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ABSTRACT

Valorization of fish by-products has inherent economic and environmental advantages. Not only
are these viable sources of biomolecules with nutritional value (edible proteins and fish oil), fish
by-products are also reservoirs of functional molecules with applications in food ingredient
manufacturing and human health. Downstream processing is the costliest step in product recovery,
limiting the commercial development of functional foods and nutraceuticals from alternative
sources. During upstream processing of salmon by-products, endogenous enzymes in the tissues
facilitated the hydrolytic release of oil, peptides and other mineral components in the fish tissue.
Centrifugal separation of the by-product fermentate resulted in four chemically distinct fractions:
oil, emulsion, aqueous and residue. Fish oil and aqueous protein extracts have been well
characterized in the literature. In the present study, the emulsion phase (lipopeptide complex) was
characterized along with the aqueous phase consisting of salmon protein hydrolysate (SPH). The
emulsifying ability of the peptides in the emulsion fraction is attributed to the higher abundance
of hydrophobic amino acids. Crude SPH needs further separation for higher value applications
such as functional food ingredient. In this light, shelf life and storage stability of SPH was
evaluated and components were found to be largely unaltered over the course of 12 weeks at 4 °C.
Downstream processing strategies enable efficient enrichment of molecules of interest from SPH.
Membrane filtration has the ability to deliver high throughput and scalable processing, but also
exhibits limitations such as fouling and low selectivity. To overcome this, a filtration approach
combining pressure and applied voltage called electro-ultrafiltration (EUF) was used. EUF
resulted in improved recovery and selectivity during processing. Higher abundance of charged
amino acid residues in electro-ultrafiltered fractions allowed these fractions to exhibit distinct
functional properties, such as high metal chelation capacity. These findings are relevant to
understanding the composition and behavior of peptides derived from fermentative processing of
fish by-products, throughout sample processing, storage and fractionation. This research
contributes towards our understanding of the peptide physicochemical properties that determine
functional activity. Research relevance also extends to novel product development from

underutilized resources such as fish by-products, which is especially relevant to Atlantic Canada.



LIST OF ABBREVIATIONS AND SYMBOLS USED

Terms/abbreviations Definitions
<3A <3 kDa anionic fraction
<3C <3 kDa cationic fraction
<3N <3 kDa neutral fraction
ABTS 2, 2'-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid
ACE Angiotensin-converting enzyme
Ala Alanine
ANOVA Analysis of variance
Arg Arginine
Asp Aspartate
Asx Aspartate + Asparagine
BSA Bovine serum albumin
Cs Concentration of solute in bulk feed
Cp Concentration of solute in permeate
Cw Concentration of solute in membrane wall/surface
CFU Colony forming unit
CID Collision induced dissociation
Da Dalton
DH Degree of hydrolysis
DPP4 dipeptidyl peptidase IV
DPPH 2,2-diphenyl-1-picrylhydrazyl

x1



DPPP
EDR
EDUF
E/S ratio
EDTA
EUF

F

FAN
FRAP
GC-FID
GFC
Glx

Gly
GMP
GRAVY
GRAS
GSH
HACCP
HPLC
Jv

LAB
LCD

LC

1,3-Bis(diphenylphosphino)propane
electrodialysis reversal

electrodialysis with ultrafiltration membranes
Enzyme to substrate ratio
Ethylenediaminetetraacetic acid
Electro-ultrafiltration

Conversion factor of 6.25 used in protein content calculation
Free amino nitrogen content

Ferric reducing antioxidant potential

Gas chromatograph-Flame ionization detector
Gel filtration chromatography

Glutamine + Glutamate

Glycine

Good manufacturing practices

Grand Average of Hydropathicity Index
Generally regarded as safe

Glutathione

Hazard analysis and critical control point
High performance liquid chromatography
Filtrate flux

Lactic acid bacteria

limiting current density

Liquid chromatography

Xii



LC-MS/MS
LC-UV

Lp

LTQ

m/z

Hep
MRPs/iMRPs
MW

NF

PES

Phe

pl

PITC

PSMs

QSAR

ROS
RT
SDS
SEC
SCX
SPE

SPH

Liquid chromatography - tandem mass spectrometer
Liquid chromatography with a variable wavelength detector
Hydraulic permeability coefficient

Linear Trap Quadrupole

Mass to charge ratio

electrophoretic mobility

Maillard reaction products/ intermediate Maillard reaction products
Molecular weight

Nanofiltration

polyethersulfone

Phenylalanine

Isoelectric point

Phenyl isothiocyanate

Peptide spectral matches

Quantitative structure-activity relationship
Correlation coefficient

Reactive oxygen species

Room temperature

Sodium dodecyl sulfate

Size exclusion chromatography

Strong cation exchange

Solid Phase Extraction

Salmon protein hydrolysate

xiil



S, Observed sieving coefficient

TBARS Thiobarbituric Acid Reactive Substances
TCA Trichloroacetic acid

TFA Trifluoroacetic acid

Tyr Tyrosine

UF Ultrafiltration

UPLC Ultra-Performance liquid chromatography
VWD Variable wavelength detector

WAX Weak anion exchange

n viscosity

X1v



ACKNOWLEDGMENT

I would like to express my sincere gratitude to Dr. Alan Doucette and Dr. Beth Mason for
their continued support, guidance, encouragement and mentorship throughout the PhD program. I
appreciate and thank Dr. Peter Wentzell and Dr. Devanand Pinto for their comments, suggestions
and feedback as part of my supervisory committee. I am deeply indebted to Dr. Zied Khiari,
Andrew Crowell for their guidance, assistance in conducting various experiments. I also thank the
administrative and financial support from Dalhousie University, Verschuren Centre Inc., Killam
trusts, Research NS, Mitacs and American Oil Chemists Society.

I would like to acknowledge and extend my gratitude to Tony Verschuren, Stephen
Kelloway, Ranitha Fernando, Alison Wilson, Ranithri Galhanege, Balaganesh Radhakrishnan, Dr.
Sathyanarayan Veeravalli, Elizabeth MacCormick, Edward Cross, Dr. Xiurong Jiao and Abhinav
Jain for providing their help in various forms for the completion of the research. I am grateful for
the kind and positive administrative support during the PhD program from Lea Gawne and Jeff
Aucoin. I am thankful to Jessica Nickerson, Philip Jakubec, Hammam Said, Kirsten Jones, Nicole
Unterlander, Dr. Rory Chisholm, Dr. Steve Driscoll, and Dr. Venus Albaghdadi for their help and
support.

My heartfelt thanks to Prabahar, Janvi, Nitika, Akilan, Bishakha, Swomitra, Megh, Aarjya,
Parghat, Gayathri, Palaniappan, Martin and Deepti for their help and support. Many thanks to all
my friends in India KK, Kannan, Nijil, Pradeesh, Akhil, Surjith, Sujith, Hassan, Yadu, Dimple and
LD for checking up on me from time to time.

Amma and Achan, I was not able to come back and visit you once during these last 5+
years, and it was not easy. You have been pillars always propping me up.

I would not be here without the constant, unwavering support and care from Aishwarya.

XV



CHAPTER 1

Introduction

1.1. Bioactives from marine processing co-product streams

There is a global push towards using naturally derived ingredients in the food, animal feed
and petfood industries. Food components referred to as bioactive ingredients can play a significant
role as health-benefiting factors to help alleviate disease conditions and stress. Atlantic Canada is
host to an emerging bioeconomy based on the production of functional biomolecules or bioactive
compounds which can impart beneficial effects for animal, plant, and human health. While some
of these bioactive compounds such as polyphenols, seaweed extracts, omega-3 lipids, and whey
protein hydrolysate are already commercialized, a growing demand exists to develop new classes
of bioactives as well as to improve the efficacy of existing heterogenous products.

The development of novel bioactive ingredients and sustainably-sourced bioproducts that
do not compete with current food supply chains is essential for diversifying the food systems,
especially from the perspective of an increasing population that is predicted to reach 9.7 billion in
2050." To this end, management of waste streams from various agricultural and food-related
industries is essential to reduce the environmental burden and enhance value creation for niche
markets for otherwise underutilized resources. Marine by-products such as fish skin, bones, heads,
viscera and residual minced meat are relatively cheap and their utilization in the production of
bioactive peptides will result in a reduced food processing cost, with an added advantage of value

addition to waste. Especially relevant to Atlantic Canada are waste streams generated from fish



processing. In our region between 2000 and 2011, it was estimated that ~700,000 tonnes of fish
processing waste were disposed into the ocean.? This stems from the highest number of waste
disposal permits issued in Canada, with >400 permits at the time.> These by-product streams
constitute approximately 60% of the input by mass used in fish processing industries.? In the case
of wild-caught fish, by-products are being used for fish oil production, which is an important first
step towards limiting waste production and increasing economic utility. However, the edible
protein components of fish waste remain underutilized. In farmed and wild-caught fish, the
processing by-products should be viewed as expansive reservoirs of quality edible proteins and a
source for production of bioactive peptides, which can augment the economic value of these by-
products beyond use as low commodity fish meal or fertilizer.* Therefore, there needs to be
additional emphasis on developing efficient approaches to utilize these rich sources of protein for
human consumption. Utilization of these by-products will have economic and environmental
benefits, enhancing the sustainable use of marine products. A great diversity of traditional
preparations using seafood involves enzymatic hydrolysis, bacterial/fungal fermentation or
chemical (salt/acid) treatment.’ In that light, the group at the Verschuren Centre (Sydney, NS) has
previously developed a scalable microbial bioprocessing approach to generate fish protein
hydrolysate from fish by-products.®® This presents a stepping stone towards further separation of
bioactive peptides with desired properties.

Biologically active compounds with enhanced functionalities can contribute towards the
development of high value products. Several studies have demonstrated peptides generated from
marine sources of proteins to function as potential antioxidative agents.” !> In fact, numerous food-
derived (fish, meat, milk and soybean proteins) bioactive peptides have been shown to potentially

positively contribute towards managing health conditions such as hypertension,'® thrombosis,



type-2 diabetes, cancer,'* and osteoporosis.!> In addition to their health benefits, bioactive peptides
can also have applications towards enhanced shelf-life of food materials via bacteriostasis and
antioxidant activity.!> These activities are dependent on peptide structure, molecular interactions
(behavior) and physicochemical properties which are reliant on the amino acid composition. !

Incorporation of peptide ingredients into food or feed formulations inherently results in a
lower dosage of these bioproducts. Therefore, enrichment strategies can play a significant role in
ensuring the selective higher abundance of peptides of specific properties thereby enhancing
activity at low dosage, which is necessary for development of bioproducts that can influence
positive health outcomes in food formulations. In this regard, membrane-based separation
technologies have the potential to reduce operation costs for fractionation and enrichment while
incorporating multi-product processing capabilities. Ultrafiltration and nanofiltration commonly
used in dairy processing are generally pressure-driven processes by which macromolecules are
selectively separated based on their molecular size. However, this approach cannot be used to
separate molecules of similar size ranges. Membrane fouling is another drawback commonly
associated with filtration-based processing approaches (Chapter 4).

This chapter will focus on introducing the approaches used in peptide based bioproduct
development in food and feed applications. Various aspects to consider for the development of
effective bioprocess/bioproduct development strategies will be described, such as raw materials,
scale-up, analytical characterization, storage, peptide modifications and functionality of the
hydrolysates.

1.2. Considerations towards use of fish by-products: Protein isolation
Raw materials used in product formulations (by-products from fish processing) play a

major role in determining quality and functionality. The use of wild caught fish by-products is



determined by parameters such as freshness of product at processing, nutritional profile and
availability of cold storage. Aquaculture production has now surpassed wild catch and by-products
generated from the aquaculture sector exhibit lower variability.!®!7 Fish by-products have been
shown to have large variations in the composition and protein content for the same species
harvested and processed at different locations. For example, Atlantic salmon (Salmo salar) by-
product yields from Chile®> demonstrated significant differences when compared to those caught
and processed in South Australia.'® In addition to geographic and seasonal variations, raw material
storage also influences the protein quality. For example, Slizyté et al. (2009) evaluated the
influence of storage (of raw materials) and preparatory conditions on the yield and functionality
of cod backbone hydrolysates.!” Fresh raw materials resulted in higher yields and better
emulsification properties of the hydrolysate.!” Therefore, it can be summarized that variations in
substrate (raw materials) quality and processing parameters can influence bioproduct functional
properties.
1.3. Fish protein concentrate production

Fish tissue contains an abundance of food grade proteins that have nutritional value (protein
supplement) and can also be used for development of novel ingredients. Protein isolates or
concentrates are prepared by the separation of protein from other tissue components. Production
of protein concentrate conventionally precedes preparation of fish protein hydrolysate. Methods
that utilize protein precipitation, following pH shifts are extensively used in the preparation of
protein concentrates/isolates from fish by-products.?*?! For instance, fish heads were used to
prepare protein isolates following homogenization with high ratios of distilled water used in
addition to pH shift with NaOH or HC1.?> A consideration towards the preparation of protein

concentrates is the impact of processing on functionalities (emulsifying ability, solubility etc.).



Alkaline extraction resulted in protein isolates with better solubility and gel forming ability while
acidic isolates exhibited higher surface hydrophobicity.?? A similar study conducted with tilapia
frame by-products demonstrated the highest protein recovery at pH 12 with a high solvent ratio of
9:1.2 Using this approach, however, very high amounts of lye would be needed to process a ton
of fish by-products at pilot scale, which is not sustainable. Additionally, alkali agents induce
disulfide linkages as prolonged exposure to higher pH results in deprotonation of sulthydryl groups
(pKa of S-H is 8.3) and oxidation forming disulfide bonds, in turn leading to protein aggregation,
thereby reducing recovery.?* Generally, sustainable processing approaches should be relying less
on harsh acidic or alkali treatment for the extraction of proteins from fish by-products.

Figure 1.1 depicts a conventional workflow for the production of fish protein hydrolysate.
In this approach, fish protein isolation is followed by hydrolysis to generate peptides. This
multistep process can be expensive and input intensive (time, energy and chemicals). Production
of protein concentrate need not always precede production of protein hydrolysate. The bioproducts
group at the Verschuren Centre previously demonstrated that soluble protein hydrolysate can be
prepared directly from a by-product slurry using chemical, enzymatic and microbial approaches.®
The low input bioprocessing approach does not use additional moisture or enzymes to carry out
the proteolysis of fish tissue. The approach relies on inherent hydrolytic enzymes activated as a
result of low pH from metabolic activity of lactobacilli within the fish tissues to hydrolyze and
release moisture, peptides, oil etc. into the aqueous matrix. Whereas several studies that generate
protein hydrolysate/concentrate!>?!?>27 from marine by-products report the addition of water.?®~
34 This addition of water during processing and its removal by freeze/spray drying is an operational
expense that may be a barrier for the commercialization of the protein hydrolysate.>> Moreover,

lengthy processing times for protein concentrate production is associated with the formation of



protein degradation products and loss in nutritional quality,® which is not ideal. Therefore,
bioprocessing approaches that are relatively quick, low input (water, enzymes, energy, and
chemicals) and using a biorefinery approach (reduce wastage) are the most likely to be

commercially viable for production of fish protein isolates/concentrates.
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Figure 1.1: Flowchart describing the steps involved in the production of fish protein hydrolysate

from fish by-products via enzymatic hydrolysis



1.4. Production of marine by-product protein hydrolysate

A protein hydrolysate is a mixture of peptides of varying molecular weight and
composition and is commonly generated from food proteins via hydrolysis of peptide bonds at
different locations. A plethora of enzymatic, biological and chemical methods have been employed
for the production of protein hydolysates and bioactive peptides.>’** Hydrolytic specificity plays
a major role in determining the makeup of peptides along with the amino acid composition and
conformation of parent protein. Protein recovery has been shown to be impacted positively with
higher degree of hydrolysis (DH), which is a measure of the extent of proteolysis in a given
sample.*! Higher DH improves solvent accessibility and breakdown of intact tissue components.
The process of hydrolysis influences physicochemical properties such as molecular size,
hydrophobicity and polar groups of the protein hydrolysates.>> Protein hydrolysates that are
generated with a higher DH have been shown to demonstrate higher solubility,** recovery and
antioxidant activity.'? In contrast, a few studies have also reported the antioxidant properties of
fish by-product derived native peptides which have not been hydrolyzed.**** A high DH is also
associated with bitter taste as a result of exposed aromatic amino acid residues and reduced surface
hydrophobicity (interfacial) properties (e.g., emulsifying activity) in salmon (Salmo salar) protein
hydrolysates.*> Longer processing times tend to favor higher DH and in turn to better yields."”
However, as with other processing approaches, increase in DH decreased water holding capacity
of hydrolysates and did not influence their 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging ability (an assay to measure radical scavenging capacity) or lipid peroxide inhibition
in a liposome model.!” Better interfacial properties of hydrolysates have been previously observed
in higher molecular weight peptides, i.e. when DH is low.?” Therefore, it can be summarized that

recovery increases with DH, while the impact of DH on functionality can vary.



The physicochemical properties and potential physiological bioactivities of bioactive
peptides have significant impact with regards to health of humans and animals, if introduced in
food or utilized as feed, respectively. By-products from filleting plants and by-catch are suitable
for human consumption; however, utilizing generally regarded as safe (GRAS) materials and
proper food handling is crucial in product development. Protein hydrolysis with strong chemicals,
extreme temperatures and pH generally yields products with reduced nutritional qualities, altered
chemistry, poor functionality, and restricted use in functional foods. Acid hydrolysis has major
limitations regarding control and reproducibility and leads to destruction of pH-sensitive amino
acids,*® cross-linkages, chemical-modifications,*’ or isomerization (racemization).*® The
following sections describe effective approaches, namely enzymatic and microbial approaches, to
generate protein hydrolysates for food applications.

1.4.1. Enzymatic preparation of hydrolysates

Commercial enzymes are typically a purified form of a biological extract. Crude biological
extracts can be derived from fish or other by-products and are hence cheaper alternatives to
purified enzymes in process workflows. Digestive enzymes and enzymatic extracts consist mostly
of analogs of pepsin, trypsin and chymotrypsin. These proteases have narrow cleavage-specificity
as compared to commercial broad spectrum microbial protease preparations.*>>* Peptides
generated with this approach are most likely to survive conditions in the gastrointestinal tract when
consumed. For instance, multifunctional sea cucumber hydrolysates prepared with pepsin and
tryptic hydrolysis was demonstrated to be resistant to simulated gastrointestinal digestion.>
Because of the narrow cleavage specificity, processes with digestive enzymes were expected to
have relatively low DH. On the contrary, Atlantic salmon pyloric caeca extract was demonstrated

to have comparable DH as commercial alkaline proteases (Alcalase, Flavourzyme, Corolase).’!



