during this project and were not addressed in the
previous chapters are covered in the following sections.

EXTRACTION OF SOLUBLE PROTEINS

Cell disrupture methods

In literature, as described in Chapter 1, many cell rupture methods, such as pressing,
dry milling, and blending have been used for the extraction of proteins from leaf tissues
(Z-4. A relatively novel method for cell rupture is the use of pulsed electric field (PEF).
Pulsed electric field is based on the electro-mechanical instability caused to (plant) cells
upon application of external electrical fields (5). The intracellular material can then be
released via diffusion (6, 7) or by applying an external force, e.g. pressing (8-11).

In this project blending was used as the cell rupture method for sugar beet leaves
after several alternatives were also tested. The alternative cell rupture techniques that
were tested include: dry grinding (Retsch ZM 200, Haan, Germany) in combination with
blending, blending in combination with beadmilling (DYNO®-Mill, Type MULTI LAB,
Willy A. Bachofen AG Maschinenfabrik, Muttenz, Switzerland), pressing (hydraulic press),
PEF (EL-CRACK HPV30, DIL, Quakenbrick, Germany) in combination with pressing and
PEF in combination with blending. The nitrogen recovery (% g nitrogen in extracted
juice / g nitrogen in leaves) is shown in Figure 6.1.
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Figure 6.1 Nitrogen recovery % obtained after different cell disrupture methods.

The nitrogen recovery was slightly higher after blending in combination with
beadmilling than after blending (50% vs 54% for blending and blending in combination
with beadmilling, respectively). Dry grinding in combination with blending did not lead
to any differences in nitrogen recovery. PEF in combination with pressing was similar to
the nitrogen recovery obtained after pressing the leaves, and was even lower than after
blending. Furthermore, the combination of PEF with blending did not increase the
nitrogen recovery as compared to blending alone. The fact that PEF in combination with
either pressing or blending did not yield any improvement in the extraction recovery, as
shown for other tissues, e.g. sugar beets (8, might be due to the difference in the
structure of the tissues tested. More specifically, for hard tissues compared to the soft
leafy tissues, any extra softening of the tissue before pressing would lead to higher juice
extractability. Thus, given the soft structure of the sugar beet leaves, PEF seems not to
add any extra benefit when used as pre-treatment for nitrogen recovery. Overall, based
on these data blending was shown to lead to a similar nitrogen recovery when used
alone or in combination with any other method. Therefore, blending was selected as the
main cell disrupture method in this project.

Isolation methods

Removal of green color. One of the main challenges in protein isolation from leaves
and algae is the removal of green color, which is due to the presence of chlorophyll. In
this project, high speed centrifugation (38,000 g, 30 min) was shown to be efficient for
the removal of green color during protein isolation from sugar beet leaves. Another
method, typically reported in literature, for the removal of green color is heating of the
extracted leaf juice at T = 50 — 60 °C followed by centrifugation (12-14). To test whether
this method could also efficiently remove the green color during protein isolation from
sugar beet leaves a number of experiments were performed (Figure 6.2). In these
experiments proteins were extracted from frozen sugar beet leaves after blending the
leaves in a household-type blender with 150 mM sodium phosphate buffer pH 8.0
containing 0.8 M NaCl and 0.17% (w/v) Na,S;0s, as described in Chapter 2. The filtrate
that was obtained after filtration through a Biichner funnel was denoted as filtrate 8.
Filtrate 8 was then divided into two equal parts and treated as follows: (1) centrifuged at
38,400 g, 30 min, 4 °C (Juicegyspc) and (2) heated at 50 °C for 10 min (after the
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temperature in the extracted juice had reached 50 °C) and then centrifuged at 9,000 g,
10 min, 4 °C min (Juicegyc).

" Blending i buffer pH8 + Na,S,05

Filtering i Adjust pH 6.0
i Filtering

High Speed Centrifugation | { Heating Heating Centrifugation i
(pH 8.0, 38,400 g, 30 min, 4°C) | | (pH 8.0, 50°C, 10 min) (pH 6.0, 50 °C, 10 min) | (pH 6.0, 6,000 g, 10 min, 4 °C) !
! e i é i tillatried (bbb s A

Centrifugation i Centrifugation i

_ (pH 8.0, 9,000 g, 10 min, 4°C) | (pH 8.0,9,000 g, 10 min, 4 °C) |

Juicegsoc Pelletgsoc Juicegyc Pelletgc Juicegyc Pelletgyc Juicege Pelletsc
| Adjust pH 6.0 |

| Centrifugation
| (pH8, 9,000 g, 10 min, 4°C)

Juicegycs Pelletgce

Figure 6.2 Schematic representation of the different methods used for the removal of green color
during protein isolation from sugar beet leaves.