Another report comparing several enzymes (Alcalase, Flavourzyme, Neutrase, pepsin, Protamex,
and trypsin) found protein recovery to have not varied (~10%).’! Additionally, the concentration
of viscera extract (influencing the E:S (enzyme:substrate) ratio), as well as the duration of
hydrolysis and DH were each demonstrated to be closely correlated with the protein recovery.>
Crude pepsin prepared by autolysis of the mucous membranes of sheep stomach was effectively
used for pilot scale processing of fish solid waste resulting in a 50% recovery of protein
hydrolysate.>® Therefore, crude digestive enzyme preparations are suitable for the development of
cheaper, sustainable and effective proteolytic processing. Typically, the recovery of protein
hydrolysate can summarily depend on the substrate quality (particle size distribution of ground
fish tissues, type of tissue and its abundance (e.g., skin is more resistant to proteolytic degradation),
E:S ratio,** temperature,® DH,>¢ processing duration®® and solvent: substrate ratio. From the bench
scale to commercial production, protein recovery is expected to vary significantly depending on
these parameters. Some parameters such as amount of enzymes added (E:S ratio) can play a more
significant role. For example, an increase in the concentration of protease added to the processing
resulted in a 4-fold increase in soluble nitrogen in the extract.’’ These factors play complex roles
during protein hydrolysate preparation. For instance, exposure to higher temperature (60 °C)
during processing facilitates denaturation of structural proteins (collagen and sarcoplasmic
proteins (myoglobin)) in fish tissues, thereby enabling increased hydrolysis.’*° However, higher
temperature may also impact the activity of endogenous proteases and result in chemical
modifications.*! Exposure to higher temperature can also induce chemical interactions such as
the formation of Maillard reaction products (MRPs; high temperature along with higher pH) and

lipid peroxidation.®* However, cost limitations associated with inputs such as amount of enzymatic



preparations or heat associated with maintaining a higher temperature should also be taken into
account for commercialization of enzymatically bioprocessed fish by-product protein hydrolysate.
1.4.2. Microbial/fermentative preparation of hydrolysates

Traditional fish sauce production in Southeast Asia has always employed slow bacterial
fermentation with high salt concentration over prolonged periods of time.%® Lactobacillus sp. are
commonly utilized as a means of food preservation via fermentation. Lactic acid fermentation
results in the production of lactic acid, acetic acid and other organic acids which reduced the pH
and activate endogenous proteases (such as cathepsins) present in by-product tissues.®* Reduced
pH along with the antimicrobial chemicals (bacteriocins and antimicrobial peptides) produced by
Lactobacilli inhibit the growth of other harmful bacteria.%® Studies have demonstrated fish by-
products subjected to lactic acid fermentation substantially reduced the populations of harmful
microbes (Staphylococcus sp., Clostridium sp. and coliform bacteria) as compared to raw offal
from processing.®®%” The widespread application of this method across Asia is evidence of the
potential for its use in other areas for human consumption.

Using microbes to activate proteases or acting as a source of proteases provides distinct
advantages over commercial protease preparations. This is a significantly inexpensive option
compared to enzymatic hydrolysis and the microbes can be cultured quickly for industrial
processing. The strain of microbe used for proteolysis is based on their proteolytic potential,
growth conditions and input requirements.®® In contrast to typical industrial biotechnology
applications, a sterile substrate is not required for the microbial processing of fish by-products. For
instance, microbial population dynamics and product quality of fermentations of non-sterilized
media with Lactobacillus casei were similar to those obtained for sterilized media, and pH stable

fermentate was obtained within 72 hours.®” Microbial fermentation processing without pre-
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sterilization is also expected to be applicable within the framework of Good Manufacturing
Practice (GMP) and Hazard Analysis and Critical Control Point (HACCP) for commercial
production of fish protein hydrolysates.”® In this regard, there are several traditional Asian food-
products available currently, that utilize bacterial fermentation of unsterilized protein-based
substrates.

Based on the proteolytic machinery involved, peptides with desired properties, different
amino acid sequences and free amino acids may be formed. The degree of proteolysis, cleavage
pattern, and change in pH are factors that are highly dependent on the microbial species and
process parameters. Peptides and amino acids released from proteins during fermentation along
with flavor compounds, often underlie the functional, rheological, sensory and biological

t.4® Fermentation processes enhance preservation, organoleptic,

properties of the fermented produc
textural and flavor properties,”' whereas enzymatic hydrolysis typically leads to bitterness (as
described in the previous section).

Factors affecting recovery of protein hydrolysate using microbial processing are similar to
the parameters involved in enzymatic processing. Recovery is influenced by substrate tissue type,
type of inoculum, amount of inoculum, processing duration, temperature, pH and agitation.*® The
broad range in protein yields from by-products is dependent on the bioprocessing approach along
with the substrate properties. Lactic acid fermentation of shrimp wastes yielded protein content of
up to 46% in the hydrolysates.”” Fermented fish meat protein hydrolysates prepared from
Sardinella, zebra blenny (Istiblennius zebra), goby and ray with Bacillus subtilis achieved a high
recovery of up to 81% protein content (30% DH) in the hydrolysates.?® In contrast, cod protein

hydrolysate with 58% protein yield (45% DH) was prepared with Bacillus sp.”® Interestingly,

despite a lower DH, the recovery in the case of fish muscle derived hydrolysates was higher as
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compared to by-product cod hydrolysate (inherently lower abundance of protein in the starting
material). Therefore, the protein recovery also depends on the tissue type and initial protein content
of the substrate.”> Although comparing the protein recovery of different studies, in terms of the
impact of DH, to derive meaningful conclusions is not an ideal approach since different studies
use different approaches to calculate both protein recovery and DH. Consistent and reliable
analytical approaches (described in the next section) play a major role in being able to ensure data

from within the field of research is comparable.

1.5. Analytical approaches to characterize peptide products

Protein hydrolysate and peptide fractions are composed of a mixture of diverse set of
molecules. Different analytical approaches offer a window into better understanding this diversity
and their behavior (functionality or physicochemical properties). A combination of various
approaches can therefore provide an elaborate perspective on hydrolysate composition, properties,

and bioactivity.

1.5.1. Amino acid content

The amino acid composition is the number of amino acids of each type normalized with
the total number of residues. This approach typically relies on acid hydrolysis into constituent free
amino acids which are derivatized (pre/post column) and separated based on reversed-phase liquid
chromatography (described in section 1.7.2). Generally, the nutritional quality of protein extracts
is evaluated based on the absolute content of essential amino acids, the relative proportions of
essential amino acids to non-essential amino acid residues. Therefore, several studies utilize this
amino acid analysis as a quality control parameter for protein hydrolysate production, especially
from a nutritional perspective.’®*®7 Amino acid content can be used for elucidating functional

properties of peptides (QSAR (quantitative structure-activity relationship) modelling) based on the
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abundance of hydrophobic (L, I, V, Y, F), anionic (E, D) or cationic (R, K) amino acid
residues.”*”® For instance, higher abundance of histidine is associated with higher ability of
peptides to bind metal ions.”® Therefore, amino acid content offers a unique perspective into
peptide composition and properties.
1.5.2. Reversed-phase liquid chromatography

Separation based on polarity is the most predominantly used approach in the literature to
generate peptide profiles. In this approach, a peptide mixture is introduced to a liquid
chromatographic system (LC) with a C-18 column as the stationary phase and separated on the
basis of polarity with a water-acetonitrile gradient as mobile phase. The elution profile can be used
to understand the relative hydrophobicity of the component peptides in the sample. Doyen et al.
(2013) used C-18 LC-UV (LC with a variable wavelength detector) profile to determine the
migration rate of peptides during electrodialytic fractionation of a protein hydrolysate.”” In
addition to LC-UV peaks which are more commonly used to evaluate protein hydrolysates, LC-
MS/MS total ion chromatograms can also be used to peptide profile of a mixture (protein
hydrolysate). Therefore, a HPLC chromatogram generated with a reversed-phase separation can

be used to evaluate impact of processing and monitor changes in the peptide components.

1.5.3. Size exclusion chromatography

With size exclusion chromatography (SEC), peptides are separated from largest to smallest
in proportion to their molecular size in solution. Larger peptides are excluded from taking the paths
in the packed bed and elute first, in the void volume. Smaller peptides penetrate and pass through
the pores to various degrees that depends on their size, with the smallest molecules diffusing
furthest into the pore structure of the stationary phase and eluting last. SEC is especially useful to

determine the molecular weight distribution of a protein hydrolysate. Appropriate fractionation of
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the protein hydrolysate using membrane filtration with a given molecular weight cutoff can be
carried out based on the peptide molecular weight distribution of the protein hydrolysate.*® This
chromatographic approach while not used extensively, has more potential to be implemented by
the natural bioactive peptide research community to monitor changes in peptide profile following

fractionation/purification.

1.5.4. lon exchange chromatography

Ion exchange chromatography utilizes differences in charge to facilitate the separation of
peptides in a sample. Strong cation exchange (SCX) and weak anion exchange (WAX)
chromatography are the most suitable for ion exchange chromatography of peptides. The sample
is loaded in a low ionic strength mobile phase and eluted by increasing the ionic strength of the
mobile phase.”® Other approaches rely on altering the pH with or without changing the ionic
strength to facilitate the elution of peptides.”” Chromatographic peaks with longer retention times
indicate the levels of higher charge state of the peptides or chain length. In SCX, an increase in pH
can decrease the net positive charge of peptides leading to weaker binding and shorter retention
times. Organic modifiers such as acetonitrile or methanol also affect retention of peptides by
reducing hydrophobic interactions and improving electrostatic interactions with stationary phase.”
There is potential for improved use of ion exchange separation as a means of profiling the charge
distribution of peptide components in fractions and understanding the influence of the same on
bioactivity.
1.5.5. Tandem mass spectrometry peptide sequencing

Tandem mass spectrometric analysis facilitates large-scale sequencing approaches such as
proteomics and peptidomics for extensive characterization of a given sample. Protein identification

is typically carried out using shotgun or bottom-up proteomics. In this approach, peptides are
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generated through enzymatic hydrolysis of the sample and are separated by reversed-phase liquid
chromatography followed by spectral matching comparison with in silico peptides generated from
the specific protein database. Peptide sequences can be used to determine an array of information
about the sample components such as molecular weight distribution, grand average of hydropathy
(GRAVY) scores (a measure of hydrophobicity),*® and isoelectric points (pl, indicative of peptide
charge).! Identified peptide sequences can also be used with in silico tools to predict biological
activities using bioactive peptide databases,®? and identification of peptide-protein interactions.®?
Identifying peptides generated by non-specific cleavages from commercial protease
preparations or autolytic approaches relies on an unspecified cleavage database search i.e., a search
without any pre-defined cleavage pattern. In this approach, every potential cleavage site or amino
acid residue is considered for developing fragment ion lists from protein sequence databases. This
results in a much broader search space compared to the more prevalent approach of using tryptic
hydrolysis. The probability of incorrect identifications is enhanced with this approach thereby
reducing identifications. MS peptide sequencing approaches are associated with some inherent
biases such as peptide ionization efficiency and mass range. Generally, peptide identifications
using tandem mass spectrometry are carried out between m/z 400-1600. While tandem mass
spectrometry offers a large-scale analysis for identification and quantification of peptide
components in a sample, there are significant biases associated with the detection and
identification using this approach.
1.5.6. In vitro assays: antioxidant and other characteristics
Oxidation is an essential reaction in all living organisms, as the formation of free radicals and other
reactive oxygen species (ROS) plays an important role in signal transduction. Oxidative stress

occurs from the imbalance between production of excess ROS and the cellular antioxidant defense
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system. This is detrimental to tissue and can induce damage to other cellular components in lipids,
carbohydrates, proteins and nucleic acids. Consequences of oxidative stress in this organ include
mitochondrial dysfunction, altered neuronal signaling and inhibition of neurogenesis, and can
contribute towards heart disease, stroke, arteriosclerosis, diabetes, and cancer. Peptide antioxidants
can exhibit antioxidant activity by several different mechanisms such as inactivation of reactive
oxygen species, scavenging free radicals, chelation of prooxidative transition metals, reduction of
hydroperoxides, and alteration of the physical properties of food systems.’**> Assays monitors the
ability of peptides to act as an antioxidant based on these mechanisms. The ferric reducing capacity
is determined by the ability of antioxidant peptides to reduce ferricyanide to ferrocyanide, which
binds to free Fe** ions to forms Prussian blue. In the literature, peptide ferric reducing antioxidant
potential is described based on glutathione (GSH), a natural regulator of redox potential in living
systems and is expressed as GSH equivalent.®® A metal chelation assay evaluates the ability of
peptides to chelate ferrous ions from FeCl, competing with FerroZine™ (3-(2-Pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p’-disulfonic acid) which produces a blue color on binding Fe?" ions."’
Peptide chelation capacity is expressed as ethylenediaminetetraacetic acid (EDTA) equivalent or
% of Fe?" ions bound. Additionally, there are several assays that monitors the ability of peptides
to quench free radicals (sacrificial antioxidant ability) such as hydroxyl, DPPH (2,2-diphenyl-1-
picrylhydrazyl) and ABTS (2, 2'-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid). The ability
of peptides to inhibit dipeptidyl peptidase 4 (DPP4) is linked towards hypoglycemic and
immunomodulatory activities.®® Similarly, the ability to inhibit angiotensin-converting enzyme
(ACE) and renin have been used in literature to evaluate antihypertensive activity of peptides.®
These in vitro assays are a quick and easy way to evaluate and screen potential of food-derived

bioactives for possible bioactivity in vivo.
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1.6. Functionality of fish protein hydrolysates

Physicochemical properties such as charge, size, solubility and hydrophobicity influence the
biological activities of food-derived peptides. For instance, Szeto (2006) described that cationic
peptides with higher hydrophobicity translocate into the inner mitochondrial membrane and induce
antioxidant activity within the intracellular system.”® Zou et al. extensively reviewed the structural
features of proteins and peptides that underlie in vitro antioxidant properties.”* Smaller sized peptides
have been typically associated with higher reducing capacity. For instance, a comparison of different
proteases for hydrolysis of tilapia (Oreochromis niloticus) frame protein found that the tryptic
hydrolysate demonstrated the highest DH (therefore, the smallest peptides) and antioxidant
activity.”! The cleavage specificity can also play a major role in peptide functionality. A study
conducted by the group at the Verschuren Centre demonstrated enhanced Fe (pro-oxidant metal)
chelation capacity of Flavourzyme salmon hydrolysates as compared to hydrolysates generated
from microbial fermentation or formic acid treatment of the same Atlantic salmon substrate.® There
is growing evidence towards associating peptide properties such as molecular weight and presence
of hydrophobic/aromatic amino acid residues with higher antioxidant activity. However,
antioxidant activity via higher radical scavenging has been typically exhibited by high molecular
weight peptide fractions, which can contribute to lowering lipid peroxidation.”? In addition to
aqueous peptide extracts, other formulations such as emulsion can also have significant functional
benefits. For instance, Belhaj et al. (2013) demonstrated that phospholipopeptidic complex
(emulsion) obtained via enzymatic hydrolysis (Alcalase, Neutrase, and Flavourzyme) of salmon
(Salmo salar) heads are able to exert anxiolytic-like effects on mice in a time and dose-dependent
manner.”® As mentioned in section 1.5.6, peptides can exhibit antioxidant activities in different

forms (reducing, metal chelation and radical scavenging). Each of these mechanisms of antioxidant

17



activity is impacted differently due to peptide properties such as molecular weight, composition,
polarity and charge.

Microbial processing has relevance towards novel product development with environmentally
sustainable and economically feasible approaches. Acanthogobius hasta by-product subjected to
solid state fermentation with Aspergillus oryzae enhanced radical scavenging activity, reducing
capacity and metal chelation capacity of the hydrolysate.”* In addition, another study comparing
acid and fermentative hydrolysis found the fermentative-hydrolysate to exhibit higher radical
(hydroxyl, ABTS, DPPH) scavenging activity and antagonistic activity against Salmonella typhi.*
DH was also demonstrated to exert a considerable positive influence on antibacterial activity of
trout (Oncorhynchus mykiss) by-product hydrolysate prepared with trout pepsin.’® Comparable
antioxidant activity and enhanced antibacterial activity (against Listeria monocytogenes) were

observed in fermentative and enzymatic protein hydrolysate.”’

As with other processing
approaches, emulsifying and foaming properties of peptides are governed by the size of peptides
and the concentration employed.
1.7. Pretreatment, modification and incorporation into food matrices: Bioactive peptides

In addition to protein hydrolysis, physical treatments or pretreatments are carried out to
improve recovery. Physical pretreatment of protein concentrate or tissue homogenate has been
utilized in several studies.”® ' Ultrasound treatment incorporated processing of tilapia
(Oreochromis niloticus) muscle protein resulted in higher reducing capacity and improved radical
scavenging activity.!°! Another approach is the application of microwave pretreatment which
improved trout frame protein DH, protein solubility and recovery, along with improved antioxidant

activity.!9%103 Pre-treatments with physical methods listed above can result in the functional

modifications of proteins/peptides, influencing their secondary, tertiary and quaternary
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structure. %1% Modifications can arise as a consequence of processing or treatments.****> Chemical
modifications can also be induced on protein hydrolysates to impart desired functionalities. Certain
pretreatments can result in the formation of conjugates such as the Maillard reaction products
resulting from the glycosylation of proteins and peptides.'” For instance, Djellouli et al., (2019)
observed enhanced ferric reducing capacity (22-fold), scavenging radical (7-fold) and metal
chelating (7-fold) activities along with antibacterial activity against gram positive and gram-
negative bacteria as a result of conjugation of glucosamine to shrimp protein hydrolysate.'?’
Bioactive peptides incorporated into a food matrix can contribute to preservation by
scavenging free radicals, interacting with metal ions, inhibiting lipid peroxidation; they can also
inhibit the growth of microorganisms. These functional properties in addition to their in vivo
biocompatibility put bioactive peptides in prominence as a promising alternative to chemical
preservatives. For instance, pollock protein hydrolysate applied as a glaze on salmon fillets have
been shown to be effective in improving storage quality and limited lipid peroxidation.!®
Incorporation of gelatin hydrolysates were found to negatively impact textural qualities and
acidification in low fat and fat free yogurts.!®!'% In contrast, Gheslaghi found that better gelatin
hydrolysate incorporation improved solid-like behavior and elastic gel structure in fat-free set-type
yogurt.!!! Fish protein hydrolysate when incorporated into soup was found to have sensory
acceptability up to a concentration of 3% without traces of bitterness.!!? Fish protein hydrolysate
incorporation into yogurt and storage over a period of 7 days under refrigeration did not change
its antioxidant activity and ACE-inhibitory activity.! Encapsulation of peptides by liposomes,
protein micro/nanoparticles or other means can improve their stability and bioavailability in
vivo.!13 It is important to note that surface properties (charge, hydrophobicity) of peptides do play

a role in determining the encapsulation properties.!!* The processing conditions or techniques
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plays a significant role in influencing the conformation, post-translational modifications, and other
physicochemical properties of bioactive peptides.
1.8. Storage stability of marine peptide formulations

An understanding of storage stability and behavior is essential to peptide bioproduct
formulation since it impacts processing steps such as fractionation, purification and packaging,
along with consideration for steps in the supply chain such as storage conditions and shelf life.
Storage stability, in terms of chemical stability of fish protein hydrolysates have been extensively
reviewed by Rao et al., (2016).!"> Chemical changes that occur during storage can lead to modified
structure, appearance, texture, sensory properties and functionality of protein hydrolysates.
Klompong et al., (2012) found that fish protein hydrolysate had higher browning intensity as a
result of storage.''® Generally, several reports indicate that longer storage of fish protein
hydrolysate resulted in color change (browning intensity), change in pH, production of 2-
thiobarbituric acid reactive substances (TBARS; lipid peroxidation products) and reduction in
solubility.!'*-!'8 Benjakul and Morrissey postulated that oxidation of myoglobin or melanin results
in the darker color for hydrolysates during storage.'' Fish protein hydrolysates are reported to
have higher levels of lipid peroxidation products as a result higher fat content in the matrix.'!”-12°
The low solubility arises as a result of aggregate formation during storage. Zhou et al., (2008)
demonstrated that the formation of disulfide linkages is responsible for ~90% of the aqueous
insoluble aggregates formed during storage of whey proteins.'?! The functionality of fish protein
hydrolysates is dictated by their physicochemical properties. Thiansilakul et al., (2007) did not
observe significant changes in ferric reducing capacity of round scale protein hydrolysates over a
period of six weeks at both 4 °C and 25 °C.'?? In the same study, the solubility of hydrolysates

over the storage period was also evaluated without any significant differences.!??