The juice obtained after high speed centrifugation (Juicegyspc) was yellow, whereas
the juice obtained after heating and mild centrifugation (Juicegyc) was green (Figure
6.3). The color of the juices was also determined spectrophotometrically. For Juicegyc
three distinctive peaks in the absorbance spectra at ~ 479, ~ 620 and ~673 nm,
indicative for the presence of chlorophyll a and B8 (15), were observed. The fact that no
green color removal was achieved after heating at 50 °C and centrifugation is in
contrast with literature (12-14). This apparent discrepancy between our data and other
reports was hypothesized to be due to the fact that in our case the extracted juice was
at pH 8.0, whereas in the vast majority of literature, the extracted juice is at its natural
pH (~ 6.0). To test this, the pH of the pulp was adjusted to pH 6.0 and the same process
as described for Juicegyc was followed. After heat treatment at 50 °C and mild
centrifugation the obtained juice (Juicegc) showed no absorbance at the characteristic
for chlorophyll wavelengths. These data suggest that the pH of the extracted juice
during heating plays a dominant role in green color removal. Other researchers have
also highlighted the significant effect of pH during green color removal from leaves
(16). To test whether the pH (pH 6.0) could be sufficient for the removal of the green
color, without the need of a heating step, the filtrate at pH 6.0 was mildly centrifuged
(9,000 g, 10 min) (Figure 6.2). The obtained juice after this process (Juicesc) showed a
significant reduction in the absorbance at all the characteristic for chlorophyll a and
wavelengths (Figure 6.3). However, no complete color removal was achieved. These
data suggest that (mildly) acidic conditions per se do not lead to efficient green color
removal, and therefore a heating step is needed. The latter is believed to lead to a
destabilization of the chloroplastic membranes, which can then be obtained after mild
centrifugation.
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As shown in this project, high speed centrifugation can also efficiently remove the
green color from the extracted leaf juices. In addition, a higher nitrogen recovery was
obtained after extraction of proteins from sugar beet leaves at pH 8.0 than at pH 6.0
(data not shown). Other researchers have also reported an approximately 5 times
increase in protein extractability from sweet potato leaves at pH 8.0 than at pH 6.0 (Z7).
Therefore, high speed centrifugation at pH 8.0 was used in this project for the green
color removal during protein extraction from sugar beet leaves.
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Figure 6.3 UV spectra of the sugar beet leaf juices obtained using different conditions: (1) Juicegyisp,
(2) Juicegyc, (3) Juicegycs, (4) Juicegnc, (5) Juicege . Inset: cuvettes containing the respective the
sugar beet leaf juices.

POLYPHENOL OXIDASE (PPO)-MEDIATED BROWN COLOR FORMATION

In literature it is often reported that the age of the leaves leads to differences in the
chemical composition and protein extractability from leaves (18-20). One of the main
questions in this thesis was whether this variability in the chemical composition of the
leaves and the protein extractability is also observed when leaves (mainly mature) are
collected at different time points or else when leaves are collected from plants of
different ages. In Chapter 2, some differences were reported between leaves from
young and old plants with regard to the chemical composition and protein
extractability. The most striking difference between protein extracts obtained from
leaves of young and old plants was the color. The protein extracts obtained from leaves
of young plants were yellow whereas protein extracts obtained from leaves of old plants
were brown. This observation was independent of year of harvest or growing conditions
(field or greenhouse) (Figure 6.4).

113




CHAPTER 6

A

Young Old Young Old Young Old

Figure 6.4 Juice extracted from leaves obtained from young and old sugar beets grown in a field
A) Beta vulgaris var. Isabella (collected at 2012), B) Beta vulgaris var. Rhino (collected at 2013) and
in a greenhouse C) Beta vulgaris var. Isabella (collected at 2013).

In Chapter 2, we showed that the observed brown color formation was due to
polyphenol oxidase (PPO) activity, which is a known, major quality problem in the
processing of fruits and vegetables (21-23). However, it was also shown that in the
protein extracts obtained from leaves of young plants, although no brown color
formation was observed, there were active PPOs present and substantial amounts of
phenolic compounds. Therefore, the main question that arose from this observation,
and which has not been addressed in the previous chapters, was whether PPO activity
determination and phenolic compounds quantification per se can explain or predict the
brown color formation in plant extracts. To answer this question, additional experiments
were performed and published separately (24). In this work, the phenolic compounds
present in leaves of both plant ages were fractioned and quantified individually. The
quantification of individual phenolic compounds revealed differences in phenolic
composition between the two plant ages. In particular, the ratio of non-substrates (for
PPO) to substrates (for PPO) was 8:1 in leaves from young plants and 3:1 in leaves from
old plants. In addition, the PPO activity was determined using the endogenous phenolic
compounds that were obtained from the sugar beet leaves. The main conclusion was
that the PPO activity and presence of substrate phenolic compounds alone did not
explain the difference in color between the protein extracts obtained from young and
old plants. It was shown that after oxidation of substrate phenolic compounds into
quinones, both substrate and non-substrate phenolic compounds can participate in
non-enzymatic continuation reactions; i.e. (coupled oxidation and oxidation coupling, as
explained in Figure 6.5. These non-enzymatic continuation reactions were the main
drivers for brown color formation.

In short, the following mechanism is proposed (Figure 6.5A). Let's assume a
system where a substrate phenolic compound; e.g. caffeic acid ester (CafAe) and one
non-substrate phenolic compound; e.g. ferulic acid (FerA) are present. Initially,
monomeric CafAe is enzymatically oxidized into a quinone. Subsequently, there are two
continuation reactions in which this quinone can participate. The first continuation
reaction is oxidative coupling, in which the quinone is attacked by nucleophiles.
Nucleophiles present in this example are CafAe and FerA. The nucleophilic attack on the
quinone yields a dimer, such as (CafAe), or CafAe-FerA. Thereby, the quinone is reduced
into a o-diphenolic dimer. This o-diphenolic dimer has potential to be oxidized. Due to
its size, it is more likely that this o-diphenolic dimer will be re-oxidised through coupled
oxidation (second continuation reaction), than through enzymatic oxidation (25). In this
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reaction, the enzymatically formed quinone of monomeric CafAe can oxidize the dimer
and be reduced into a monomeric CafAe again (Figure 6.5A). For CafAe-FerA dimer
only the CafAe will be oxidized. These oxidized dimers can participate in further
oxidative coupling reactions.
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Figure 6.5 (A) Proposed mechanism of enzymatic oxidation of a caffeic acid ester, followed by
oxidative coupling to ferulic acid, and subsequent coupled oxidation. (B). Schematic representation of
coupled oxidation and oxidative coupling reactions at high and low non-substrate-to-substrate ratio
(adapted from (24)).