20



1.9. Fractionation of fish protein hydrolysates

Fractionation is necessary to enrich select peptides of a given nature that can potentially
enhance functional activities. This is of relevance from the perspective of the abundance of these
peptide ingredients in the final product for consumption. Additionally, the amount of bioactive
peptides that eventually reach a target tissue typically tend to be low as well, which also affects
the bioavailability. Generally, smaller sized peptides (<10 kDa) recovered from protein
hydrolysates have been reported to exhibit higher biological activities. Smaller peptides can be
obtained either by manipulating the degree of hydrolysis (DH) during enzymatic hydrolysis or by
fractionation. However, industrial applications of bioactive peptides have been severely limited by
cost of production, product stability and application on a commercial scale. Enrichment or
fractionation of peptides using scalable downstream technologies is one approach to overcome
some of these barriers. There is growing interest in the food industry towards the development of
continuous downstream processing approaches for large-scale production of bioactive molecules
from sustainable sources. Separation of heterogenous mixtures of peptides in fish protein
hydrolysates is usually carried out to obtain fractions of interest and enhance the value of the
product. Several studies have relied on chromatographic approaches for the separation of proteins
or peptides following processing (Reviewed by Kitts and Wheeler, 2003).'?> Chromatographic
approaches, however, are not scalable to commercial applications. Currently, membrane
technology is being employed for large scale protein concentrate preparation, especially in the
dairy industry, and even for marine sources.'?*!?> Application of nano/ultrafiltration approaches
has been extensively reviewed for recovery of proteins from seafood processing waters.!?
Filtration approaches are reliable and easily scalable for commercial production. However, these

approaches are limited by low selectivity and fouling (with complex substrates). For instance, a
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bioreactor coupled to an ultrafiltration unit has been demonstrated to facilitate protein recovery
from Sardine waste at pilot scale (60 L) utilizing crude peptic enzyme extracts.”> However,
Benhabiles et al. (2013) demonstrated that irreversible membrane fouling occurs during recovery
which may limit usefulness of the filtration approach unless effective membrane cleaning methods
are applied.'?> An extensive review of separation strategies, especially pertaining to membrane
processing for food-based peptide bioproduct formulations, is presented in Chapter 4.

Protein isolation and enzymatic processing costs have limited the commercial production
and application of peptide bioproducts in the food industry. Novel scalable processing approaches
such as microbial fermentation along with commercially viable fractionation techniques need
further advancement for developing functional and viable protein hydrolysates/peptide
bioproducts. Development of effective techniques for concentrate preparation, large-scale
hydrolysis and peptide recovery with improved functional properties can lead to the sustainable

and economical production of protein hydrolysates.

1.10. Objectives of the present study

Reports on marine by-products sources used for extraction of bioactive peptides generally
tend to have elaborate, multi-stage processing steps that rely on distinct protein isolation and
hydrolysis steps. At the Verschuren Centre, a simplified, scalable and integrated processing
approach has previously been developed for the production of by-product salmon protein
hydrolysate.”*® Figure 1.2 depicts the steps involved in the protein hydrolysate preparation using
this approach. In contrast to the process described in Figure 1.1, this approach involves two stages:
(1) autolysis induced by lactic acid bacterial fermentation followed by ii1) centrifugal separation of
the protein hydrolysate. Fermentative processing used here results in the production of a unique

fish protein hydrolysate derived from Atlantic salmon by-products.
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Figure 1.2: [llustration of process for the fermentative production of fish protein hydrolysate

The bioprocessing results in the generation of the protein hydrolysate fraction, along with
other fractions, namely emulsion, oil and residue. The emulsion fraction, especially, has not been
well-characterized in the literature. The assessment of the physicochemical characteristics and
functionality of this lipopeptidic complex is necessary for directing this product stream to an
appropriate application. Therefore, in the second chapter the primary objective is to evaluate and
characterize the protein hydrolysate fraction in contrast to the emulsion fraction. This ensures the
workflow development in the form of a biorefinery approach, which is essential for maximum

resource utilization as part of the by-product upcycling process. Moreover, to further refine, enrich
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and improve the biological activities of the hydrolysate generated from the salmon by-products,
scalable, cost-effective and selective fractionation approaches need to be developed. To this end,
further characterization will also ascertain the viability and stability of the protein hydrolysate for
storage and downstream processing.

Atlantic salmon (Sa/mo salar) by-product hydrolysate fractionation using a scalable
approach will have the potential to facilitate development of a wide array of peptide products with
unique physiochemical and functional activities. Separation and purification enhance the potential
of these co-product streams for nutraceutical and ingredient development. Different techniques
used in the production and downstream processing of protein hydrolysates can facilitate bioproduct
development with predetermined properties positively influencing functionality. The present
study aims to develop a membrane processing approach to enable the capacity to selectively
separate components of a peptide mixture based on desired attributes such as charge and molecular
weight. In this regard, electro-ultrafiltration is a suitable separation approach and combines the
electrophoretic separation of charged moieties with conventional membrane filtration. A major
objective of the present this study is the assessment of optimal parameters for electro-ultrafiltration
of Atlantic salmon protein hydrolysate. A model BSA protein hydrolysate is used to evaluate the
selectivity of the electro-ultrafiltration using LC-MS/MS characterization, prior to using the
complex salmon protein hydrolysate. Improved selectivity is expected to be achieved through the
modification of the filtration conditions such as ionic strength, pH, sample concentration, applied
pressure, electric potential and solvent composition. Following this, fractionation of salmon
protein hydrolysate will be carried out to enrich peptides of desired physicochemical properties.
Assessment of filtration performance (selectivity and recovery) during fractionation with electro-

ultrafiltration is carried out using various analytical strategies. The solute behavior during
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fractionation can contribute towards the enhanced understanding of separation science of peptide
behavior within a complex unique matrix (protein hydrolysate derived from fermentation) during
fractionation. Peptide composition/diversity is to be evaluated in the various fractions. Functional
properties of peptide fractions is assessed to determine the impact of fractionation on bioactivity.
This can also help expand the knowledge on peptide properties that contribute to different
functionalities. The present study is part of an ongoing research initiative at the Verschuren Centre
to develop processes and bioproducts that valorize and facilitate the full utilization of marine by-
products. By-products from Atlantic salmon (Sal/mo salar) is especially relevant as a major

commercial aquaculture species in Atlantic Canada and around the world.
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CHAPTER 2

Characterization of protein hydrolysate and emulsion fractions

derived from bioprocessed Atlantic salmon by-products

Abstract
Sustainable utilization of fish by-products is a major step towards value addition in aquaculture
production. Microbial fermentation presents itself as a scalable and sustainable approach to extract
high value products from fish processing co-products. Centrifugal separation of the by-products
of Atlantic Salmon was shown to yield four distinct fractions: the oil, residue, emulsion and
aqueous hydrolysate. The oil fraction is comprised exclusively of lipids, whereas the residue
fraction consists of bone fragments along with minerals, unhydrolyzed tissue and other insoluble
material. As demonstrated here, the emulsion fraction is a heterogenous mixture of
proteins/peptides (24%) and oil (60%). While the oil and emulsion fraction have a similar fatty
acid profile, the peptides vary significantly between the emulsion and aqueous protein hydrolysate
fractions in their physicochemical properties (molecular weight, amino acid composition,
hydrophobicity). This study also indicated that peptide hydrophobic interactions facilitated the
formation of the emulsion fraction. Both hydrolysate and emulsion peptides fractions were
observed to have comparable ferric reducing antioxidant potential, while Fe(Il) chelation
capacity was also found to be higher in the emulsion (98 + 1 uM EDTA equivalent) compared to
the hydrolysate (28 + 8 uM EDTA equivalent). These findings are relevant to our understanding
of the distinct characteristics of peptides as fish by-products undergo fermentative processing and

separation. Additionally, the results contribute towards novel product development from microbial
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processing of fish by-products such as the application of hydrolysate and emulsion fractions in

food formulations.

2.1. Introduction

Fish processing by-products have traditionally been recognized as low-value waste-streams with
negligible market value beyond their use as animal feed or fertilizer. Additionally, the disposal of
these waste streams is both expensive and a major cause of environmental pollution.!?” Fish
processing co-products are reservoirs for bioactives such as omega-3-fatty acids contained in fish
oil. Additionally, considering that large amounts of food-grade proteins are present in fish waste
materials, proteolysis-based processes are being developed to recover these proteinaceous
materials. In doing so, under-utilized fish and fish by-products could potentially be converted into

128 hutraceuticals,'?’ functional

higher value ingredients within the food industry (food ingredients,
foods'* or natural preservatives).'?!

In addition to the nutritional value, food derived peptides are used to prepare nutraceuticals
(encapsulated fish oil, glucosamine pills etc.) and as ingredients for functional food (health drinks,
fortified cheese, yogurt etc.). Generation of functional foods and nutraceuticals from fish by-
products has inherent economic and environmental advantages, in addition to the significant
human health prospects. The generation of aqueous protein extracts from Atlantic Salmon and
other marine sources is well described in the literature.!'>!32-13% The recovery, nutritional and
functional properties of salmon proteins can be tailored by proteolysis under controlled

195

conditions, !3:4351:56.93.135-137 Enzvmatic,* bacterial'*® and chemical®® processing approaches have

been utilized to enable hydrolysate recovery and improve bioactivities. Protein hydrolysis

potentially influences the molecular size, hydrophobicity and polar groups of the hydrolysate.?”?
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The physicochemical characteristics of the hydrolyzed protein directly affect their functional
properties,*? yield** and use.!*8

The fermentative bioprocess developed previously at the Verschuren Centre, used in this
study, is unique in that neither a protein isolation nor extraction step is carried out prior to
hydrolysis, which results in the formation of the multiple fractions. The bioprocessed salmon by-
product mix resulted in the expected four distinct fractions (oil, emulsion, hydrolysate and residue)
following centrifugation.® A biorefinery approach to utilizing the multiple fractions is necessary
to ensure these resources are used to their full potential. In the present study, the different fractions
generated from salmon by-product fermentation were characterized. As a result of its potential for
widespread applicability, emphasis will be placed on the hydrolysate fraction along with the
emulsion fraction (which has not been described well in the literature). The findings from this
research are expected to contribute towards the understanding of the formation of these different

fractions, particularly pertaining to the behavior of component peptides.

2.2. Materials and methods

Atlantic salmon processing by-products consisting of heads, frames, skins and viscera were
collected in Styrofoam boxes on ice from a salmon aquaculture processing plant in Atlantic
Canada. The by-products were shipped overnight to the Verschuren Centre Inc., Sydney, NS,
Canada, and immediately stored at -20 °C prior to processing. The modified Lowry assay kit, and
HPLC grade solvents were from ThermoFisher Scientific (Ottawa, Canada). Water was purified
with a Sartorius Arium® Advance and then passed through a Barnsted nanopure system

(ThermoFisher Scientific (Ottawa, Canada)).
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2.2.1. Lactic acid bacterial fermentation and centrifugal separation

Salmon by-products were ground to a slurry (~1 kg) and mixed with 5% (w/w)
deproteinized whey powder and 1% (w/w) bacterial inoculum in a fermentation flask.® The
mixtures were incubated at 37 °C for 48 hours in an Eppendorf Bioreactor with continuous
agitation at 300 rpm. After fermentation, samples were transferred into weighted falcon tubes and
fractions were obtained by centrifuging at 4000xg for 20 min. Additionally, the collected emulsion

and hydrolysate fractions were lyophilized (Labconco, MO, US) prior to further analysis.

2.2.2. Proximate composition of emulsion fractions

The proximate composition of all fractions was analyzed. The moisture content of emulsions
was determined by oven-drying the sample at 105 °C for 24 h. Ash represents the incombustible
mineral components remaining after degradation of organic matter in the sample. The ash was
determined by heating the sample (~1 g) in a Muffle furnace in a crucible at 500°C for four hours
(AOAC, 1990). The mass of the residue remaining is expressed as a percentage of the initial
starting material. Crude lipid/fat content of dried sample was analyzed by gravimetry following a
petroleum ether extraction using Soxtherm (Gerhardt Analytical Systems, Germany). The total
nitrogen content of dried samples was measured using an elemental analyzer (2400 CHNS/O
Series II System, Perkin Elmer, USA). The crude protein content was then calculated using the
formula as follows:

Protein content (%) = total nitrogen (%) x F, .. (2.1

where the conversion factor F is assigned a value of 6.25.'%°

2.2.3. Lipid analysis
The fatty acid compositions was determined by extraction in the presence of internal

standards, tridecanoin for total lipid/fatty acid analyses and diheptadecanoyl phosphatidylcholine
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(NuChek Prep, Elysian, MN, USA) for phospholipid analyses (modified from Bligh and Dyer).!4°
An aliquot of the total lipid extract (lower phase) was taken for quantitation of the fatty acids
following transmethylation and another aliquot was taken for separation of the triglyceride and
total phospholipid via thin-layer chromatography prior to transmethylation of these fractions.
Methyl esters were prepared with boron trichloride in 12% methanol and heating the methylation
tubes at 95 °C for 30 minutes. The fatty acid methyl esters were analyzed on an Agilent 7890B
GC-FID with a 60 m DB-23 capillary column (0.32 mm internal diameter) using a standard mixture
(qualitative and quantitative) with the known fatty acid components for verifications (from Nu
Chek Prep, Elysian, MN, USA).
2.2.4. Emulsion defatting

Defatting was carried out by suspending the dried sample in diethyl ether at a ratio of 1:20,
(ThermoFisher Scientific) followed by centrifugation (4500xg, 15 min). The process was repeated
twice and sample air dried.
2.2.5. Gel permeation chromatography analysis

Defatted samples (4 mg/mL) were injected (20 puL) to a Polysep-GFC-P2000 column
(Phenomenex, CA, USA) connected to an Agilent 1260 Infinity series II LC equipped with a
variable wavelength detector (VWD) detector set at 214 nm. The mobile phase at flow rate of 0.85
mL/min was composed of 45% acetonitrile and 0.1 % TFA in nanopure water. The calibration
curve was prepared using cytochrome C (12327 Da), bovine insulin (5733 Da), angiotensin (1046

Da) and glutathione (307 Da).

2.2.6. Evaluation of peptide mass ranges
Peptide recoveries were carried out on a I mm x 50 mm self-packed reversed phase column

containing POROS® R2 beads (Applied Biosystems, Carlsbad, CA).!*! The purified peptide
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fractions of emulsion and hydrolysate collected in a fraction collector were dried and resuspended
in 0.1% formic acid in water to equivalent amounts. Two replicate injections (10 puL) of the sample
were separated on self-packed column containing, 4 um C12 beads (Phenomenex)) within a
nanospray tip (New Objective, Woburn, MA). A dual capillary LC system (Agilent) was
interfaced to an LTQ linear ion trap mass spectrometer (ThermoFisher Scientific, San Jose, CA).!#4?
The LTQ operated in data-dependent mode (MS followed by MS/MS of top three peaks) with 30
s dynamic exclusion. Lists of unique peptide mass ranges were obtained as a multiconsensus of 2
repeat injections using Proteome Discoverer v1.4 (ThermoFisher Scientific, San Jose, CA)
comparing with the Salmo salar UniProtKB database (downloaded June 2021, 82272 entries).
2.2.7. LC-MS/MS peptidomic analysis

Defatted emulsion and hydrolysate fractions were desalted using ThermoFisher
Scientific™ HyperSep™ C18 Cartridges and dried. The LC-MS/MS analysis of resuspended
samples was carried out at SPARC Biocentre (ON, Canada) with a Q Exactive HF-X
(ThermoFisher Scientific, San Jose, CA) operating at a resolution of 60,000 at positive polarity
with a scan range of m/z 400 to 1600 fitted to an Easy nLC system (ThermoFisher Scientific, San
Jose, CA, USA). Reverse-phase separation of peptides was carried out (60 min) in the nLC running
at 250 nL/min with a gradient program of 3% B at 0 min to 20% B at 18 min to 35% B at 49 min
to 100% B at 51 min. Solvent A was 0.1% formic acid in water and solvent B was 0.1% formic
acid in acetonitrile.

Peaks studio 10.6 (Bioinformatics solutions Inc., ON) was used for peptide searching
against Salmo salar UniProtKB database (downloaded June 2021, 82272 entries) with parent mass
error tolerance of 10 ppm and fragment mass error tolerance of 0.2 Da. Peptide lists were generated

with database searches carried out using unspecified cleavage (no enzyme) with a peptide false
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discovery rate of 1%. The emulsion and hydrolysate peptide lists were compared using Venny 2.1
(BioinfoGP). Isoelectric points of the identified peptides were calculated using isoelectric point

calculator (http:/ipc2.mimuw.edu.pl/).3! GRAVY scores for the identified peptides were

computed using an online tool: https://www.bioinformatics.org/sms2/protein_gravy.html.”

2.2.8. Proteomic analysis

The Atlantic salmon emulsion fraction (50 mg) was mixed with 2.5% (w/v) SDS in tris
tricine buffer (100 mM of each component, pH 8.3). The solution was boiled for 5 min followed
by 10 min of centrifugation (13,300 rpm, 10 min). The supernatant was diluted 5-fold and added
to transmembrane electrophoresis® sample wells with tris tricine buffer (100 mM) in the buffer
chambers. The device was set to run at constant current (100 mA) for 60 min. In contrast, the
hydrolysate fraction was already soluble in water and did not require an extraction step. Trypsin
digestion was carried out for both samples as described previously.!* Desalted samples were
analyzed on LC-MS/MS as described in section 2.2.7. Database searches were carried out with
trypsin specified cleavage with Peaks studio 10.6 (Bioinformatics solutions Inc., ON) with the

same parameters as described in section 2.2.7.