The oxidative coupling and coupled oxidation reactions can comprise various
cycles, the number of which depends on the ratio of non-substrates-to-substrates
phenolic compounds present in the mixture. The elongation of phenolic compounds by
subsequent cycles of oxidative coupling and coupled oxidation are schematically shown
in Figure 6.5B. It was demonstrated that at high non-substrate-to-substrate ratio the
brown color formation is inhibited. In the previous example, that means that mainly
CafAe-FerA dimers will be formed. Due to the relatively low CafAe concentration, all
CafAe is consumed after a few reaction cycles and connected to non-substrate
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phenolics. This results in small oligomers without an extensive conjugated system,
which show no significant absorbance in the visible wavelength range (400-800 nm)
(26). At low non-substrate-to-substrate ratio, e.g. low ratio of FerA:CafAe, there is
increased probability of (CafAe), formation, which can then undergo multiple cycles of
coupled oxidation and oxidative coupling (Figure 6.5B). This leads to the formation of
products with increased size, which show absorbance in the visible wavelength range.
The fact that small oligomers without an extensive conjugated system do not show
absorbance at the wavelengths typically used when PPO activity is determined
colorimetrically (27, 28 underlines the fact that colorimetric assays might lead to
underestimation of the actual PPO activity, and thus oxygen consumption assays, as
used in (24), should be preferred. Besides non-substrate phenolic compounds
(nucleophiles) other nucleophiles, such as free amino acids, that are present in leaves
can also participate in oxidative coupling and thus increase the likelihood for browning.
To this end, it needs to be noted that as shown in Table 2.3, the non-protein nitrogen
content is higher in leaves from old plants than in leaves from young plants. This might
also indicate that higher amounts of free amino acids are present in leaves from old
plants, which can lead to higher PPO-mediated browning.

Overall, it was demonstrated that besides the PPO activity, it is the ratio between
non-substrates-to-substrates phenolic compounds that drive enzymatic browning,
rather than the absolute quantities of phenolic compounds. The latter emphasizes the
importance of detailed compositional analysis of individual phenolic compounds to
accurately predict or explain PPO-mediated brown color formation in plant extracts.

PPO-MEDIATED BROWN COLOR FORMATION AND EFFECT ON PROTEIN
SOLUBILITY

PPO-mediated browning is a major challenge not only when extracting proteins from
leaves but also from other plant tissues, such as potato tubers (29 30), or sunflower
seeds (31). As discussed above, quinones that are formed after the oxidation of
phenolic compounds by PPOs can polymerize with other phenolic compounds (32) or
covalently link to proteins (33). The reaction products are dark colored, thus the color is
an indication of protein modification. Protein modification can negatively affect the
quality of the proteins, e.g. decrease their solubility, as it was shown for various
proteins, e.g. a-lactalbumin and lysozyme (33).

To test the effect of PPO activity on protein physico-chemical properties, the

extraction was performed in absence or presence of sulfite (Chapter 2). The solubility of
LSPC (10 g protein/L) isolated in the presence (LSPCitsrso3) Or absence (LSPCirer) of
sulfite, as described in Chapter 2, was studied as a function of pH at I = 0.01 M. The
solubility of both LSPC fsrso3 and LSPCrz Was determined as described in Chapter 3
and expressed as the protein concentration of the supernatant at each pH divided by
the initial protein concentration of the dispersion (10 g protein/L). At pH 8.0 (I = 0.01 M)
the solubility of LSPC ez at pH 8.0 was 1.4 times lower than the solubility of LSPC e s03
(Figure 6.6). This shows that the postulated PPO-induced protein modification, as
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indicated by the brown color formation, led to a decrease in the initial protein solubility.
Surprisingly, apart from the 1.4 times initial lower solubility at pH 8.0, LSPC s and
LSPC\rers03 Showed a similar solubility pattern as a function of pH.
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Figure 6.6 Protein solubility of LSPC, er (™) and LSPC| per so3 dispersions (10 g/L) (®) (as described
in Chapter 3) at pH 8.0 (I=0.01 M).

The molecular weight (M,) distribution of the soluble part of LSPCs and
LSPCirersos Was further studied using size exclusion chromatography (SEC) an Akta
Micro equipped with a Superdex 200 PC 3.2/30 column (GE Healthcare, Uppsala,
Sweden). LSPCrr showed a higher than LSPC rers03 absorption in the void volume (>
67 kDa) at 280 nm (Figure 6.7), even though similar soluble protein concentration for
both samples was used. This increase in absorbance in this area (high molecular weight
compounds) can be due to binding of the PPO-induced quinones to proteins. However,
the absorbance at 400 nm was only slightly higher for LSPC rez than for LSPCersos-
Absorbance at this UV-vis range has been previously reported for proteins modified
with oxidized phenolics (34). These data suggest that there is a binding of oxidized
phenolics to proteins. However, no conclusions can be drawn whether this binding is
covalent or non-covalent.

Given that LSPC ters03 also showed absorbance at 400 nm it cannot be excluded
that even in the presence of sulfite during protein extraction there might be protein
modification. This is not surprising given that in Chapter 2 it was shown that the PPO
from sugar beet leaves is not irreversible inactivated in the presence of sulfite.
Furthermore, in model incubations of tyrosinase with chlorogenic acid in the presence
of NaHSO; it was shown that, although no color development (at 400 nm) was
observed, there was still some initial PPO activity (35). That indicates that given that
sulfite acts in a rather slow way there is time for PPO-induced quinones formation,
which can subsequently bind to proteins.
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Figure 6.7 Molecular weight distribution of (A) LSPCyper s0; and (B) LSPCyper. All profiles were
monitored at 280 nm (solid lines) and at 400 nm (dotted lines).

Determination of the protein modification by the o-phtaldialdehyde (OPA)
method for both LSPC r3z and LSPCirrs03, as described elsewhere (36), showed that
there was no lysine modification in any of the samples. This indicates that either the
binding of proteins that was observed by SEC was non-covalent or that quinones
preferentially bind to other amino acids, e.g. cysteine (37), histidine (38 and methionine
(39. Treatment of the samples with SDS and subsequent determination of the
molecular weight distribution could elucidate whether the binding is covalent or not.

Overall, these data indicate that there is a binding of oxidized phenolics to
proteins. This binding might occur even in the presence of sulfite. However, the effect of
protein modification due to oxidized phenolics binding in case of sugar beet leaves is
not as pronounced as was shown for other proteins, e.g. a-lactalbumin and lysozyme

(33.

TECHNO-FUNCTIONAL PROPERTIES

Protein solubility and foam properties

In Chapter 4, it was shown that the soluble protein concentration, and not the total
protein concentration, determines the foam ability of the protein concentrates/isolates.
As shown, in Figure 6.8, indeed the foam ability of SPI solutions prepared at pH 3.0, pH
5.0 and pH 8.0 (I = 0.01 M) as a function of the soluble protein concentration
superimposed.
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Figure 6.8 Foam ability (FA) of SPI as a function of soluble protein concentration at pH 8.0 (O) (A,
B), at pH 5.0 (A) and at pH 3.0 (B) with (®) and without removal of insoluble aggregates (only the
soluble protein concentration, based on solubility data, is considered for the graph) (O). All markers
are average values with the error bars indicating SD. Error bars are not shown when SD is smaller
than the size of the used marker.

Regarding the foam stability, in Chapter 4, it was shown that there is a minimum
concentration of soluble protein needed to form stable foams. Above this
concentration, it was shown that, for LSPC, the foam stability at pH 3.0 and at pH 5.0
was higher than at pH 8.0 (Figure 4.3B). For SPI at pH 3.0, no stable foams were
obtained (Figure 4.3D). In this case the maximal total protein concentration tested was
5.0 g/L, which corresponds to 0.35 g/L of soluble protein at pH 3.0. Therefore, the fact
that no stable foam was obtained for SPI at pH 3.0 was postulated to be due to the low
concentration of soluble protein. At pH 5.0 SPI showed higher foam stability than at pH
8.0 at similar soluble protein concentrations (Figure 6.9A). This enhancement in foam
stability was postulated to be due to the formation of aggregates between proteins or
proteins and charged carbohydrates.

To test whether the aggregates contribute to the improvement of foam stability,
further experiments were performed. In these experiments SPI was prepared at pH 5.0
and at pH 3.0 and after equilibration for at least 1 h at the respective pH the insoluble
material was removed by centrifugation. In this case, it was observed that the foam
stability at pH 5.0 as a function of the soluble protein concentration followed the same
trend as the foam stability pH 8.0 (Figure 6.9A). This observation further supports our
postulation that the aggregates contribute to an improvement in foam stability.
Interestingly, when only the soluble part of SPI at pH 3.0 was used for foam formation a
significantly higher foam stability was observed at pH 3.0 than at pH 8.0 (Figure 6.9B).
This observation in combination with the fact that at C, = 0.3 g/L the foam stability at
pH 8.0 was 37 min, whereas at the same soluble C, at pH 3.0 the foam stability was only
3 min indicate that in the case of SPI the presence of aggregates at pH 3.0 negatively
affected the foam stability. The fact that the aggregates showed a negative effect on
the foam stability of SPI, whereas they positively affected the foam stability of LSPC was
not surprising, given that the role of protein aggregates in literature is controversial. In
some cases, aggregates were shown to enhance foam stability (40), whereas in some
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other cases they showed a destabilizing effect (41). Many factors, such as the size of the
particle, its structure and density influence the foam stabilizing ability of aggregates.

Another reason for the observed difference in foam stability between the soluble
fractions of SPI at pH 3.0 and pH 8.0 might be a difference in the association state of
SPI under different conditions. For example, it was shown that SPI at pH 3.8 and
I =0.0 3 Mis present in the 7S form, whereas at pH 7.6 it is present in the 11S form (42).
A difference in structure between SPI at pH 8.0 and at pH 3.0 is expected to lead to
different behavior of the proteins at the air-water interface, as was also shown by the
non-linear to deformation behavior of SPI at pH 3.0 (Figure 4.8). A positive effect of the
dissociation of glycinin on foam stability was previously reported (43).

A B

-

= stable = stable

ty2 (min)
ty2 (min)

0,1 1 10
Soluble protein concentration (g/L) Soluble protein concentration (g/L)

Figure 6.9 Foam half-life time (t,,, min) of SPI as a function of soluble protein concentration at pH
8.0 (O) (A, B), at pH 5.0 (A) and at pH 3.0 (B) with (®) and without removal of insoluble aggregates
(only the soluble protein concentration, based on solubility data, is considered for the graph) (O). All
markers are average values with the error bars indicating SD. Error bars are not shown when SD is
smaller than the size of the used marker.

The use of critical concentrations to describe emulsions and foams

The techno-functional properties; i.e. emulsion and foam properties, of a protein
depend on the system conditions as well as the molecular properties of the protein.
That implies that there are two big challenges when it comes to novel proteins:

(1) To define “the window of opportunity” for a novel protein, or in other words the
potential uses of the protein, an extensive study of the techno-functional properties
under various conditions is required.

(2) Comparison of the techno-functional properties of different proteins under only one
set condition might lead to “false negatives”. For example, as shown in Chapter 4, at pH
8.0 I =0.5M)and C, = 0.3 g/L SPI-stabilized foam is 4 times more stable than LSPC-
stabilized foam under the same conditions (Figure 4.2). From this, one can conclude
that SPI is a better foam stabilizing agent. However, at higher protein concentration, e.g.
at C, ~ 5.0 g/L, LSPC shows 2 times higher foam stability than SPI (Figure 4.2).