2.2.9. Amino acid content analysis

Defatted samples (0.0140 - 0.0160 g) were added to borosilicate tubes followed by the
addition of 450 puL of 6 N HCI with 1% phenol. The borosilicate tubes were added to a PicoTag
reaction vial (Eldex Laboratories Inc., Napa, CA, USA). The reaction vial was then treated under
vacuum and heated (110 °C) for 24 hours. Following hydrolysis, the samples were vacuum dried
to remove residual HCI. Derivatization was performed with phenyl isothiocyanate (PITC, Sigma
Aldrich, Oakville, ON). The derivatization reaction was carried out at room temperature using a

7:1:1:1 methanol, water, triethylamine, and PITC mixture. The derivatized samples were then
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diluted to 250 pL using sodium phosphate (100 mM). In tandem with the derivatization of the
samples, a standard solution with 16 amino acids was derivatized using the same procedure.
Diluted sample/standard (2 puL) was injected on a Waters Acquity UPLC equipped with a UV
detector (254 nm) and a flow rate of 0.5 mL/min. The column was a BEH C18, (1.7 um particle
size), 2.1 x 100 mm (Waters, ON, Canada). Reversed-phase gradient elution was achieved using a
mixture of Buffer A (0.14 M sodium acetate, 0.05% triethylamine, pH 6.05, 6% acetonitrile) and
Buffer B (60% acetonitrile in buffer A).

Based on the injected amount (50 picomoles) and integrated areas of each amino acid in
the standard, the quantities in the unknown sample were determined. The total protein content in

the derivatized sample was determined and expressed as a percentage of protein by mass.

2.2.10. Ferric reducing antioxidant potential assay
Reducing capacity of samples at 4 mg/mL was estimated as using the method developed
by Oyaizu (1986)'* with modifications from Mohan et al., (2015)%* and expressed based on

glutathione (GSH) mM equivalent.

2.2.11. Metal chelation assay

Metal chelation assay was performed based on a method developed by Boyer and McLeary
(1987) and modified by Saidi et al., (2014).87-1%° The sample (4 mg/mL, 500 pL) was equilibrated
with 25 puL of FeCl, (2 mM, Sigma-Aldrich, ON, Canada) for 10 min (RT). Following
equilibration, 50 puL of FerroZine™ (5 mM, 3-(2-Pyridyl)-5,6-diphenyl-1,2 4-triazine-p,p'-
disulfonic acid monosodium salt hydrate, Sigma-Aldrich, ON, Canada) was added and incubated
for another 10 min at room temperature. The mixture (200 pL) was then transferred to a 96-well
plate and the absorbance was measured at 562 nm using a microplate reader (Tecan M1000

microplate reader, Minnedorf, Switzerland).
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2.3. Results and Discussion

2.3.1. Processing and recovery of fractions

Lactic acid fermentation is used in this study as a cheap, sustainable and novel approach to
release biomolecules from the fish by-product tissue and has been developed previously.®
Although fermentation has been used traditionally in Eastern Asia to produce fish sauce. It was
observed that the liquefaction of salmon tissues, which is the degradation of structural components
of ground tissues resulting in the release of inherent moisture from the mix of ground by-products,
was relatively fast, taking 1-2 hours of processing in the bioreactor. This is as a result of thermal
and acidic activation of proteolytic enzymes following the production of lactic acid during
bacterial fermentation which rapidly results in release of moisture, soluble components, and oil
droplets from salmon tissue.® A previous study from the group at the Verschuren Centre has
described the microbial processing of salmon viscera, wherein lactic acid bacteria (LAB) consume
lactose to generate an acidic environment, triggering the activation of endogenous enzymes in the
by-product tissues.® This facilitates the hydrolytic release of oil, peptides and other mineral
components for subsequent downstream processing.® A key finding of this study was that the
salmon fermentate separates into four distinct fractions, namely, the oil, emulsion, soluble
(aqueous) hydrolysate and the residue phase (Figure 2.1).* While these fractions have been
identified previously, their composition and basis of formation has not been described. The next

section compares the proximate composition of these fractions.
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Figure 2.1: Centrifugally fractionated slurry of the bioprocessed salmon by-products

2.3.2. Composition of fractions

The fractions generated by centrifugal separation were observed to have significant
differences in their composition. The proximate composition of the hydrolysate, emulsion and
residual fractions are summarized in Table 2.1. The aqueous protein hydrolysate is composed of a
heterogenous mixture of aqueous components such peptides, minerals, and nucleic acids. As
expected, the crude protein content is highest in the aqueous protein hydrolysate (58 + 5%) and is
significantly higher (p<0.05) compared to the emulsion fraction (28 + 5%). The protein content in
a commercial hydrolysate product (Peptidyss®; prepared from sardine by-products via enzymatic
hydrolysis) was reported to be >74%,*® which is far greater than the 58% observed here. Likewise,

the ash (mineral) content in the salmon protein hydrolysate fraction (10.2 + 2%) was found to be
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low compared to Peptidyss® (~20%).'*® The mineral content was even lower in the emulsion
fraction (3.6 +/- 1%). Ca, Mg, Na, and Zn contents were much higher in the emulsion fraction,

than previously described by Belhaj et al.”?

The phospholipopeptidic fraction as described by
Belhaj et al., (2013) was generated by enzymatic hydrolysis of salmon heads.”® It was described
in the above-mentioned study that that the lipopeptidic complex is formed from enzymatic
hydrolysis with a low degree of hydrolysis (therefore containing larger peptides). In contrast,
previous studies from the group at the Verschuren Centre, have reported consistent formation of
emulsion even with a high degree of hydrolysis (40-50%) through bacterial fermentation of salmon
by-products.®”? As expected, the emulsion fraction has significantly (p<0.05) higher fat content
(55 £ 8%) compared to both the aqueous hydrolysate fraction as well as the residue fraction.
Therefore, the emulsion layer formed as a sandwiched layer between the oil and aqueous layers. It
is largely composed of emulsified oil along with other lower density materials such as proteins
that can interact with oil. The fraction is expected to be formed during the distribution of molecular
components under the influence of the centrifugal force during separation. Comparison of lipid
composition (emulsion and oil) and peptide characteristics (emulsion and hydrolysate) is described
in the following sections to evaluate their contribution to the formation of the emulsion layer.
The residue is the bottom layer after centrifugation, largely composed of bone and other
heavier and insoluble sediments (intact tissue, insoluble proteins), formed following the
centrifugation of processed fish tissues. The presence of bone fragments and larger particles made

sampling of the residue fraction challenging, resulting in high variability. The variability

contributes to the lack of significance, when comparing the means.
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Table 2.1: Proximate composition of fractions expressed as % of dry matter content.

Salmon fractions (mean + std. dev.)

Hydrolysate Emulsion Residue
Crude Protein % 58 £ 5% 28+5 54 + 5%
Oil % 0.7+0.5 55+ 8* 9+4
Ash % 10£2 4+1 15+ 10
Calcium % 1.3+0.2 0.9+0.1 4+4
Phosphorus % 1.6 +0.2 0.7+0.1 3+£2
Sodium % 1.1 £0.2% 0.38+0.04 0.75+0.04*
Magnesium % 0.15+£0.02*  0.06+0.01 0.13+0.02*
Zinc (ppm) 470 £200 100 + 10 590 + 500

*indicates a statistical significance of p<0.05 in comparison of means using one way analysis of
variance

2.3.3. Lipid profile

Belhaj ef al. (2013) found that the lipid composition of salmon head emulsion complex
consisted of 65% polar lipids and 35% triacylglycerols. In contrast, in the present work, it was
observed that both the oil and emulsion fraction had significantly (p<0.05) lower abundance of
phospholipids (22.3 = 1 and 19.4 + 6 g/kg of sample) respectively. The total fatty acid profile of
the emulsion and oil fraction are presented in Table 2.2. The fatty acid profiles of two fractions
were observed to be identical, with no statistically significant difference (p<0.05). The omega-3
fatty acid content was observed to be lower than values reported previously.” The fatty acid profile

is dependent on the diet, time of year, feed and origin of the salmon. The lipid components are not
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predicted to have contributed towards the formation of the emulsion fraction since the lipid

composition is identical between the oil and emulsion fraction.
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Table 2.2: Fatty acid composition of emulsion and oil fractions derived from LAB processed

salmon by-products.

Fatty acid content in fraction

Fatty Acid Emulsion (%) Oil (%)
C10:0 0.011 £0.002 0.005 £ 0.001
C12:0 0.04 +£0.03 0.020 £ 0.002
C14:0 1.93 £0.08 1.9+0.1
Cl4:1 0.0790 + 0.0003 0.080 + 0.001
Cl16:0 14.6+0.4 14+£0.5
Cl16:1n7 52+0.1 52+0.1
C18:0 4.080 + 0.004 3.9+0.1
Cl18:1 42.2+0.6 42 + 1
C18:2N6 16.6 £0.5 17+1
C18:3N6 0.37+0.04 0.38 £0.05
CI18:3N3 23+0.2 24+0.1
C18:4N3 0.46 £ 0.04 0.49 £0.05
C20:0 0.17£0.01 0.17£0.01
C20:1 22402 2.19+0.2
C20:2N6 1.06 +0.9 1.09 £0.10
C20:3N6 0.52+0.02 0.550 +0.001
C20:4N6 0.53 £0.08 0.55+0.1
C20:3N3 0.20+0.03 0.20 +0.03
C20:4N3 0.40+0.1 0.42+0.1
C20:5N3 22+0.5 23+0.6
C22:0 0.11 £0.03 0.10£0.03
C22:1 1.02+0.5 097+0.4
C21:5N3 0.13+£0.03 0.15+0.01
C22:2N6 0.15+0.04 0.15+0.04
C22:4N6 0.13+0.01 0.15+0.01
C22:5N6 0.90 +0.01 0.10+0.02
C22:5N3 091+0.2 0.96+0.2
C22:6N3 22+0.6 24+0.7
C24:0 0.02 £0.02 0.02 +0.003
C24:1 0.150 +0.005 0.140 = 0.001
Total (mg/g of sample) 488 + 93 854 + 83
Phospholipid content 41 1946

(mg/g of sample)
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2.3.4. Peptide profile

As mentioned in the previous section, Belhaj et al., (2013) postulated that the formation of
the emulsion fraction (phospholipopeptidic complex) to be a result of larger molecular weight
peptides from a lower degree of hydrolysis.”® The study reported a high abundance of peptides
between the molecular weight ranges 4 - 13 kDa. Generally, the emulsifying ability of larger
molecular weight peptides is via their structural flexibility that enables peptide interaction with oil
droplets while also associating with water. Peptide molecular weight as determined by the GPC
analysis does not show a statistically significant difference in the abundance of larger molecular
weight peptides in the two fractions. Table 2.3 depicts the peptide molecular weight profile of the
emulsion and hydrolysate fraction. In contrast to the presented results, marine peptides (oyster)
prepared by 4 hours of enzymatic hydrolysis were found to have approximately 71% of the sample
to be low molecular weight peptides (<0.5 kDa), with ~90% <1 kDa.'*’ Higher abundance of
smaller peptides have been described in the literature to elicit important functional activities.!>!%%
Membrane filtration is a standard approach that can be used to enrich smaller peptides in the
aqueous hydrolysate fraction. Generally, both the emulsion and protein hydrolysate fractions

appear to have a similar peptide molecular weight profile based on gel permeation

chromatography.
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Table 2.3: Peptide molecular weight ranges of salmon emulsion and hydrolysate fractions
generated from fermented Atlantic salmon

MW range (Da) Emulsion Hydrolysate
>10000 1.6+1 1+0.2
5000-10000 1+0.3 1+0.2
5000-3000 2+1 2+0.3
3000-1000 20+ 1 203+2
1000-500 23+ 1 27.7+2
<500 52+0.1% 49 + 1

*indicates a statistical significance of p<0.05 with paired t-test

While GPC analysis provided a similar mass profile between the emulsion and hydrolysate,

the approach is limited in its ability to resolve peptides of similar mass. For this reason, we adopted

an MS-based strategy to analyze the molecular weight profile of peptides in the emulsion and

protein hydrolysate fractions. Therefore, the mass ranges of precursor ions from LC-MS/MS data

are used to compare the peptide molecular weight of hydrolysate and emulsion fractions. Figure

2.2 indicates the mass range of precursor ions. However, it is noted that the LC-MS/MS detection

is also subject to biases and has limitations towards the ionization and detection of smaller (<600

Da) and higher (>4000 Da) molecular weight peptides. The hydrolysate and emulsion fractions

have comparable peptide molecular weight abundances in the <2500 Da range. In contrast to the

emulsion fraction, the hydrolysate fraction has only a few peptides detected above 2500 Da.

However, the molecular weight profile is generally similar between the hydrolysate and emulsion

fractions.
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Figure 2.2: Abundance of precursor ions in various mass ranges in Atlantic salmon emulsion

and hydrolysate fractions as determined through LC-MS.

The total ion chromatogram of the hydrolysate and emulsion fraction on a reversed-phase
separation is depicted in Figure 2.3, A. The hydrolysate chromatogram is observed to be
temporally separated from the emulsion peptides, which have features with longer retention times.
The higher retention of emulsion fraction features can be considered to be as a result of higher
hydrophobicities of the constituent peptides, eluting later compared to the hydrolysate fraction.

The peptide identifications were carried out for native peptides in these fractions (without
additional tryptic digestion). Higher GRAVY scores are associated with more hydrophobic
peptides as the score for a given peptide/protein is calculated by summing the hydropathy values
of all constituent amino acids in the sequence divided by the total number of residues in the
sequence. Each amino acid is assigned a hydropathy value based on its partitioning between two

immiscible liquid phases. Figure 2.3 B indicates the abundance of peptides in various GRAVY
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score ranges. It is observed from the Figure 2.3 B that the emulsion fraction has more peptides
with higher GRAVY score ranges (0-2), indicating higher hydrophobicity. Conversely, the
hydrolysate fraction has higher abundance of hydrophilic peptides with GRAVY scores between
-2 and 0. The average GRAVY score of the emulsion fraction was slightly higher at -0.58,
compared to -0.70 calculated from the hydrolysate fraction. The average isoelectric points are

similar for the peptides identified from emulsion (5.27) and hydrolysate fraction (5.31).
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Figure 2.3: (A) Total ion chromatograms of emulsion and hydrolysate (SH) evaluated on a C-18
columns interfaced with a tandem mass spectrometer (Q Exactive HF-X (Thermo Fisher
Scientific, San Jose, CA)). (B) GRAVY score ranges of peptides identified from the emulsion and

hydrolysate fraction.
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Proteomic profiling of the two fractions were carried out following the sample preparation
steps with SDS extraction (emulsion fraction only), transmembrane electrophoresis (emulsion
fraction only), tryptic digestion (both emulsion and hydrolysate fractions) and desalting (both
emulsion and hydrolysate fractions). Compared to the hydrolysate fraction, the emulsion required
additional sample preparation steps for proteomic analysis on account of the peptides being
complexed with the lipids present in the fraction. As seen in the Venn diagrams of Figure 2.4 (A
and B), comparison of hydrolysate and emulsion fraction yields low overlap in both identified
proteins (19.8%) and peptides (7.3%) lists generated following tryptic digestion. It is
acknowledged that differences in sample preparation could also have played a role in the variations
observed in the profile of identified tryptic peptides (Figure 2.4, B) in addition to the inherent
differences between the emulsion and hydrolysate fractions. Most abundant proteins as determined
by spectral counts are listed in the appendix (Table A1 and A2). The peptide lists generated from
native peptides in both fractions, where sample preparation prior to analysis was carried out
without the tryptic digestion, resulted in significantly shorter lists (Figure 2.4, C) compared to
peptide sequencing after trypsin digestion (Figure 2.4, B). It is unclear the reason behind low
peptide identifications in both the emulsion and hydrolysate fraction. It is expected that non-
specific cleavage offers too many possibilities for spectral matching and confident identification.
Additionally, lower ionization efficiency of peptides compared to tryptic peptides could also be a
contributing factor. But, similar to other comparisons (Figure 2.4, A, B), a low overlap (~21.6%)
was observed in the comparison of inherent peptide sequences identified from the emulsion and
hydrolysate fraction (Figure 2.4, C). Even though the hydrolysate and emulsion fractions are

subjected to the same processing approach and originate from the same source, the partitioning
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during centrifugation generates unique profiles in each fraction as evident from the distinct

protein/peptide profiles (Figure 2.4).

Hydrolysate A Emulsion

67 33 67

(40.1%) 1(19.8%)] (40.1%)

423 2333
(14.2%) (78.5%)

64 43 92
(32.2%) \(21.6%)] (46.2%)

Figure 2.4: Venn diagrams comparing (A) most abundant (based on total spectrum counts)
proteins identified after tryptic digestion, (B) identified peptides following tryptic digestion, (C)

peptides identified from hydrolysate and emulsion fraction without tryptic digestion.
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2.3.5. Amino acid composition

The amino acid composition of hydrolysate and emulsion fraction is presented in Table
2.4. Essential amino acid content of the hydrolysate fraction is 39.82%, which is relatively lower
than values reported in other marine peptide products reported in the literature.!!®!46 These lower
levels could be as a result of longer processing durations associated with the microbial
fermentation approach compared to enzymatic hydrolysis. Belhaj et al. (2013) reported that a
phospholipopeptidic complex from Atlantic Salmon was rich in Gly > Glu > Asp > Ala.”?
Similarly, it was observed that the emulsion fraction and hydrolysate fraction from Atlantic
Salmon both had higher abundances of Glx (Glu+Gln) > Gly > Asx (Asp+Asn) > Ala. However,
compared to the aqueous hydrolysate, the emulsion fraction showed higher abundance of
hydrophobic/aromatic amino acids, Phe (60% more) and Tyr (2-fold higher). These trends (higher
aromatic amino acid residues in the emulsion fraction) were also observed in the emulsion and
aqueous fractions derived from Rainbow trout and Cobia (unpublished results). The emulsion
fraction was also found to have 2-fold higher arginine abundance whereas no differences were
observed for lysine and histidine. Based on the amino acid composition and peptide profiles
(described in previous sections), it can be inferred that the hydrolyzed peptides separated into the
emulsion fraction as a result of higher hydrophobicity arising from their constituent amino acids,
which enabled the formation of the emulsion fraction. Hatab ef al., (2017) and Trang and Pasuwan
(2018) have inferred that hydrophobic peptides containing cationic amino acid residues can
penetrate the bacterial cell to induce antimicrobial activity.!*!% Therefore, unique features
associated with the emulsion fraction peptides have to be further evaluated for other bioactivities

such as antimicrobial activity.
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Table 2.4: Amino acid composition of the emulsion and hydrolysate fractions (dried and
defatted) generated from fermented Atlantic salmon by-products.