To tackle these challenges an understanding is needed of the relation between system
conditions, protein molecular properties and techno-functional (emulsion and foam)
properties.
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For emulsions, a model describing this relation was proposed for pure protein
systems (44). A main parameter in this model is the critical protein concentration (C,) at
which a stable emulsion is formed. The C., depends on the volume fraction of oil (D),
the adsorbed amount of protein () that is needed to stabilize the interface and the
adsorption rate constant Kagsor, (44). It was shown that the I, and the ku4son Can be
approximated by the protein charge (related to electrostatic interactions), the relative
exposed hydrophobicity and the protein radius. In the case of protein
concentrates/isolates the challenge stems from the fact that they typically consist of a
mixture of (multimeric) proteins and other compounds, e.g. carbohydrates, which can in
turn also influence the emulsifying behavior of the system.

With the study and description of foam and emulsion properties of the LSPC
several important steps were made. Firstly, in Chapters 3 it was shown that the average
droplet size (ds,) of the LSPC-stabilized emulsions decreased as function of protein
concertation. This decrease continued until a critical protein concentration, above which
d;, became independent of the protein concentration. This decrease of ds, with protein
concentration has been previously reported for more pure protein systems such as p-
lactoglobulin (45) (Figure 6.10). A main outcome of Chapter 3, is that for LSPC-
stabilized emulsions the values of C, na.x Rett and ds, obtained from experimental data
were close to those forecasted based on the molecular properties of the dominant
proteins (Rubisco). The same observation was also made for SPI-stabilized emulsions.
Thus, the emulsion properties of novel and/or non-pure protein systems, under various
system conditions, can be in the future relatively easily forecasted by determining only
a small set of quantifiable parameters (e.g. exposed hydrophobicity, protein radius) and
by collecting only a small set of experimental data (e.g. determining the ds, for a small
set of Cp).
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Figure 6.10 Average droplet size (d;,) of emulsions (@ = 0.1) and bubble radius (r3,) of foams as a
function of protein concentration. (A) Stabilized with LSPC at pH 8.0 and I = 0.01 M (Chapters 3, 4)
and (B) Stabilized with B-lactoglobulin at pH 7.0 and I < 0.02 M (reproduced and adapted from (435,
46). The lines are guides to the eye.

The concept developed for emulsions has been extended to foams (47). One of
the benefits of using this approach is that by identifying the C.3, we can at least
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compare foams with an initial similar foam structure. That is because at C..3, the mean
bubble radius reaches its minimum size (r3,mi). This means that the subsequently
determined foam stability is at least minimally influenced by any differences in the
initial foam structure.

In Chapter 4, it was shown that LSPC-stabilized foams show a similar to pure
protein systems behavior (e.g. FA increases and r;, decreases with protein
concentration) (Figure 6.10). However, there were also some differences between pure
protein systems and our proteins. These were mostly seen in the sensitivity of changes
in pH. In the mixed protein systems (LSPC/SPI) charged carbohydrates were present.
The presence of charged carbohydrates in the system was shown to have a big effect
on the foam properties. For example, at pH 5.0 (close to the pI of Rubisco) LSPC-
stabilized foams showed higher foam stability than at pH 8.0. This was postulated to be
due to contribution of protein and/or protein-charged carbohydrates aggregates. A link
was shown between the interfacial properties and the foam ability e.g. for LSPC foams
the faster adsorption at high ionic strength led to higher foam ability at high than at
low ionic strength (Figure 4.2A, 4.7B).

THE USE OF PDPS IN BIOREFINERY

The benefit of using the model approach of foam and emulsion properties as described
above has several advantages. The main advantage is that it allows the description of
the techno-functional properties of the proteins in a quantitative way. In addition, it
allows for prediction of the techno-functional properties of the proteins by linking them
to the molecular characteristics of the proteins. This is a feature that can then be used in
the design of the biorefinery process.

In Chapter 5, we showed that the design of a biorefining process is challenging
due to the high number of products that can be obtained from one feedstock, and the
fact that some products can be negatively affected by processing conditions that are
essential for other products. To facilitate this design the use of the product driven
process synthesis (PDPS) methodology was reviewed (Chapter 5). One of the main
adaptations in PDPS was the introduction of the products “functionalities”. For instance,
the focus is not only on the highest yield of proteins, in general, but on the highest
yield of water soluble proteins. At its current state the adapted PDPS comprises of a
hierarchical list of steps that describe the design of a biorefining process starting from
the raw material and moving towards the final products. In other words, it can be used
as a guideline, or else as a qualitative tool, for the design of a biorefining process.

The main question that remains is whether the adapted PDPS could be further
expanded to provide also quantitative outcomes. Indeed, the last step of the adapted
PDPS, which describes the “multi product integration (integrated task network)” could
be approached as a multi-objective optimization problem. However, this approach is
challenging due to: (1) the different effects of the various system conditions on the
functionalities of the final products and (2) the interaction among the different
compounds present in the feedstock, which hinders the isolation of pure compounds.
For example, let's assume that the aim is to simultaneously maximize the yield of water
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soluble protein (i.e. the focus is also on the functionality) and the yield of
carbohydrates. These yields depend, for example (in the simplest form), on the
temperature (T) used during the extraction. These relationships can be described, for
example, using equations 6.1 and 6.2.

Yield(solubleprotein = (T, o) (6.1)
Yield(carbohydrates) = g(T, B) (6.2)

where the parameters a and [ describe the effect of temperature on the respective
yields.

To translate the “multi product integration (integrated task network)” step into a
multi-objective optimization problem not only the values of these parameters are
needed but also the exact functional form that describes the corresponding
relationships (viz. the functions f and g). To do that, typically a relatively large number
of experiments are needed.

In Chapter 2, the effect of plant age on the quantity and quality of the protein
isolated from sugar beet leaves was described. This is an example of an experiment
where the parameter values (effect of plant age) were elicited. In Chapter 3, the
emulsion properties of the sugar beet leaf proteins were described as function of the
protein concentration. For that, equation 3.7 (Chapter 3) was used. This is an example
of an experiment where the functional form of the relationship between the C, the
volume fraction of oil (@), the adsorbed amount of protein (I',,) that is needed to
stabilize the interface, the minimum average droplet size (dsymi) and the adsorption
rate constant k,qso, Was determined. Such models (as described in Chapter 3) can be in
the future added in PDPS as part of the "multi product integration (integrated task
network)”. With this we can provide quantitative parameters that can be used in the
PDPS as descriptors for the quality of the final products.