Amino acids AA content (ug/mg of sample)

Hydrolysate Emulsion

Asx (Asp+Asn) 39+9 41+2
GIlx (Glu+Gln) 56+11 55+3
Arg 5+1 11.1+0.2%
Lys 29+ 4 30£1.3
His 11+£2 11.2+0.2
Ser 11£2 13+£1
Thr 13+£2 15+1
Met 12+2 14+0.2
Gly 52+9 42 +2
Ala 38+11 32+4
Val 20+ 4 22+ 1
Ile 15+3 19+1
Leu 25+5 30+ 1
Phe 9+0.7 15 +£0.3%*
Tyr 5+1 10 £ 0.4+
Pro 317 262

*&** indicates a statistical significance of p<0.05 and p<0.01 respectively, based on paired t-test
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2.3.6. Antioxidant activities

Transition metals generate reactive oxygen species, resulting in lipid peroxidation and
DNA damage. Therefore, the chelation of transition metal ions by antioxidant or antioxidative
peptides would result in reduction in ROS. The hydrolysate fraction had Fe(II) chelation capacity
of 28 = 8 uM EDTA equivalent. The emulsion was observed to have a 4-fold higher metal
chelation capacity (98 = 1 uM EDTA equivalent), in comparison with the hydrolysate fraction
(Figure 2.5, A). The emulsion demonstrated metal chelation capacities comparable to
hydrolysates/peptides with high metal chelation capacities described in the literature.®2”-!>° High
abundance of aromatic and basic amino acid residues (as in the case of the salmon emulsion
fraction) have been observed to increase ferrous chelation capacity in peptides by O’Loughlin et
al., (2015).1°° However, defatting resulted in a 5-fold decrease in activity. Metal chelating
component of the emulsion is disrupted or eliminated during the process of diethyl ether lipid
extraction. It is also noted that the defatted peptide suspension had very low solubility which
potentially lead to lower bioactivity. The ferric reducing capacity of smaller peptides are reported
to be higher in the literature.’*'>! Both the hydrolysate and emulsion (defatted) fractions
demonstrated comparable FRAP and act as electron donors to reduce ferric ions as shown in Figure

2.5, B. Emulsion fraction was unsuitable to be used for the assay without defatting.
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Figure 2.5: Antioxidant capacity of emulsion and hydrolysate fraction. (A) metal chelation
capacity expressed as uM equivalent of EDTA, (B) ferric reducing capacity expressed as mM

equivalent of GSH.

* indicates significant difference of p < 0.05 based on multiple comparison of means (Tukeys
test) using one-way ANOVA.
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2.4. Conclusion

The present study attempted to characterize the fractions generated from microbial
bioprocessing of Atlantic Salmon by-products. The protein hydrolysate fraction has potential for
several applications in developing functional food because of its high solubility and functional
properties. Molecular weight profiles of the hydrolysate and emulsion fractions derived in the
present study indicated major contribution of peptides below 1 kDa (~75%) in both fractions. This
study provides a better understanding of the underlying peptide behavior that leads to the formation
of the emulsion fraction i.e., higher hydrophobicity. While originating from the same source, the
hydrolysate and emulsion fractions had distinct peptide profiles. Owing to its hydrophobicity, a
potential application of the emulsion fraction will be towards incorporation into food matrices to
improve food shelf life and reduce spoilage. The hydrolysate fraction can be further refined to

generate peptide products with higher bioactivity with potential to be incorporated.
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CHAPTER 3

Evaluation of storage stability of aqueous protein hydrolysate
recovered from lactic acid fermentation of Atlantic Salmon by-

products

Abstract

Biochemical parameters were studied during storage of salmon protein hydrolysate generated via
lactic acid bacterial autolysis. The hydrolysate stored at two different conditions (room
temperature and at 4 °C) were stored over a period of 12 weeks. Degradation of larger MW and
hydrophobic components were observed in the protein hydrolysate after 8 weeks of storage at room
temperature via LC-MS/MS. Similarly, free amino nitrogen content was observed to increase
significantly in the hydrolysate after 8 weeks at room temperature (21.3%) and 12 weeks (18.4 %)
at 4 °C. However, protein quality assessed via crude/soluble protein content and functionality
tested using ferric reducing capacity showed no changes (~0.6 mM glutathione equivalent) over
the period of 12 weeks in both storage conditions. The samples over the entire period of storage
did not have quantifiable levels of lipid oxidation products. Therefore, the salmon protein
hydrolysate is amenable for periods of storage, retaining product quality, especially from the

perspective of further processing, transport and storage.
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3.1. Introduction

The liquefaction and stabilization of minced whole fish or fish offal has traditionally been
performed through the addition of acid. The low pH creates an ideal environment for autolysis by
endogenous enzymes, inducing liquefaction and resulting in a mixture of proteins, short peptides,
and free amino acids, among other nutritional components such as fatty acids and minerals. A pH
below 4.5 is suggested to prevent the growth of microbes, while retaining the pH above 3.5
eliminates the need to neutralize the resulting material before further use.® Microbial fermentation
is especially sought after in this field as a sustainable approach to generate organic acids which
can establish the low pH environment needed to form desirable by-products (such as deproteinized
whey). It is essential to understand the stability and shelf life of the fish protein hydrolysates for

17 animal feed or pet food.>

successful development of bioproducts such as a fortified food/drinks,
Storage stability is also relevant for further separation and processing of these materials for the
above-mentioned applications.

One of the challenges of using autolysis for the production of salmon protein hydrolysate is
the variability of the end product. Processing parameters such as pH, organic acid type/content,
and storage conditions, can influence the final composition, nutritional quality, physicochemical
properties and functionality of the fish protein/peptide bioproducts.'?° While storage stability of

120.152 plant proteins'> and enzymatically generated fish protein

bovine (milk) protein hydrolysate,
hydrolysate'!”-!!® have been characterized in the literature (reviewed by Rao et al., (2016)),'*° the
storage stability of fish protein hydrolysate generated by microbial fermentation remained
uncharacterized.

The objective of this study was to perform a systematic evaluation of the storage stability of

salmon protein hydrolysates, SPH (described in Chapter 2). Evaluation of the impact of storage
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at various temperatures and over a range of durations was performed with respect to chemical
composition, physiochemical properties and antioxidant activity of SPH. This work contributes to
the understanding of the role of storage conditions in influencing feasibility/pitfalls for
downstream processing of protein hydrolysate and product shelf life in fish peptide bioproduct

development for high-value utilization of salmon by-products.
3.2. Materials and Methods

3.2.1. Assessment of storage stability

The SPH was aliquoted to multiple sealed microcentrifuge tubes and stored at room
temperature (~20 °C; RT) and at 4 °C. The sample tubes were withdrawn at different intervals over
the course of 12 weeks, after which they were snap frozen in liquid nitrogen and lyophilized prior

to further analysis of physicochemical properties.

3.2.2. Protein content

Crude protein content was estimated from total nitrogen content of dried samples which was
determined using an elemental analyzer (2400 CHNS/O Series Il System, Perkin Elmer, USA).
The crude protein content was calculated using the formula as described in equation 2.1.
Soluble protein content in the lyophilized samples was evaluated using modified Lowry assay
following their resuspension in phosphate buffer (1 mg/mL) with BSA as a standard.
3.2.3. Free amino nitrogen content

Free amino nitrogen (FAN) content was determined using the method reported by Nielsen

et al.%*'>* Sample (1 mg/mL sample, 33 pL) was added to 250 pL of o-phthalaldehyde reagent and
the absorbance was measured at 340 nm (Tecan M1000 microplate reader, Ménnedorf,

Switzerland). FAN content expressed as serine equivalent.
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3.2.4. Evaluation of lipid peroxides

Lipid peroxidation products in stored SPH samples were evaluated using Diphenyl-1-
pyrenylphosphine (DPPP, Molecular Probes™, OR, U.S.A.) as a fluorescent probe. DPPP reacts
with lipid peroxides to give DPPP oxide which was detected fluorometrically at excitation and
emission wavelengths of 361 nm and 380 nm, respectively (Tecan M1000 microplate reader,
Minnedorf, Switzerland).!*> DPPP solution (50 pL of 50 ng/mL dissolved in dimethyl sulfoxide
and diluted using H>,O) was added to 150 pL of sample (4 mg/mL) and incubated for 5 min (RT),
and fluorescence intensity of the assay mixture was then measured. Additionally, thiobarbituric
acid reactive substance (TBARS) assay was also carried out to evaluate the presence of lipid

peroxides in the stored SPH samples. 3!

3.2.5. LC-MS analysis

Purified SPH samples were dried and resuspended in 0.1% FA in 5% acetonitrile. Sample
were injected (10 pL) to self-packed spray tips (New Objective, Woburn, MA) with Poros R2
beads (ThermoFisher Scientific) using a dual capillary LC system (Agilent technologies)
interfaced to an LTQ linear ion trap mass spectrometer (ThermoFisher Scientific, San Jose, CA).!4?
The LTQ operated in data-dependent mode (MS followed by MS/MS of top three peaks) with 30
s dynamic exclusion. The TIC was visualized using MZmine and Peaks Studio ((Bioinformatics

Solutions Inc., ON).

3.2.6. Ferric reducing antioxidant potential

The ferric reducing antioxidant potential (FRAP) of the hydrolysates was carried out based
on a method by Oyaizu (1986) with modifications.®*!* Equal volumes (100 pL) of sample (4
mg/mL) and potassium ferricyanide (1% w/v, Sigma-Aldrich, ON, Canada) were mixed and

incubated at 50 °C for 20 min. 100 pL of TCA (10% w/v) was added and the mixture was vortexed.
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The mixture was centrifuged at 8,000xg and 100 uL of the supernatant was transferred to a 96-
well plate containing 80 pL of d.H20. Thereafter, 20 uL of FeClz (0.1% w/v) was added and the
mixture was incubated for 10 min (RT) and absorbance was measured at 700 nm (Tecan M 1000
microplate reader). The ferric reducing antioxidant potential was expressed as mM GSH equivalent

based on a GSH standard curve.

3.2.6. Statistical analysis

All colorimetric assays were carried out in triplicate with results expressed as mean +
standard deviation. Fisher multiple comparisons of means was performed with Minitab (USA) to
evaluate significant difference (p < 0.05) between samples and control (SPH, snap frozen at 0 days

of storage).

3.3. Results and Discussion

SPH is a clear yellowish solution immediately after collection of the fresh product
following centrifugation. Visual inspection of the samples over the course of storage showed the
progressive development of a brownish color. This was most prominent when stored at RT. Figure
3.1 depicts the difference in color development depending on the storage condition. Samples stored
at RT exhibiting a noticeable brown color at 8 weeks. The samples stored in the fridge gave the
appearance of a slight brown color at 12 weeks. A previous study from our group demonstrated
that ~0.2 mM lactose (used in fermentation) remains after fermentation, which can potentially lead
to a Maillard reaction (non-enzymatic browning).'?° However, the acidic environment of the SPH
should reduce the formation of non-enzymatic glycation products.!®® Additionally, during
fermentation and storage, the bacterial decarboxylation of amino acids or transamination of
aldehydes and ketones can lead to formation of active biogenic amines which are nitrogenous

organic bases of low molecular weight, polar or semi-polar compounds.'>” Formation of these

55



biogenic amines can also be potentially responsible for the appearance of brown color in the
samples stored at RT after 4 weeks. It is noteworthy that the appearance of the brownish color did
not correspond with turbidity in the SPH; all solutions remained clear with no cloudiness at RT or
at 4 °C with up to 12 weeks storage. This therefore is an indication that microbial growth did not
occur. Growth is predicted to be inhibited by the low pH and potential antimicrobial compounds
generated by lactic acid bacteria during bioprocessing. The lack of turbidity is also an indication
that protein aggregation did not occur. This would be a major concern for samples containing high

protein/peptide concentrations.'?

8 weeks

12 weeks
Figure 3.1: Photograph of SPH extract stored at 4 °C and at room temperature (RT).
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Oxidation of myoglobin and melanin pigments is also reported to result in darkening of the
hydrolysate color.'!'® Additionally, lipid peroxidation could lead to development of this darker
color. Unnikrishnan et al., (2020) quantified the malonaldehyde (lipid peroxidation product)
content to range from 0.9-3.6 mg/kg in yellowfin tuna peptides during six-month storage in
ambient conditions and 0.9-2.2 mg/kg in fridge storage.!'® In contrast, lipid peroxide estimation
carried out fluorometrically using DPPP and colorimetric detection using TBARS assay did not
quantify detectable levels of products of lipid peroxidation in any of the SPH samples (stored at
RT or 4 °C). Therefore, the development of brown coloration was not as a result of lipid peroxides.
The lack of lipid peroxidation products is an indication of SPH product quality with longer shelf
life and reduced deterioration of nutritional and sensory qualities.

3.3.1. Protein content

Biogenic and volatile amines that are formed as a result of free amino acid metabolism
during storage.'>® These metabolic products can result in lowering of the protein content and N
content in SPH.!*® However, based on the crude protein content calculated from total nitrogen
content, statistically significant differences were not observed (p> 0.05) in the samples stored at 4
°C or at room temperature. The samples varied between ~53% to 56% crude protein content on a
dry matter basis. Production of volatile amine products can result in a decrease in total nitrogen
content, and thereby the crude protein content, which was not the case up until 12 weeks of storage
at room temperature. Similarly, the soluble protein content of stored SPH samples (4 °C and RT)
was not observed to have significant changes (p>0.05). Therefore, total protein content remained
unaltered in SPH in case of room temperature and fridge storage. Similarly, Thiansilakul et al.,
(2007) observed no substantial differences in protein solubility for fish protein hydrolysates kept

at 4 °C and 25 °C throughout a 6-week period of storage.'>’
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3.3.2. Properties of stored SPH samples

Monitoring the free amino nitrogen (FAN) content is an indication of further degradation
of peptides. As partially hydrolyzed proteins are further hydrolyzed to smaller peptides or free
amino acids, the FAN content is expected to increase.® Figure 3.2 depicts the change in FAN
contents in the stored SPH samples. The increase in FAN content at 8 weeks for room temperature

storage (305 to 370 uM serine equivalent, 21.3% increase) and 12 weeks for 4 °C storage (361

UM serine equivalent, 18.3% increase) is indication of hydrolysis of peptides.

400

*
m4°C mRT = *
0 J II II I| |I |I

Oday 1week 2weeks 4 weeks 8 weeks 12 weeks

w
o
o

Free Amino Nitrogen
(Serine eqv)
= N
o o
o o

Figure 3.2: FAN content of SPH stored at 4 °C (F) and RT over the course of 12 weeks.

* indicates significant difference at 95% confidence with Fisher multiple comparison of means
using one way analysis of variance, time 0 was used as the control

Ferric reducing antioxidant potential (FRAP) determines the ability of the samples to
function as an electron donor to reduce ferric ions. An increase in the degree of hydrolysis of
peptides has been described to result in reduced FRAP activity.®?”*> However, FRAP activity did

not decrease (p> 0.05) in the SPH samples stored for 12 weeks at either temperature (~0.6 mM
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GSH equivalent). Similarly, Thiansilakul ez al. (2007) observed stable ferric reducing capacity in
marine peptides generated from round scad during a period of 6 weeks (both at 25 and 4 °C).!*
However, unlike the present study, Thiansilakul et al. (2007) performed the storage stability
evaluation on dried protein hydrolysate.!?? Additionally, the presence of moisture has been
regarded as a major detrimental factor in reducing the stability of protein hydrolysates.'!”:!!8
Therefore, this is a further indication of the stability of the liquid salmon protein hydrolysate in
the present study.

3.3.3. LC-MS profile of SPH samples

Previous studies have demonstrated that proteolytic activity and microbial load (colony
forming unit count) are reduced to negligible levels after a week of bioprocessing in SPH
samples.®?? Therefore, it was expected that, even without heat-induced enzyme inactivation, SPH
would remain stable for a month without significant changes. As expected, further hydrolysis of
samples was not observed.

Following 8 weeks of storage at room temperature, several features were observed to have
been diminished in the LC-MS profile (Figure 3.3, A). This was especially pronounced for peaks
with retention time >40 min, representing the more hydrophobic peptides, which tend to be larger
as well. It was observed that these MS features becomes negligible at the 8™ week of storage at
RT (Figure 3.3, A). In contrast, SPH storage at 4 °C was observed to have consistent features
(Figure 3.3, B). Lower peak intensities for SPH stored at 4 °C were only observed for sample
stored for 12 weeks (Figure 3.3, B). Similarly, Grave et al (2016) demonstrated that temperature
of storage rather than pH played a significant role in determining the stability of a plant-derived

peptide.'>?
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MS features between m/z 500-600 and m/z ~900 were observed to have been degraded over
the course of the storage at RT stored for 8 and 12 weeks (Figure 3.4). Additionally, major features
between m/z 500-600 with retention times 20-40 min also demonstrated reduced signals in R4, RS
and R12 (Figure 3.4). In the case of storage at 4 °C over a 12-week period, MS features remain
consistent for the hydrolysate over the storage period, with a slight decrease in peak intensity seen
at the end of the 12-week storage (Figure 3.4). Conversely, a progressive increase is observed in
the abundance of initially eluting (unretained on column) peaks were observed with storage at RT.
These peaks are expected to be highly hydrophilic degradation products generated during the
storage period (more so at RT). In the case of storage at 4 °C, these early retention time LC-MS
features were observed to be less prominent, and can only be observed at 12 weeks of storage. The
larger peptides in the protein hydrolysate are predicted to be degraded during RT storage resulting

in smaller hydrophilic molecules.
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Figure 3.4: 3D intensity view for visual inspection of the LC/MS data of SPH samples stored at

room temperature (R) and 4 °C (F). The numbers 0, 4, 8 and 12 associated with R and F indicate
the storage period in weeks.
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3.4. Conclusion

Examination of the SPH degradation over time demonstrated that room temperature storage
can reduce the peptide features present, even though functionality and physicochemical
characteristics remained mostly intact. Crude protein content of ~55% for the SPH remained intact
for a period of 12 weeks. Peptide stability evaluated by mass spectrometric analysis revealed a
stability for up to a month under ambient conditions whereas storage in the fridge improved
stability up to 12 weeks (and possibly more). Information on storage stability influences product
placement and marketability as an ingredient for functional foods or nutraceuticals. Foods
incorporated with SPH bioactive peptides will have a potential to serve nutritional and functional

potential.
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CHAPTER 4

Review of membrane separation models and technologies:

Processing complex food-based biomolecular fractions

Abstract
There is growing interest in the food industry to develop approaches for large-scale production of
bioactive molecules through continuous downstream processing, especially from sustainable
sources. Membrane-based separation technologies have the potential to reduce production costs
while incorporating versatile multi-product processing capabilities. This review describes
advances in membrane technologies that may facilitate versatile and effective isolation of bioactive
compounds. The benefits and drawbacks of pressure-driven membrane cascades, functionalized
membranes and electromembrane separation technologies are highlighted, in the context of their
applications in the food industry. Examples illustrate the separation of functional macromolecules
(peptides, proteins, oligo/polysaccharides, plant secondary metabolites) from complex food-based
streams. Theoretical and mechanistic models of membrane flux and fouling are also summarized.
Overcoming existing challenges of these technologies will provide the food industry with several

attractive options for bioprocessing operations.

This chapter has been published as C. K. Rajendran, S. R., Mason, B., Doucette, A. A. Food Bioprocess Technol.
(2021) 14, 415-428.
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4.1. Introduction

Food and feed formulations require the bioactive molecules at higher concentration. Since
bioactive components are diluted during the formulation process (encapsulation or addition to a
complex matrix). Enrichment/separation/purification strategies play a major role towards the
development of functional food or nutraceuticals. The ability to generate functional food
ingredients from under-utilized natural sources is an attractive, timely and opportune area of
research and development, though it still presents challenges to food-ingredient manufacturers
because of the complex, heterogenous nature of these materials. Biovalorization processing can be
accomplished via: 1) large-scale pre-treatment of biological materials, ii) extraction or isolation of
compounds of interest, iii) separation of molecular fractions, iv) purification of compounds of
interest, and v) incorporation into food/ nutraceutical product formulation.'®® Membrane filtration
can be a valuable tool for these processing steps to target the enrichment of specific compounds

160.161 with multiple therapeutic and nutraceutical applications.'**

from food-based matrices,

Membrane filtration is a promising technology for process-scale separation and
purification of biomolecules in several diverse industries. The replacement of traditional modes of
commercial-scale separation such as chromatography with membrane-based approaches has
distinct advantages. Not only are membrane approaches amenable to continuous downstream
processing of bio-based products, but they can afford lower operational expenses and safer
operation at lower pressures.!®?> Pressure-driven membrane separations including ultrafiltration
(UF) and nanofiltration (NF) are key non-destructive approaches for processing in several

applications such as water treatment, paper/pulp production, fertilizer, petroleum, textile and food

industries. The applications discussed in the present review are limited to food processing.
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Although membrane technologies offer potentially high separation speed and throughput,
the accumulation of solute molecules at the membrane surface, termed fouling, is a major
hindrance that has limited their widespread application.!®® Fouling is especially concerning for
application of membrane separations in complex food-based feed solutions. To overcome this, the
present review highlights theoretical models which form the basis of current and potential
innovative developments in membrane-based separations to enhance fractionation/purification of
complex matrices with relevance to the food industry. Additionally, current use of membrane-
based separations is largely limited to fractionation on the basis of molecular weight, restricting
selective separation in downstream processing of complex substrates. The capacity to separate
biomolecular fractions from these feedstocks based on their physicochemical properties, such as
charge, molecular weight or monomer composition, can aid in the development of bioactives and
functional foods. This chapter describes several approaches to improve upon these constraints to
enhance selectivity and throughput of membrane processing for applications in food-based

systems.

4.2. Membrane filtration vs. chromatography
Given their high selectivity and versatility, chromatographic approaches are generally

favored at both the analytical and industrial scale for complex separations. Industrial-scale

4 6

monolithic,'®* counter current!®® and ion exchange!®® chromatography approaches are used
extensively in high value biopharmaceutical applications involving separation of biomolecules.
However, in addition to high capital and operational costs, traditional chromatographic approaches
suffer from low diffusion rates (mass transfer) for macromolecules and ultimately provide low

throughput. While offering higher selectivity, chromatographic approaches also tend to require

additional steps, either pre- (solvent evaporation, sample filtration) or post-separation (solvent
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removal or exchange) which also adds to their drawbacks. Membrane-based separations offer a
complementary approach to overcome these limitations. Membrane filtration processes require
inherently lower capital costs, they are relatively insensitive to diffusional resistance of
macromolecules, and can be easily scaled to high flow rates, affording improved throughput for
bulk processes.'®” Contrasting with the batch form inherent to chromatographic approaches,
membrane-based processing also affords the potential for continuous operation.'” While it is
recognized that even the most efficient filtration unit cannot provide the selective separations
inherent to high efficiency chromatographic columns, enhanced selectivity can be gained by
employing multiple membrane separation modules, also known as multistage filtration or
membrane cascades. The use of functionalized membranes (eg. charged or permselective) can also
enhance membrane selectivity.'®® Another approach to improve the selectivity involves
electrodialytic separations using UF membranes, which function under an applied electric field to
separate compounds based on their charge. Electrodialysis approaches are gaining in popularity,
especially in food applications to separate charged species.!®® These and other membrane-based
technologies will be discussed in detail in this review, highlighting their potential for efficient
separation and recovery of biomolecules from food or natural products.
4.3. Membrane separation efficacy and fouling: mechanisms and modelling

UF and NF are generally pressure-driven processes by which the desired macromolecular
solutes are selectively separated from other impurities through a membrane. Efficiency of these
processes is determined by the fraction of material that passes through the membrane, known as
permeate flux or flux through the membrane. Various theoretical models have been presented that

provide a fundamental understanding of the factors that govern permeate flux across filtration
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membranes. These models therefore form the basis for designing improved filter-based separation

platforms.

4.3.1. Permeate flux and solvent permeability

The hydraulic permeability coefficient (L) is a term used to describe the magnitude of the
solvent flux (typically water) through a porous membrane. It can be described mathematically as
follows:

gr2
P~ 5o ...(4.1)

where € 1s the membrane void fraction (the ratio of volume occupied by open pores in the
membrane), O is the membrane thickness, p is the solvent viscosity and r is the average radius of
the membrane pores, which is generally larger when selecting higher molecular weight molecules.
Based on this equation, several filtration parameters can be modified to increase permeate flux,
and thereby improve performance. For example, the permeability coefficient is influenced
indirectly by temperature as it in turn relates to viscosity. The viscosity of water decreases 3-fold
as temperature increases from 4 to 50 °C.'7° As a consequence, higher membrane performance can
be observed at elevated temperatures (35 to 40 °C).!"!:'72 Unfortunately, beyond a threshold
(~50°C), higher temperatures are generally unsuitable for biomolecular processing, as most
membranes and biomolecules tend to be thermally labile. The viscosity of high concentration
protein solutions can be decreased by adding co-solutes such as histidine and trehalose (to disrupt
intermolecular interactions), which improved permeate flux across UF membranes.!”® Similarly,
thinner membranes (low Om), or those with higher pore density (high €) can improve membrane

performance. For instance, the increase in porosity gained from the controlled chemical
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degradation of a polystyrene membrane (26 % weight decrease) was shown to result in a 67%

increase in flux across a broad pH range.!”

4.3.2. Solute behavior and gel polarization

Membrane filtration can be employed with a goal of isolating smaller molecular weight
species from the feed as they pass through the membrane and are collected in the permeate.
Alternatively, filtration also enables the enrichment and collection of desired macromolecules in
the retentate. In both cases, as more feed is processed, the flux through a membrane will be
impeded by molecules in the feed solution, particularly at high solute concentrations. During a
membrane filtration process, as pressure drives solvent through the membrane pores, a fraction of
the permeable (low molecular weight) solute will pass through (C,). Simultaneously solute
molecules will accumulate on the surface of the membrane as it is a bottleneck (Figure 4.1).163
Thus, the solute concentration is highest at the wall (Cy), and the concentration decreases with
increasing distance from the surface (wall) of the membrane to the bulk (feed) solution
concentration (Cp). The distance from the membrane surface, at which the concentration of the
solutes reaches that of the bulk feed (Cp) and is referred to as boundary layer thickness (6) (Figure
4.1). This change in solute concentration results in the emergence of concentration gradients at the
membrane-solvent interface which is termed concentration polarization or gel polarization. Filtrate

flux (Jv) is derived from the stagnant film model,'”

J, = kln (CW_EP) .(42)

Cp—Cp
where k is the solute mass transfer coefficient, which is the ratio of the diffusion coefficient of
solute to the boundary layer thickness (k=D/3). Based on equation (ii), flux across the membrane
(Jv) can be improved by enhancing the back-diffusion process, i.e., improving the mass transfer

between the boundary layer of solute (on the membrane surface) and bulk solution/feed.!”> Hung
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et al. (2016) were able to use this approach with the help of co-solutes to significantly improve
flux across UF membranes for protein solutions. Co-solutes such as histidine and imidazole reduce
the attractive protein-protein interactions that hold together the boundary layer of protein on the

membrane surface thereby improving mass-transfer between the bulk feed and membrane wall.!”3

Permeate side

—

Boundary layer
Back diffusion thickness

Convection (J,) +—

Membrane

S X

Figure 4.1: Schematic diagram of solute transport across a membrane boundary of o via
convection and diffusion (Adapted with permission from Eztel (2009) Copyright {2009} [Wiley
and sons]). The x-axis indicates the distance from the membrane surface and the y-axis indicates

concentration of solute

Similarly, changing feed pH has been shown to suppress intermolecular interactions and improve
permeability.!7®
4.3.3. Membrane cascades: Improved selectivity

In addition to solvent permeability and solute behavior, membrane selectivity is a major factor

that influences filtration performance. Selectivity of membranes is quantified using sieving
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coefficients. The observed sieving coefficient is a fundamental measure of filtration performance

and can be defined as:

S() :Cp/Cb ..(43)

where C, refers to solute concentration in the permeate (p) or in the bulk feed (b). Selectivity

(v) between multiple solutes during membrane separation is the ratio of their sieving coefficients:

Y=S01/So2 ...(44)
where So1 and So2 are the observed sieving coefficients of the less and more retained
biomolecular fractions, respectively (Mehta and Zydney 2005). It is important to note that sieving
coefficients are not physical properties of the solutes but rather are process-dependent. Therefore,
process parameters can be varied to tailor the selectivity of the membrane.

Gunderson et al. (2007) used a combination of membrane modules called diafiltration units
to influence flow conditions of the solvent. Diafiltration is the simplest form of membrane cascade
(Figure 4.2 a) and involves two stages. Solute concentration in the bulk (Cy) and membrane wall
was reduced by dilution of the feed stream, thereby increasing global selectivity (via increased So
values) and enhancing separation (Figure 4.2).!”7 The first stage (Figure 4.2 a (1)), is selectively
permeable to low molecular weight solutes, while the second downstream filter (2) is permeable
only to the solvent.!”” Diafiltration units can form an important component of a cascade process
as a means of removing low-molecular weight impurities while simultaneously facilitating solvent
recycling. For instance, a two-stage ceramic ultrafiltration cascade was successfully used to

recover (~97%) and purify bromelain from crude pineapple wastes.!”
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In ideal cascades, transmembrane fluxes at each membrane module are distinct as a result
of differences in partitioning of the components of the feed solution into permeate and retentate
fractions. The number of stages in a membrane cascade relates to enhanced separation efficiency,
as does the manner in which the permeate/retentate streams within the cascade are directed (in
terms of optimized flow rates, transmembrane pressure).!¢”17%1% Figure 4.2 b describes the flow
and partitioning of retentate and permeate fractions at various stages of a three-stage membrane
cascade. The feed is partitioned initially (Membrane F) and both the retentate and permeate
fractions from ‘F’ are further processed using the W and P membrane modules, respectively (Fig.
2 b). Patil ef al. (2014) found the ratio of the sieving coefficients (as measured by the concentration
solutes in feed and filtrate) in a mixture of solutes to play a major role in influencing yield and
purity of solutes.'®! At higher ratios, both yield and purity of solute fractions were found to increase
proportionately in a three-stage membrane cascade. In the same study, for a five-stage cascade, the
yield and purity became inversely related especially at higher ratios of sieving coefficients i.e. a
decrease in yield was observed for fractions with higher purity.!®! Rizki et al., (2020)
demonstrated that increased temperature during the operation of a 3-stage cascade for separation
of oligosaccharide lead to an increase in the product in the permeate flow along with a higher flux,
with no change in product purity.!®? Additional study from the same group tested multiple
configurations and operating parameters of a three-stage cascade to increase purity of the collected
fractions.!®*!84 Therefore, cascade system installation and optimization for various solutes is
dependent on modelling the sieving coefficients. Sieving coefficient ratios need to be generally

low, for optimal separation and satisfactory yield, at higher stages of cascading.
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Figure 4.2: (A) Schematic diagram of solute transport through a diafiltration system that
facilitates concentration of high molecular weight solutes and solvent recycling (Modified from
Gunderson et al. (2007)). (B) An ideal 3-stage membrane cascade with three modules (W, F,
P) and Pi and Ri indicating permeate or retentate flux arising from respective membranes.

Adapted with permission from Patil et. al. Copyright [2014] [Elsevier B.V.].

4.3.4. Membrane fouling: Pressure-limitations

Flux decline is a major factor that has constrained the application of membrane processing,
as it necessitates frequent halting for periodic back-flushing to restore flux. Gradual decline of
permeate flux is a prevalent phenomenon and occurs primarily as a result of pore blocking and gel
layer formation.'®® Figure 4.3 describes the change in flux in different stages as a result of different

chemical mechanisms. The rapid drop of flux in the initial phase of the filtration process is
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attributed to the membrane pores being blocked by the solute molecules (Figure 4.3 (I)). In phase
II, a gradual rate of reduction of permeate flux occurs as a result of formation of the gel layer as
the amount of retained solute particles increase on the membrane surface (Figure 4.3, II). The
retained layer reaches an equilibrium thickness when particles on the membrane surface layer are
in equilibrium with particles in the bulk solution, causing the permeate flux to stabilize and reach
a steady state (Figure 4.3, III). In the steady state, the amount of solute material from the feed
(bulk) accumulating at the membrane will be equivalent to solute released from the membrane,

either as permeate or through back-diffusion of solute in the direction of the feed (bulk).

,E,__ Flux of pure :
© water I : I

Flux |1:

v

Time

Figure 4.3: Schematic diagram of different stages of flux decline (Adapted with permission from
Song (1998) Copyright [1998] [Elsevier B.V.]). I occurs as a result of solute molecules causing
pore blocking, Il is a result of solute absorption (cake layer), III is the flux at equilibrium or

steady state.

A critical pressure threshold dictates the formation of a steady state at any given solute

concentration. When the applied pressure exceeds a certain critical pressure, the filtration is in
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non-equilibrium operation, causing solute to accumulate and expand the thickness of the gel layer,
which leads to membrane fouling.!®® There are several models that describe the build-up of solute
molecules on membrane surfaces based on the applied pressure.!®>!8¢ The gel polarization model
demonstrates flux decline as a function of the mass transport coefficient of the solute while the
osmotic pressure model also takes into account variables such as transmembrane pressure.'®
Wijmans et al. (1984) compared these two models and clearly showed the flux-pressure profile in
UF to be a function of the flux-pressure derivative. According to this model, buildup of solute on
the wall of the membrane (Cw) generates an osmotic pressure that counteracts the applied pressure
(AP). The contributions of fouling and gel polarization and their modelling have been described in
detail by Yazdanshenas et al. (2010) for clarification of apple juice by an industrial-scale UF
module.'® Identification of flux decline mechanisms is essential for system design and flux
enhancement strategies. Additionally, fouling mechanisms vary based on membrane and solute
characteristics. Habibi et al. (2020) demonstrated that same amount of glutathione and BSA
accumulated on the membrane surface generates different levels of flux declines that are dependent
on the mechanism of fouling.'®’

As an alternative to dead-end filtration, the crossflow filtration approach places the feed
stream flows tangential to the membrane surface and is modelled by a combination of Navier-
Stokes and Darcy equations.'3%!% Studies have demonstrated that crossflow UF with low pressure,
low substrate load (feed concentration) and low tangential flow velocity demonstrated the higher
efficiency for longer term operation.!**!”! In crossflow filtration, spatiotemproral progression of
solute deposition (equilibrium and non-equilibrium region) occurs from the feed end to the
retentate end of the membrane during processing. The average permeate flux for the entire

membrane surface has been modelled by Song, (1998).!%* Crossflow models enable the prediction
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of steady state and corresponding flux based on the parameters of design and operation of filtration
process.'®1%9 However, studies focused on improving the membrane filtration process for
macromolecular solutes by the optimization of parameters (transmembrane pressure, particle size,
resistance of the gel layer and cross-flow rates) still rely on the basic understanding of membrane
filtration.!7>177:19219% Ap improved understanding of the chemistry underlying the dynamics of
molecules within filtration systems will facilitate fabrication and design of improved filtration
systems. Research in this direction is critical for the development of a membrane processing
framework for working with feed solutions with multiple solutes and testing the validity of these

models.

4.4. Electrically enhanced membrane processing

Modification of membrane surface chemistry can significantly increase flux and reduce
fouling. However, despite improvements resulting from surface modifications, pressure-driven
membrane systems are still limited by the applied transmembrane pressure. To increase flux
without having to increase transmembrane pressure, an electode-assisted filtration (electro-
ultrafiltration) approach has been developed based on an electrophoretic process for ion selection
in tandem with conventional membrane modules.!”*'* All charged particles migrate in the
presence of an electric field, with the anions toward the anode and cations toward the cathode. And
the velocity of these charged particles under the influence of an electric potential is determined by
their size, viscosity of the medium (feed) and the magnitude of charge and the electric field.

Electrophoretic velocity, vep is described as

Vep:}lepE cee (45)
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where, e 1s the electrophoretic mobility of the solute molecule and E is the magnitude of the

applied electrical field. The electrophoretic mobility, pep can be expressed as

Wep=q/6mNr ...(4.6)
where q is the charge of solute molecule, 1 is the viscosity of the feed, and r is the hydrodynamic
radius of the solute molecule.

Electro-ultrafiltration involves the application of an electric field perpendicular to the
surface of the membrane in tandem with pressure-driven tangential flow for the separation of
mixtures of charged biomolecules such as proteins/peptides.!**!°® Figure 4.4 a depicts a general
schematic of a crossflow electro-ultrafiltration module. The electric field acts as an additional
driving force for solute transmission along with applied pressure inside the membrane
module.'”*"7 The electric field also facilitates selective separation based on differences in
electrophoretic mobility of the solutes.!”® Based on eq (iv), increasing the electrophoretic velocity
is expected to improve the selectivity of separation. Naturally, highly charged moieties in the feed
will tend to have higher electrophoretic velocity.

Application of an electric field also reduces the protein (solute)-membrane interactions.'*®
A crossflow electro-ultrafiltration module was proposed by Oussedik et al. to reduce global
membrane resistance by combining the turbulence induced by the formation of oxygen bubbles
(formed from electrolysis of water at the electrode) near the membrane along with the
electrophoretic movement of the proteins or other solutes under an electric field.!*> Application of
pulsed electric fields across the membrane results in discontinuous electrophoretic mobilities of
the solute molecules that are not in tandem with their convective movement.'” This disrupts the

convective accumulation of solute molecules at the membrane surface. Consequently, the
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boundary layer thickness is lowered, thereby reducing the solute-induced filtration resistance.
Similar to the application of electric field, ultrasonication disrupts the boundary layer and leads to
increased flux through UF membrane.?® However, it is not clear whether these approaches
(application of electric field and/or ultrasonication) take into account, the changes in temperature
(and therefore, viscosity of the solvent) due to localized heating (resistive heating and/or
cavitation) that can significantly increase permeate flux.