SUGAR BEET LEAVES BIOREFINERY

The main focus of this project was on the isolation of proteins from sugar beet leaves.
However, to further increase the economic revenue from the exploitation of sugar beet
leaves a biorefinery approach, as discussed in Chapter 5, needs to be followed. In
Chapter 5 a case study of a sugar beet leaves biorefinery was presented. In this case
study some examples of potential final products were discussed. Other alternatives have
also been reported in literature. For example, sugar beet leaves can be used for the
isolation of both soluble (as described in this thesis) and insoluble proteins. Thylakoid
membranes and cellulose-rich fibres obtained from sugar beet leaves can be used as
emulsions stabilizers (48 49. Furthermore, the stems of the leaves have also great
potential as a source of various compounds (Table 6.1).
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Table 6.1. Chemical composition (w/w% db) of stems obtained from sugar beets grown in a
greenhouse *.

Dry Protein® Neutral Uronic  Lipids® Ash Phenolic
Sample matter” carbohydrates acids compounds
7.9 195 13.5 115 42 19.0 2.0
SGx (+0.6)  (+0.9) (+2.9) 15)  (20.1)  (£0.5) (<0.1)
19.7 3.0 27.0 1.5 8.0 16.0 2.9
SGsi *0.7) (0.1 (n.d.)* #02)  (*1.0)  (*0.2) (0.1
19.9 2.0 29.6 10.0 5.0 132 2.1
SGar #0.1)  (<0.1) (+0.2) =1.0)  (£03)  (£0.1) (<0.1)
123 3.8 46.3 9.7 7.7 9.1 2.5
SGsi (+4.9)  (x0.1) (+0.9) (<0.1)  (#04)  (<0.1) (0.1)
13.9 2.8 43.0 10.4 42 10.4 23
$Ga (0.9)  (£0.1) (<0.1) L1 (#0.)  (202) (£0.2)
18.2 2.7 37.4 11.7 33 13.9 2.6
G #02)  (<0.1) (+0.6) (=1.0)  (203)  (£0.1) (£0.1)
14.6 32 36.9 12.3 7.7 15.5 2.8
SGy (2.4) (0.1 (£0.3) (0.6)  (:0.2)  (+0.2) (<0.1)

* All data are expressed as average (from at least two independent samples) (£stdev).
® In w/w% fresh weight.

¢ Determined as Nr-k, of respective leaves (Chapter 2).

4 Not determined

¢ Determined as CHCl;/MeOH soluble material

As shown, in the case study described in Chapter 5, the stems can be separated
from the leaves (blades) and further used as, for example, source of fibres, while the
leaves can be used as a protein source. The separation of stems from leaves does not
lead to significant losses in protein recovery given that leaves (blades) contribute
approximately 69% to the total protein recovery. In addition, the presence of stems
during protein extraction hinders the separation of the extracted juice from the
insoluble material after centrifugation (process described in Chapter 2), due to the
formation of an unstable pellet. However, in case that a pressing step is used for the
extraction of soluble proteins, the stems can facilitate the separation of juice from
solids, as they form a filter-like fibres layer around the screws. Apart from the various
products that can be obtained from sugar beet leaves, the produced waste streams can
be returned to the field and be used as fertilizers. In this case the economic revenue
from sugar beet leaves biorefinery can be further increased due to the reduction in cost
from handling the remaining waste streams.

CONCLUDING REMARKS

Sugar beet leaves, which are currently a side stream of the sugar beets (Beta vulgaris L.)
cultivation can be used for the extraction of various compounds, such as phenolic
compounds, carbohydrates and proteins. With respect to protein extraction and
isolation, the collection of the leaves can be performed after or simultaneously with the
harvest of the beets, given that the time of harvest does not affect the protein content
in the leaves. However, plant age has a significant effect on the color of the extracted
proteins, which is due to PPO-mediated browning. This challenge can be tackled by the
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GENERAL DISCUSSION

use of sulfite during protein extraction, which prevents PPO-mediated browning. The
proteins isolated from sugar beet leaves consist mainly of Rubisco. The sugar beet leaf
protein concentrates (LSPC) show similar to other leaf proteins solubility behavior as a
function of pH. In terms of emulsion properties, LSPC-stabilized emulsions are stable in
a wider pH range than emulsions stabilized by other plant proteins, such as soy protein
isolates. Regarding foam properties, the soluble protein concentration and not the total
protein in the bulk determines the foam ability of LSPC. The presence of charged
carbohydrates in LSPC is postulated to contribute to its improved foam stability at low
pH values (pH 3.0 and 5.0). Lastly, although LSPC is complex mixture of different
proteins and other non-protein compounds, its emulsion properties can be forecasted
based on the molecular properties of the most dominant protein in it and taking into
account the presence of charged carbohydrates. To do that models earlier developed
for pure protein stabilized systems can be used. As such, the potential uses of LSPC, and
of other novel proteins, in food applications can be determined by performing a small
set of experiments.
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Summary

To ensure sustainability in food processing the current large volumes of side or waste
streams need to be valorized. For instance, sugar beet leaves (SBL), which are a side
stream of the sugar beets cultivation, are embedded in the soil after sugar beets have
been harvested. In consequence, a plethora of potentially valuable compounds, such as
proteins, carbohydrates, phenolic compounds, lipids and minerals, which are present in
the SBL, are left unexploited. The general aim of this thesis was to study the biorefinery
of SBL, with a special focus on the isolation of proteins. To this end, the research was
divided in three sub-aims. These were: 1) to determine whether there is variability in the
chemical composition of the leaves due to pre-harvest conditions (plant age), 2) to
evaluate the variability of the techno-functionality of leaf soluble protein concentrate
(LSPC) due to system conditions and 3) to extend current product and process synthesis
approaches to enable the design of biorefining process.

Chapter 1 provides an overview of the methods and techniques developed for, as
well as the challenges encountered when, extracting proteins from leaves. Several
studies showed that the quantity and quality (e.g. color) of extracted leaf protein
concentrates/isolates can be significantly affected by agronomical and environmental
conditions as well as time of harvest. These effects depend on the tested species. These
studies furthermore showed that the recovery of the extracted proteins as well as their
techno-functional properties, e.g. solubility, depend on the protein extraction method
that is used. Moreover, the techno-functionality of the extracted proteins was shown to
be influenced by the system conditions, e.g. pH and ionic strength (I), and the sample
composition, e.g. presence of charged carbohydrates. Based on this, it became apparent
that in order to define the window of opportunity of a novel protein
concentrate/isolate, the latter needs to be tested under various conditions. In addition,
understanding these effects is essential in designing a process (biorefining process),
which aims to optimize the yield of a range of compounds (with good techno-
functional properties) rather than to maximize the yield of one single compound.

From Chapter 1 it became evident that the time of harvest can affect both the
quantity and the quality of the extracted leaf proteins. Given that these effects are
species dependent, the first aim of this thesis was to evaluate these effects specifically
on SBL. Chapter 2 focuses on the variation in chemical composition and quantity and
quality of proteins extracted from SBL due to variation in plant age; i.e. harvesting time.
To this end, SBL collected at different time points were used. SBL from sugar beets
grown both in field (varieties: Rhino, Arrival) and in greenhouse (variety: Isabella) were
tested. It was shown that within the same variety (Rhino-field, Arrival-field, Isabella-
greenhouse) the protein content was similar for SBL from young and old plants (22+1,
16+1, and 10+£3% w/w db, respectively). Although no consistent correlation with plant



age was found, a variation in final protein isolation recovery was observed. This
variation was mostly due to variation in nitrogen extractability (28-56%). A significant
effect of the plant age was observed on the quality (color) of LSPC; i.e. brown (indicative
of polyphenol oxidase- PPO- activity) for LSPC from old plants and yellow for LSPC from
young plants

Based on the results from Chapter 2, a standardized method for the extraction of
proteins from SBL was developed and used in the rest of the thesis. In this method
sodium disulfite was used during protein extraction to inhibit PPO-mediated browning.
The LSPC obtained after using this extraction method was yellowish and consisted
mainly of protein (69.3% w/w db (N-5.23)) and carbohydrates (5.1% w/w db; half of
which was charged carbohydrates). The main protein present in LSPC was Rubisco. The
solubility of LSPC as a function of pH showed a typical, for leafy proteins, U-shape curve
with a minimum solubility at pH 4.5. In Chapter 3, the emulsion properties of LSPC were
determined under various system conditions. To be able to extrapolate regarding the
emulsion properties of LSPC to conditions that were not tested we tried to link the
molecular properties of LSPC to its emulsion properties. To this end, a model that was
recently developed to describe this link for pure-protein systems was applied. It was
shown that at pH 8.0 (I = 0.01 M) the minimal protein concentration of LSPC needed to
form a stable emulsion (C,) was comparable to the C of soy protein isolate (SPI), which
was used as a control. The C, increased with decreasing {-potential and was highest at
a pH around the pl; i.e. lowest ¢-potential. A critical ¢-potential (., ~ 11 mV) for both
LSPC and SPI was identified, below which flocculation occurs. LSPC-stabilized emulsions
were stable against flocculation at a wider pH range (pH < 3.0 and pH > 5.5) than SPI-
stabilized emulsions (pH > 5.5). For both proteins, C., was higher at pH 8.0 and high
ionic strength (0.5 M) than at low ionic strength (0.01 M). This was related to a
calculated higher protein adsorbed amount at the interface (. at high ionic strength.
Thus, the emulsion properties of both protein concentrates/isolates could be linked to
their molecular properties. A main outcome from this study was that the experimentally
determined ds; (at ¢ > () was in close agreement to the theoretically calculated ds,. For
the calculation of the ds, the molecular characteristics (molecular mass, exposed
hydrophobicity) of the most dominant proteins in the protein concentrate/isolate were
used. Overall, it was concluded that the emulsion properties even of complex/non-pure
systems, such as LSPC and SPI can be closely forecasted based on the molecular
properties of their dominant proteins, taking also into account the presence of charged
carbohydrates, and a small set of experiments.

To further evaluate the window of opportunity for LSPC, its foam properties were
evaluated. Based on the results from Chapter 3, the emulsion properties of LSPC could
be linked to its molecular properties. Thus, the hypothesis that was tested in Chapter 4
was that also the foam properties of LSPC can be linked to its molecular properties. It
was then expected that the approach recently developed to characterize the foam
properties of pure-protein systems under various system conditions can be successfully
applied even to more complex systems, such as LSPC and SPL In this approach, the
foaming properties of a protein are described using two critical protein concentrations;
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the Cra, which is the minimal protein concentration (Cp) needed to obtain maximal
foam ability and Cn32, which is the minimal C, needed to obtain minimal bubble size. It
was shown that, as observed for pure-protein systems, the foam ability of LSPC
increased with C, at all conditions tested. Furthermore, if only the soluble C; is taken
into consideration it was observed that the soluble C.fs Was constant as a function of
pH, for both LSPC and SPI. At high ionic strength (I = 0.5 M) both proteins were more
efficient in foam formation than at low ionic strength (I = 0.01 M). This was related to
their faster adsorption at the interface. A minimum C, was required to form stable
foams. At pH 3.0 and 5.0 LSPC had higher foam stability than at pH 8.0. This was
postulated to be due to the formation of aggregates between proteins or between
proteins and charged carbohydrates. At high ionic strength less protein was required to
form stable foams than at low ionic strength. Overall, the foam ability and foam stability
as a function of C; for these protein mixtures showed a similar trend as for pure
protein-stabilized foams. Therefore, it was concluded that the use of critical protein
concentrations to describe foam ability and foam stability, as developed for pure
protein systems, can be applied to these mixed protein systems.