Electrodialysis is a membrane-based separation process that utilizes an applied electric
field to drive ions through ion-selective membranes. It is in contrast to electro-ultrafiltration as
hydrodynamic pressure does not play a role in this form of separation. The modern electrodialysis
approach was developed in the 1930s and has been employed for industrial scale desalination,
deacidification of fruit juices and demineralization of whey.?%! It relies on a multicompartment
apparatus that has alternating anion and cation exchange membranes. An advancement of the
approach integrating UF membranes and termed electrodialysis with ultrafiltration membranes
(EDUF), is a patented technology developed by Bazinet and co-workers (2005,
W02005082495A1). The EDUF setup consists of an array of UF and ion exchange membranes
stacked together in a conventional electrodialysis cell (Figure 4.4 B).2022% [t facilitates
simultaneous separation of positive and negatively charged molecules and has been extensively
characterized for protein and peptide separation (Figure 4.4 B).!6%203-206 I addition to charge-
based separation, a recent study demonstrated simultaneous separation of different molecular
weight fractions by stacking multiple membranes in the electrodialysis system.?’’” The EDUF
technology shows good potential for the food industry, with examples showing several different
raw matrices being used for the separation and recovery of bioactive molecular fractions.'®-2%

EDUF was able to overcome some of the fouling issues associated with conventional pressure-
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based processing as solute-based concentration polarization is significantly reduced with

electrically driven flow.!®® Both pH?®” and ionic strength?®’

were found to have a prominent effect
on electrodialytic separation of peptides. In particular, the pH and ionic strength played a
significant role in peptide selectivity, while little or no effect observed on peptide migration rate
or energy consumption in an EDUF configuration.?°>?% Increasing the electric field was shown to
enhance the migration rate of the molecules, however, exceeding the limiting current density
(LCD, a threshold representing maximum transport of ions through the membrane) resulted in
electrolysis of water which changed the pH.?!° However, variations in peptide selectivity were not
observed when the applied electric field exceeded the LCD during the fractionation of snow crab
protein hydrolysate.?!® As was the case for the application of pulsed electric fields that disrupt the
boundary layer, corrugated membrane surfaces improved solute transport during electrodialysis
via destabilization of the diffusion boundary layer of solute on the membrane surface.?!! For the
simultaneous production and fractionation of bioactives using a continuous EDUF process, Doyen
et al. combined enzymatic hydrolysis within the electrodialysis chamber and electromigration of
released peptides. EDUF is able to provide higher separation efficiencies while maintaining high
recoveries.’’* For instance, EDUF was used to isolate B-lactoglobulin (80 kDa protein with
immunostimulatory and antimicrobial properties) with efficiency comparable to ion-exchange
chromatography.?%* Therefore, EDUF could overcome some of the fouling problems observed with
conventional pressure-driven processes while also facilitating selective separation under high
electric fields. However, EDUF-fractionated products might still require additional cleaning steps

to remove salt components (KCI and NaCl, or other electrolytes used during processing) present

in the separated fractions.
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Figure 4.4: (A) Schematic diagram of a crossflow electro-ultrafiltration module. (B) Schematic
diagram of separation using an EDUF module (stacked anion/cation exchange (AEM and CEM)

and ultrafiltration membranes (UFM)) (Modified from Poulin et al. (2006)).

4.5. Downstream membrane processing of complex matrices

The previous sections described technologies that enable improved membrane separations.
These approaches can be incorporated into membrane processing as a non-destructive approach
suitable for food matrices. Table 4.1 highlights the latest developments in various membrane
technologies used in food applications. Membrane fractionation is especially attractive for larger
molecules such as proteins, or for heat labile compounds such as plant secondary metabolites
(polyphenols, flavonoids etc.). Separation and recovery of the latter group of compounds should
be designed based on their physicochemical properties. Another consideration to be taken account
for scale-up of processing is the relative energy consumption of various approaches for separation

of a given mass of material. In contrast to selectivity, which increases with lower feed
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concentration as described earlier, relative energy consumption decreases with higher feed
concentration.?’” The following sections describe additional parameters as that should be taken
into account for processing of heterogeneous mixture of compounds from complex streams (food

materials, tissue extracts etc.).

4.5.1. Electrodialytic Separation: Food-based matrices
EDUF has been successfully used to concentrate/fractionate bioactives from complex

114,212

matrices such as whey protein, snow crab protein isolate,”%® fish (herring, salmon) protein

207.213 and alfalfa protein hydrolysate.'®® In addition to fractionation or separation of

hydrolysate
bioactive molecules, EDUF has also been successfully utilized to enrich biomolecules in
consumable products, for instance, anthocyanin enrichment from cranberry juice.?'* Sarapulova et
al. (2018) studied the progressive fouling of anion exchange membranes during electrodialysis of
wine and demonstrated that polyphenols along with polysaccharides form colloidal aggregates that
deposited on the surface of the membrane.?!® n-n (stacking) interactions between phenol rings of
polyphenols and aromatic groups of the membrane matrix was suggested to be primarily
responsible for the adsorptive layer on the membrane. Electrodialytic membrane separation,
although possessing higher fouling resistance, will still present challenges when processing
complex biomatrices. Mineral salts including CaCO3, Mg(OH)> and Ca(OH), present in complex
samples such as dairy products can precipitate at the membrane interface during electrodialysis.?!¢
Protein, peptide and amino acid fouling and its characterization during electrodialysis has been
reviewed by Suwal et al. (2015).2"7

Pulsed electric fields disrupt the solute molecules accumulated at the membrane surface to

reduce fouling. ' Another approach called electrodialysis reversal (EDR) simultaneously changes
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the electrode polarity and the flow direction to influence concentration polarization at the
membrane thereby slowing down the accumulation of solute on the membrane surface. Persico et
al. utilized permselective membranes to reduce solute accumulation via a strong hydration layer
on the membrane surface.?!® Permselective membranes are made of charged resin and are covered
by a very thin and highly cross-linked oppositely charged layer on its surface. Pulsed electric

1" and permselective membranes®'® have been described as

field,'” electrodialysis reversa
possible solutions to the fouling problem in electrodialysis. Ion exchange membrane fouling during
electro-membrane approaches is proposed to occur in the inaccessible, interstitial spaces of the

membrane,”!” which makes it challenging for the cleaning process as well as experimental

characterization of fouling process.
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Table 4.1: A summary of membrane technologies relevant to food applications that have been published between 2018 and 2022.

Memb
SI. no embrane Area of application Description of study Ref
technology
Anion exchange membrane fouled by wine components results in increased electrical resistivity and thickness
due to formation of colloidal particles at the membrane pores. Treatment of the membranes with NaCl results in 72
Membrane regeneration, juice Salting out of the colloidal particles, with higher concentration resulting in improved regeneration of
1. EDUF . . ’ memb
and wine processing cmorancs.
Treatment with H.SO, acidified water-ethanol mixtures were more effective than NaCl solutions for 223.224
regeneration of membranes. ’
Wh tein hydrolysat ) . . . . .
2. EDUF profz]ss irri)geln ycrotysate Simultaneous separation of cationic and anionic peptides from whey protein hydrolysate. 119
Simultaneous separation of salmon frame protein hydrolysate with three different molecular weight cutoff
. . membranes stacked in an electrodialysis system. Cationic and anionic fractions with different molecular weight 209
Fish Protein hydrolysate :
3. EDUF . profiles were obtained as a result.
separation
Double fractionation of anionic and cationic peptides, resulting in four fractions. 215
Corn by-product: bioethanol . . . . .
4. EDUF om y procuct: bloctiano Separation of acetic acid from lignocellulosic materials 225
production
Electrodialysis . . . . . e
oL L . Increased energy efficiency of acid whey deacidification with electrodialysis with bipolar membranes was
5. with bipolar ~ Deacidification of whey ; .. . . . . S 214
membranes possible through a preliminary demineralization step with conventional electrodialysis.
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Table 4.1 continued

Memb
SI. no embrane Area of application Description of study Ref
technology
Described the impact of temperature on yield and purity of fructooligosaccharide separation with a single-stage 184
Membrane and three-stage membrane cascade.
6. cascade Oligosaccharide separation ~ Optimizing separation of three different fractions of fructooligosaccharides by using multiple membrane
cascade configurations and operating parameters (pressure, membrane size) which improved the fractionation 185,186
and purity.
Functional . Preparation of mixed matrix membranes that incorporated metal oxides for processing cheese whey effluent,
7. Processing cheese whey . o . 226
membranes which resulted in higher flux and lower fouling.
Membrane processing at higher temperatures resulted in higher rates and magnitudes of irreversible fouling 297
8. Ultrafiltration  Skim milk despite higher flux. . . . - . .
Membranes with higher hydrophobicity and polarity results in increased susceptibility to protein adsorption to 8
the surface.
9. Ultrafiltration  Whey protein hydrolysate Peptide fouling was evaluated on fifteen different membranes. Membrane roughness contributed significantly to 929

fouling.
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4.5.2. Conventional filtration: Food-based matrices

Membrane processing of by-products from industries such as dairy, beverages (fruit juices)
or fish processing can result in biofilm formation and the resulting fouling is also a major
concern.??® As mentioned earlier, reduced bacterial cell adhesion observed in functionally
modified membranes with increased hydrophilicity. However, increased contact times results in
increased cell adhesion even on the modified membranes.??! Protein unfolding (bacterial cell
surface proteins) at the membrane surface and stabilization as a result of hydrophobic interactions
with the membrane matrix was determined to be the primary basis of cell adhesion.??! The biofilms
are resistant to cleaning cycles and can form irrespective of membrane type or surface chemistry.??°
Comprehensive examination of processing parameters and fouling behavior is essential for
membrane processing of complex matrices. For instance, skim milk ultrafiltration at higher
temperatures resulted in higher magnitudes and rates of irreversible fouling despite the higher flux
that is associated with increased permeability.???> When applied to isolate polysaccharides from
plant extract, UF demonstrated the highest separation performance relative to those obtained

through gel permeation chromatography or ethanol precipitation.???

Optimization of
transmembrane pressure, flow rates, and cut-off/pore size to maximize permeate fluxes of plant
extracts is the routinely used approach.!”!??* Alternatively, several studies report the filtration
performance and optimization as applied to rather simple protein/oligosaccharide mixtures
(binary/multiplexed).!**?2422> Binary or multiplexed mixtures (proteins or oligosaccharides) are
consistently used to understand the basis for fractionation of complex matrices (such as cheese

whey from dairy industries), rather than complex extracts.'** More studies are necessary where

process optimization and characterization for membrane filtration are carried out with samples
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representative of the complexity of these streams. The dairy industry is a prime example for
pioneering the development of membrane technologies. Multistage filtration systems are designed
in dairy processing based on the target application, whether it be developing cheese from unfiltered
milk or fractionating whey protein concentrates to derive functionally important molecules such
as lactoferrin.??® An additional processing step is the utilization of NF modules for separation of
lactose, which also has an application in fermentation procedures as a carbon source. As mentioned
earlier, demineralization of whey protein concentrate can also be carried out using
electrodialysis.??” These applications demonstrate that membrane processing can be designed for
complex matrices based on the demands of yield and purity. Industrial scale filtration modules for
size-based separation tend to use ceramic/stainless steel filtration systems rather than polymeric
membrane-based filters for enhanced lifetime due to better chemical resistance and higher-pressure
tolerance. However, membrane filters remain important in fractionation of macromolecular
solutes, and especially for narrow molecular weight ranges for enhanced fractionation of

biomolecules such as oligosaccharides and proteins.

4.6. Concluding remarks and future perspectives

Downstream processing of food-based substrates in its current form is a complex
separation process which dominates production costs of bioactive compounds. Limitations of
conventional separation processes have hampered the development of economically viable food
products that are accessible to the general consumer. Innovations in downstream processing can
lower production costs of new food products or ingredients while enabling the development of
novel bioactives, nutraceuticals and functional foods. Developments in technologies such as
membrane cascades, functional membranes and electro-filtration systems and their application in

tandem, have the potential to enable the effective separation of macromolecular solutes present in
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complex feed systems. Food membrane processing poses unique challenges resulting from high
foulant feed streams and target biomolecular fractions which sets it apart from membrane
applications in the environmental technology sector and water treatment. These technologies are
leading towards multistage downstream processes that operate at high throughput in a continuous
manner to facilitate the fractionation and purification of molecules of interest from complex
substrates at scale with high recoveries. Managing membrane fouling and degradation while
improving upon current methods of membrane cleaning and regeneration are essential for feasible
applications of this technology in an industrial setting. Additionally, modifying operation
parameters such as applied electric fields, pressure, temperature, feed flow and pH along with
developments in novel charged membranes has the potential to improve upon currently available
membrane technologies to reduce fouling while improving selectivity. Models that predict the
behavior of various components and factors during membrane processing enable widespread and
rapid optimization to facilitate tailored separation of compounds based on properties such as size
and charge using these technologies from a variety of feedstocks.

Food-based bioproduct development is an area which can benefit immensely from adapting
membrane technologies to suit different matrices and separate a wide variety of biomolecules.
Additionally, evaluation of separation technologies needs to be carried out with complex samples
that are representative of real-world heterogeneity in addition to model biomolecule solutions or
mixtures. Future trends in adapting and utilizing membranes in food and bioproducts are predicted
to revolve around the innovations that contribute towards development of true continuous
downstream processing approaches that can lower costs and enhance recovery, selectivity and

throughput.
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CHAPTER 5

Selectivity of peptide separation with electrode-assisted ultrafiltration of BSA

peptic hydrolysate

Abstract

Downstream processing that combines an electrical field and ultrafiltration was used for the
fractionation of peptides to evaluate separation efficiency. Mechanism of peptide fractionation still
remain unclear. To gain a better understanding of the peptide separation during electrode-assisted
ultrafiltration (EUF), the objective of this work was to evaluate the impact of processing parameter
on the separation of a protein hydrolysate generated from Bovine Serum Albumin. Peptide spectral
matches along with sequence data from LC-MS/MS data were compared between the feed and
permeate fractions from EUF processing. Influence of peptide properties such molecular weight
and isoelectric points on separation was assessed here. Higher feed pH (7) clear imparts a higher

selectivity for separation of cationic peptides during EUF operation.
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5.1. Introduction

The heterogenous nature of peptides generated from naturally derived protein sources
necessitates fractionation and purification steps prior to bioactive product formulation. Several
studies have shown that low molecular weight peptides have more potent functional activities,
including antioxidant properties, modulation of stress response, and bioavailability among other
attributes.!>?>1%® Membrane filtration has consistently been described to enrich fractions of a
designated peptide size range for improved functionality. Charged peptides, including those

containing basic or acidic amino acid residues, are also implicated in a variety of bioactivities such
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as antioxidant,®® antihypertensive,'! anticancer, and antimicrobial activity.?*° The net charge
of a peptide is dictated by the immediate local environment (pH) along with respective isoelectric
point (pI). Peptides with pl above 7 can be considered cationic, since most physiological conditions
or food systems are neutral or slightly acidic. Chromatographic approaches can separate peptides
based on size (size exclusion chromatography), polarity (reversed phase liquid chromatography)
and charge (ion exchange). However, given the cost associated with scale-up of this technique,
chromatography is not well suited for the development of functional food
ingredients/nutraceuticals.?’!

Membrane fouling is more pronounced with the possibility of protein aggregation that
contributes to poor filtration efficiency and low protein yield. Another major challenge limiting
the use of membrane processing approaches for protein and peptide fractionation is its poor
selectivity, especially for peptides or proteins of similar size ranges. One approach used to enhance
membrane selectivity is the addition of electrodes, facilitating electrophoretic movement of

charged species through the UF membrane. The polarity of the electric field can be chosen to select

the desired charged products from a complex aqueous protein hydrolysate. Brisson et al., (2007)
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demonstrated good separation efficacy using electro-ultrafiltration (EUF) for lactoferrin separation
from whey protein isolate, which presented a mixture of five different proteins.!** Similarly,
Holder et al., (2013) and (2015) describe the behavior of six peptides derived from casein
hydrolysate during electromembrane filtration.?*>?3 However, limited examples of EUF exist for
isolation bioactive peptides from a complex substrate. Several studies describe the selectivity of
membrane processing approaches with binary/tertiary/quarternary mixtures. However, a more
complete examination of the behavior of solutes in a heterogenous multicomponent mixture is
essential to improve our understanding of solute behavior.