In Chapters 3 and 4 it was shown that the emulsion and foam properties of LSPC
are comparable to these of the widely used plant protein SPI, and in some cases LSPC
showed functional properties comparable to these of whey protein isolates. Thus,
overall SBL have a great potential as a source of functional proteins. However, to further
increase the economic revenue from the exploitation of SBL a biorefinery approach
needs to be followed. The design of a biorefining process is challenging due to the high
number of products that can be obtained from one feedstock, and the fact that some
products can be negatively affected by processing conditions that are essential for
other products, as was highlighted in Chapters 2, 3 and 4. The knowledge acquired
through the previous studies was used to adapt an existing product and process
synthesis methodology. In particular, the product driven process synthesis (PDPS)
methodology, which was earlier developed for structured products, was adapted to
extend its use in biorefinery (Chapter 5). Four novel steps were introduced in the
original PDPS: (1) decomposition of the feedstock into its main compound classes, (2)
identification of the potential uses of the compound classes found in the feedstock,
based on the functionalities that they can deliver, (3) selection of the product-targets by
evaluating their economic potential, and (4) identification of “critical tasks”; i.e. tasks
that negatively affect the quantity and/or quality of each product during their
separation. To illustrate how this new approach can be used in practice, a case study of
a sugar beet leaves biorefinery was presented.

In Chapter 6, the main conclusions obtained in the previous chapters were
discussed with respect to data from other studies presented in literature. Typically,
pressing is used for the extraction of proteins from leaves. In this thesis, it was found
that blending leads to protein recovery higher than pressing alone or pressing in
combination with pulsed electric field. In the majority of studies dealing with the
extraction of leafy proteins a heating step at 50 — 60 °C is applied, which is suggested to
remove the green color. In Chapter 2, it was shown than centrifugation of the extracted
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juice (pH 8.0) at 38,400 g was adequate for the removal of green color in the case of
SBL. A number of experiments were also performed to test the effect of heating at 50 °C
and different pH values (pH 8.0 and pH 6.0) on green color removal during protein
extraction from SBL. It was shown that green color removal after heating could only be
achieved at pH 6.0, which indicates that the pH of the extracted juice plays a more
significant role than the actual heating step for the green color removal. Furthermore,
the effect of PPO on brown color formation and protein modification was addressed. It
was shown in further experiments with SBL that the phenolic compounds that are not
substrates for PPO also contribute to PPO- mediated browning. This shows that to
accurately predict or explain PPO-mediated brown color formation in plant extracts it is
important to obtain a detailed compositional analysis of individual phenolic
compounds. Moreover, the role of charged carbohydrates in emulsions and foams
stability was discussed. In previous chapters, it was shown that the use of the models/
approaches developed for the description of pure protein stabilized emulsions and
foams can be used in more complex systems, such as LSPC and SPL The use of these
models/approaches reduce the number of experiments needed to satisfactorily define
the window of opportunity of a novel protein.
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Poulitoa kalt Owud cag¢ suxoplotw TOAU yla OAn TNV CUUMAPAOTAON OE OAEC TIG
amodACELG TIOU TIALPVOULE HE TOV ALOKOUAN. Z0G EUXAPLOTW TIOU £(0TE AvVTA eKel, SLAKPLTIKA
KoL Téo0 Kovta pog og O,TL xpetaotoupe! Mawdi (NwkoAa) kat ApaAitoa, g Ba pmopoloa va
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€dobla mou pou dwoarte: amnod TG « KHAOKALPLVEG SLOKOTIEG» TTIOU MoV Ttapvate KABe Kahokaipt
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Eevwv yAwoowv mou pe otélvate ylati iya kKAon otig €€veg yYAwooeg uExpL ta tagibla oto
e€wteplko yla va «avoifouv ta patia pou»! Adepdry pou pe E€pelg 6oo Kaveic AANog.
JUYYVWHN TIOU CUXVA 00U KAvw Ttn {wr} SUOKOAN KOl O €UXOPLOTW TOO00000CO TIOAU TIOU
QYOyyUOTO JE UTIOUEVELEG OAQ QLUTA T Xpovia!

ALakoUAN Hou pLa o0AOKANpn eykukAomaidela 6 Ba ATAV APKETH YL VO XWwPECOW OAa 6o
Ba nbela va ypadw yia oéva. To start with...meptttd va nw nwg av Sev noouv ol e Ba
£dTava MotE oTo onueio va YeUlW QUTEC TIG YPOUUEG TWPA... €va amlo, «abwo» “l want a
trial” Atav apketd yla va aAld€el n {wn pou 6An! You always know that | know that you know
that | know that you know that | know... ] 6mwg Aépe kot ota EAANVIKA «HE TOL MATLOL TO AEUE
epeion. To &€pw OTL Ta TEAEUTALA XPOVLA, TA XPOVLO TOU SLSAKTOPLKOU, COU XWw KAVeL TN {wn
Alyo mo «evéladpépouoa» (8UoKoAN;) aAAd eol avtexelg ayoyyuotal Eloal o kupatoBpalotng
MOoU, TO AlMavakL, To GLAAPAKL LOU,0 CUVEPYOG OTLG (aBOALEG, QUTOG TIOU HOU AUVEL OAQ Ta
padnuoatikd (ok...ok...apBuntikal) mpofAnuata, eicat o RPwAg pou!. Aev umtdpyel KaAUTEPOG
ouppioc EVER and NOWHERE!!! ®oo

XAeEXVEp
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