Here, work is focused on investigating the selectivity of EUF for fractionation of peptides
generated from pepsin hydrolysis of bovine serum albumin. This system was chosen as an
intermediate of the salmon hydrolysate, whose products are also generated from pepsin-like
proteases. Though only a single protein standard is employed, the resulting pepsin digestion of
BSA comprises of a mixture of more than a hundred unique peptides, varying in properties
including pl, hydrophobicity, solubility and size. The present study directs as a goal to enrich small
cationic peptides through EUF. The optimized fractionation conditions would then present an
effective approach to isolate desirable cationic peptides from the more complex salmon protein

hydrolysate.
5.2. Materials and Methods

5.2.1. Materials
Bovine serum albumin (BSA) and pepsin were purchased from Millipore Sigma (Oakville,
Canada). The modified Lowry assay kit, and HPLC grade solvents were from ThermoFisher

Scientific (Ottawa, Canada). Water was deionized to 15 MQ cm (Sartorius Arium® Advance) and
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then passed through a Barnsted Nanopure system (ThermoFisher Scientific (Ottawa, Canada)).
Polyether sulfone (PES) UF membranes were purchased from Sterlitech Corporation, WA, USA.
5.2.2. Pepsin proteolysis

BSA hydrolysis was carried out a concentration of 20 mg/mL (1 L) in 10 mM HCI. Pepsin
was added at a ratio of 1:100, enzyme to substrate. The solution was incubated at 37 °C for 2 hours.
The BSA hydrolysate was then heated to 90 °C for 5 min for protease inactivation. The peptic
digest was diluted using sodium acetate buffers (pH 3.0, 5.0 and 7.0) to a final concentration of
200 mM to a peptide concentration of 2.00 mg/mL (1 L).
5.2.3. EUF fractionation

Electro-ultrafiltration (EUF) optimization was carried out on a CFO16A electrode-modified
cross-flow filtration module (Sterlitech Corporation, Kent, WA, USA). The polyacrylic crossflow
membrane module was set in plate-type configuration (schematic presented in Figure 5.1 and
Appendix Figures A1 to A4) and the titanium dioxide coated electrodes were embedded and tightly
fixed in the retentate and permeate sides. All EUF processing was carried out with 3 kDa
polyethersulfone (PES) membranes (Synder flat sheet membrane ST-PES, Sterlitech, WA, USA)
inserted into the module (Figure 5.1, B). Active membrane area for filtration is 20.6 cm®.The
filtration setup consisted of a diaphragm pump (Hydra-Cell D/G 04 M; Wanner Engineering Inc.,
Minneapolis, MN, USA) connected to the filtration module collecting feed from a 1 L container
and the retentate recirculated back to the feed. The pressure was adjusted to 60 psi using a pressure
control valve. The electrodes of the CFO16A were connected to a DC power supply (382200,
Extech instruments, NH, USA) and the current was adjusted to have a voltage (~10 V) across the
membrane. The voltage was set with the cathode in the permeate side of the membrane. The set-

up of the filtration module is described step by step with illustrations in Appendix Figures (Al to
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A4). Anode directed filtration results in the partial dissolution/disintegration of the electrode
components of the filtration module, therefore the direction of applied electric field (when in use),

was limited to cathode directed filtration in this chapter. Following collection, the permeate

fraction was freeze dried (Labconco, MO, US) and stored at -20 °C for subsequent

characterization.
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s

UF membrane Feed Retentate

Figure 5.1: A) Schematic representation of electric-assisted ultrafiltration cross-flow module. B) A

diagrammatical representation of the organization of the EUF module

5.2.4. LC-MS/MS analysis
BSA peptides were purified on an Agilent 1200 LC system equipped with a 1 mm X 50
mm self-packed column containing POROS® 20 R2 beads (Applied Biosystems, Carlsbad, CA)

with a stepwise gradient from 5% to 85% acetonitrile in water with 0.1% TFA at a flow rate of 0.1
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mL/min.'*! The purified peptide fractions were dried (SpeedVac, ThermoFisher Scientific) and
resuspended in 5% acetonitrile, water with 0.1% formic acid. Eight replicate injections (10 pL) of
each sample (normalized to have the same amount of protein, with 5 pmol per injection) were
loaded onto a 75 um % 30 cm self-packed column (3 um C18 Jupiter beads, Phenomenex, CA,
USA), within a PicoFrit nanospray emitter (New Objective, Woburn, MA) and separated at a flow
rate of 0.25 microliters/min using a gradient of 0.1% formic acid in water (solvent A) and 0.1%
formic acid in acetonitrile (B): starting at 5% B, 35% by 70 min, 95% by 80 min, and lowered to
5% at 81 min using a dual capillary LC system (Agilent 1200) interfaced to an LTQ linear ion trap
mass spectrometer (Thermo Fisher Scientific, San Jose, CA).'** The LTQ operated in data-
dependent mode (MS followed by MS/MS of top three peaks) with 30 s dynamic exclusion
between m/z 400-1200. The lists of unique peptide identifications were obtained as a
multiconsensus of the eight repeat injections using Proteome Discoverer v1.4 (ThermoFisher
Scientific, San Jose, CA) comparing with the FASTA sequence of bovine serum albumin. A mass
tolerance of 1.5 Da (precursor ions) and 0.8 Da (fragment ions) were used for searching the LTQ

data and with a false discovery rate of 1%. The isoelectric points and charge states of the identified

peptides were calculated using isoelectric point calculator (http://ipc2.mimuw.edu.pl/).®! Process
dependent sieving coefficients for identified peptides were obtained from the ratio of the respective

normalized peptide spectral matches (PSMs).'®8

5.3. Results and Discussion

In addition to pore size, peptide fractionation during UF processes relies on additional
parameters such as pH and salt concentration (ionic strength). Ionic strength and pH influences
protein—protein and protein—surface (membrane and tubing) interactions which contributes to

aggregation and accumulation of sample on the membrane surface, giving rise to fouling.
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Therefore, proper selection of operating conditions is crucial to achieving effective separation. The
processing parameters associated with EUF of BSA peptides generated with pepsin are presented
in Table 5.1. The voltage was attempted to be kept constant around 10 V, although fluctuations
were observed as can be seen from Table 5.1. Lower resistance at pH 5 and at pH 7, as indicated
by the higher operating currents ( 40 mA) is predicted to occur because of higher abundance of
acetate ions in the feed. The pKa of acetic acid is 4.75, below which the acetic acid-acetate
equilibrium shifts towards the protonated form, which is uncharged and therefore cannot carry the
current. The high pH conditions have a higher abundance of the acetate ions (15% (pH — 3), 74%
(pH-15), 99% (pH-7) thereby increasing conductivity. The change in pH during the EUF operation
is a result of electrolysis of water, with OH ions at the cathode (reduction of water at the permeate
side) increasing the pH of the permeate, while H' ions formed at the anode (electrode on the feed

side) lowering the pH of the feed, as the retentate is continuously recirculated.
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Table 5.1: EUF processing parameters for peptic BSA hydrolysate

Processing at pH 3 Processing at pH 5 Processing at pH 7
(};:;1111;* V(()g;lge C(l:rl;xnt (perﬁllzate) (fl(::(Ii) V(()g;lge C(l:r:xnt (perﬁllzate) pH (feed) V((){s;lge C(l:r:xnt (perﬁllzate) pH (feed)
0 11.7 10 - 2.98 8.5 10 - 491 10.4 20 - 6.81
15 9.7 10 3.10 2.96 11.2 20 4.92 4.81 10.7 40 6.85 6.70
30 9.8 10 3.17 2.92 10 30 4.93 4.71 9.4 40 6.87 6.40
60 9.6 10 3.26 2.85 94 40 4.95 4.68 9.3 40 6.90 6.26
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The operation of EUF with a feed pH of 5 resulted in non-detectable levels of peptides in
the permeate as estimated by the soluble protein content measurement (estimated by modified
Lowry assay). Convective flow was observed, while solute content remained negligible (replicated
processing was carried out). This is hypothesized to relate to the pl associated with a large fraction
of the peptides in the feed, being ~5 (depicted in Figure 5.2). This can lead to higher intermolecular
interactions and aggregate formation, drastically reducing peptide translocation across the
membrane. However, it is to be noted that visual observations or micrometer measurements of the
membrane did not indicate a measurable detection of a fouling layer on the surface of the
membrane. No aggregate formation or precipitate was observed in the feed container. Due to the
low abundance of peptides in the permeate fraction of pH 5 EUF processing and given the large

fraction of peptide observed near a pl of 5, the choice was made to proceed with the two other feed
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Figure 5.2: Histogram showing the distribution of the isoelectric points (pl) for peptides

identified from the BSA hydrolysate feed.
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pH conditions (pH 3 and pH 7) and characterize the selectivity of the EUF approaches from the

resulting fractions.

5.3.1. EUF fractionation and enrichment

A pepsin digest of BSA represents a complex heterogenous sample mixture. Traditionally, simple
binary systems or systems containing a handful of pure compounds have been employed to
evaluate the selectivity of membrane processing approaches. 81290226 I the pepsin-generated BSA
peptide feed used in this study, bottom-up proteome analysis was able to identify 126 unique
peptides through tandem mass spectrometry. Specifically, 67 and 98 peptides were respectively
identified from the permeate fractions of EUF at pH 3 and at pH 7. BSA peptides in the feed were
found to be highly variable in both their molecular weight distribution and isoelectric points
(Figure 5.2). It is acknowledged that tandem mass spectrometry peptide sequencing is biased
towards peptides in the 1-2 kDa mass range and these samples are expected to contain both larger
and smaller peptides (compared to the lists generated by MS/MS analysis). Also, ionization
efficiency of peptides varies, which can also introduce biases in identification of peptides. To
ensure a confident identification list and to remove false positives, peptide identifications with
fewer than 2 spectral matches (PSMs) were removed from the list from the multiconsensus of eight
injections. The peptide properties of the lists generated from the feed as well as each EUF permeate
fractions are presented in Figure 5.2. In comparison to the feed (1992+ 9 Da), the permeate peptide
fractions at pH 3 (1407 = 600 Da) and at pH 7 (481 £ 600 Da) both have a significantly lower
(p<0.05) molecular weight profile (Figure 5.3 A). The reduction in size of peptides in the permeate
fraction was anticipated, given that a 3 kDa molecular weight cutoff membrane was used in the
fractionation for selective rejection of >3 kDa peptides and enrichment of smaller molecular

weight peptides in the permeate.
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Similarly, the pl profile of the permeate fractions was observed to be significantly higher
in relation to peptides identified from the feed (p<<0.05). EUF was carried in a cathode-directed
set-up and the electric field is expected to selectively enrich cationic peptides (peptides with high
pl). Therefore, it is evident that the EUF processing approach was able to successfully enrich small
cationic peptides in the permeate fractions. However, it is noted that these comparisons were

carried out without taking account of the abundance of these peptides in the fractions.

A *¥ B
5000 ﬁ* 14 %
% T T i
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Feed pH-3 (EUF)  pH-7 (EUF) Feed pH-3 (EUF)  pH-7 (EUF)

Figure 5.3: Box-and-Whisker plots showing distribution of properties namely, (4) molecular
weight (B) isoelectric point (pl) for peptides identified in the BSA feed and EUF permeate fractions
processed at feed pH 3 and 7. Paired t-test was used to compare the distributions.

*indicate significance: **p < 0.01, *p < 0.05

Spectral counting is an established approach used for semi-quantitative proteomic
analysis.?** Peptide spectral matches (PSMs) represent the number of associations that are made

with a given peptide from the fragmentation spectra generated in the mass spectrometer and is
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closely associated with the concentration of peptide in the sample. Figure 5.4 provides a bubble
chart that illustrates the distribution of identified peptides based on their molecular weight and pl.
The size of the bubble represents the number of PSMs associated with a given peptide. It is
observed that the peptides in the feed are widely distributed in terms of their molecular weight (0.6
—4.5 kDa) and pl (3.5 - 11.5). Both EUF permeate fractions are observed to have relatively lower
heterogeneity based on their molecular weight and pl. The peptides in the pH 3 EUF permeate
clustered at the lower mass range (Figure 5.4), indicating the enrichment of smaller peptides (0.8-
1.5 kDa). Enhanced selectivity of the pH 7 EUF is evident from the larger bubbles of low molecular
weight peptides at pI >8, in the permeate collected from (Figure 5.4). The following section
describes the estimation of sieving coefficients and selectivity associated with the membrane

separation of BSA peptides using EUF.

S

Molecular weight (kDa)
N

Figure 5.4: Bubble plots showing distribution (based on pl and molecular weight) of peptides
identified in the BSA feed and EUF permeate fractions processed at pH 3 and pH 7. The size of

the bubbles determined by the number of PSMs (peptide spectral matches).
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5.3.2. EUF processing: sieving coefficients and selectivity

The observed sieving coefficient, S,, of a membrane separation is determined based on the
ratio of a given peptide’s concentration in the permeate to that of the feed.!®® In the present study,
the ratio of normalized PSMs (of a given peptide within the fraction (permeate / feed) to represent
the sieving coefficient (So). With electrodialytic processing as described by Doyen et al. (2013),”’
a similar parameter, termed peptide migration rate, was determined based on the ratio of LC-UV
peak area for the peptide in the permeate relative to the feed. Table 5.2 lists the top 10 most
abundant peptides in each fraction along with their properties (charge at neutral pH, molecular
weight) and sieving coefficients. EUF operation at pH 7 is observed to have higher S, values
compared to EUF operation at pH 3. At higher feed pH, the peptides with a net positive charge
(higher pl) and can translocate across membrane as a result of the electric field. In contrast, it is
evident from Table 5.2 that peptides with a net negative charge tend to have a lower S,, especially
in pH 7 operation of EUF. S, reported in the present study for cationic peptides (in both EUF
conditions) were observed to be much higher compared to a previous report by Doyen et al
(2013).77 S, after 60 min of processing estimated in the present study is 10-100 fold than that the
migration rate for cationic lactoglobulin peptides after 240 min of processing.”’ High sieving
coefficients observed with the EUF approach is an indication of the enrichment of small cationic
peptides. However, further impact of EUF processes for enrichment of peptides can be

quantitatively assessed with selectivity (section 4.3.3).
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Table 5.2: List of most abundant peptides in each fraction their associated characteristics

Feed EUF fraction (pH 3) EUF fraction (pH 7)

Peptide sequence (;?:;I%IGMW (Da) Peptide sequence (;}tl}rlgle 12/[[)\3):/) coseifef:,ci?e%l ¢ Peptide sequence (ilz)rﬁe al\g:;, coseifefrg?e%l t
WSVARLSQKFPKAEF 2.0 17943 [SQKFPKAEF 1.0 1081.66 10.0 SQKFPKAEF 1.0 1082.55 30.6
SQKFPKAEF 1.0 1081.6 [|ASIQKFGERALKA 2.0 1419.09 10.1 ASIQKFGERALKA 2.0 1418.88 44.6
LYYANKYNGVF 1.0 1351.6 |[VEVTKLVTDL -1.0 1116.74 5.8 FVEVTKL 0.0 835.46 10.9
PFDEHVKLVNELTE -29 1669.8 [FVEVTKL 0.0 835.49 4.7 KVPQVSTPTL 1.0 1069.61  26.0
YYANKYNGVFQECCQAEDKGACLLPKIETMR -0.1 3715.0 |KVPQVSTPTL 1.0 1069.71 11.6 HVKLVNELTE -09 1181.60 7.3
LQQCPFDEHVKL -0.9 1456.9 [HVKLVNELTE -09 1181.67 3.4 EKLGEYGFQNAL -1.0 1368.66 3.2
EKLGEYGFQNAL -1.0  1368.7 [EKLGEYGFQNA -1.0 1254.73 5.2 WSVARLSQKFPKAEF 2.0 1794.08 1.7
IKQNCDQFEKLGEYGFQNAL -1.0  2345.3 [TRKVPQVSTPTL 2.0 1327.83 6.0 EKLGEYGFQNA -1.0 125643 13.0
LYYANKYNGVFQECCQAEDKGACLLPKIET  -1.1 3411.5 JAWSVARL 1.0 802.43 - TRKVPQVSTPTL 2.0 1326.83 18.7
ASIQKFGERALKAWSVARL 3.0 2131.5 [WSVARLSQKFPKAEF 2.0 179429 0.5 [VRYTRKVPQVSTPTL 3.0 1859.03 12.5
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Selectivity between two different solutes during membrane separation is ratio of their S,.'®

To discuss the effectiveness of the EUF processing approach in this study two distinct types of
selectivity will be described, namely size selectivity and cationic (charge) selectivity. Size
selectivity was determined based on the ratio of the sieving coefficient of any given peptide to the
mean sieving coefficient of all larger molecular weight peptides in the fraction (>2 kDa). Figure
5.5 A and B shows the size selectivity trends with respect to peptide molecular weight. To reduce
the noise associated with the molecular weight peptide selectivity data, the selectivity data was
approximated to five bins: 0-0.5, 0.5-1, 1-1.5,1.5- 2 and 2-2.5 kDa. Peptide size selectivity
indicates preferential translocation of smaller peptides in the feed across the membrane into the
permeate in both conditions. The slope of the regression (Figure 5.5, A, B) is lower in the case of
size selectivity of EUF at pH 7 (-11.8 & 3) compared to EUF at pH 3 (-2 £ 0.4). This is indicative
that predominance of size-based separation is reduced during the cationic directed EUF processing
at higher pH as it would be at lower pH. A contributing factor to the higher size selectivity is the
expected predominance of net positively charged (cationic) peptides in the slightly acidic feed at
pH 3. Similarly, assessment of the influence of selectivity based on charge i.e., preferential
translocation of cationic peptides during EUF will further help understand the factors in play
during EUF fractionation.

The cationic selectivity of the EUF approach was determined here with the ratio of the S,
of any given peptide with that of the mean of the sieving coefficients associated with all
negative/neutral peptides in the fraction (charge state < 0 at pH 7). Cationic selectivity data from
both EUF processing approaches were categorized into the charge state of peptides: -2, -1, 0, +1
and +2 (at neutral pH). The cationic peptide selectivity of the EUF approach is depicted in the

linear regression models of box and whisker plots in Figure 5.5, C and D. This is the first
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quantitative estimation and characterization of the relationship between membrane selectivity and
charge state of the peptides for membrane-based processing approaches. The cationic selectivity
and relationship to peptide charge (slope of linear regression; Figure 5.5 C, D) of EUF operation
was estimated to be much lower than the size selectivity (Figure 5.5, A, B). This was expected as
ultrafiltration is primarily a molecular size-based processing approach. It is also observed that EUF
carried out at pH 7 has a higher slope of regression (0.46 £+ 0.2; Figure 5.5, C) and r-squared value
(0.65) compared to operation at feed pH of 3 (slope=0.31 = 0.2, r*=0.38; Figure 5.5, D). The
positive correlation and positive slope observed in Fig 5.5 C and D is indicative of the increase in
selectivity of the EUF approach with cathode placed in the permeate side for more cationic
(apparently charged) peptides. Therefore, cationic selectivity trends of EUF processing feeds with
varying pH is evidence of the ability of EUF fractionation to enrich cationic peptides during
processing complex samples. In contrast to our expectation, the impact of feed pH EUF on

selectivity remained inconclusive from the results.
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Figure 5.5: Linear regression models of box and whisker plots associating selectivity of the EUF
process with (A) Molecular weight of the peptides identified in the pH 3 EUF permeate, and (B)
Molecular weight of the peptides identified in the pH 7 EUF permeate. (C) Charge state of the
peptides identified in the pH 3 EUF, (D) Charge state of the peptides identified in the pH 7 EUF

permeate, Slope is presented in the regression equation along with regression correlation

coefficient.
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5.4. Conclusion

The presented work describes a strategy for enrichment proteins and peptides using electro-
ultrafiltration. Within the constraints of operational space for the EUF module, the combined
effects of pressure and voltage facilitates the enrichment of peptides based on size and charge
during processing. Peptides in the 1-2 kDa range with higher pl can be efficiently enriched in the
permeate using electro-ultrafiltration. This study provides a breakdown of peptide characteristics
that contribute towards higher selectivity and an enhanced understanding of peptide behavior
during membrane processing approach that is capable of selective enrichment of low molecular
weight and charged components. Comparable charge and size selectivity of the EUF processing
irrespective of feed pH as a parameter, indicates the versatility of this separation approach,

especially for food matrices.
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CHAPTER 6

Electrode-assisted ultrafiltration for selective enrichment of cationic
and anionic peptides from Atlantic salmon protein hydrolysate

generated by bacterial fermentation

Abstract
Fractionation of peptides derived from food ingredients is expected to enhance bioactivity. In this
regard, membrane filtration can deliver scalable, high throughput processing of diverse feed
materials. Membrane filtration alone offers limited selectivity according to molecular weight, with
issues of fouling in the case of complex feed substrates. To improve selectivity and reduce fouling,
electrode-assisted ultrafiltration (EUF) was used to fractionate Atlantic salmon protein hydrolysate
(SPH) sourced from processing by-products through microbial fermentation. The changes in
relative abundance of amino acids and molecular weight distribution using EUF of SPH were
investigated along with the impact of these changes on functionality. Cationic enriched fractions

were found to have higher abundance of basic amino acid residues (Lys, Arg, His) and exhibited

higher metal chelation ability (118.4 + 0.4 EDTA uM eqv.) compared to the original hydrolysate

(27.9 £ 9 EDTA pM eqv.). While challenges exist for universal adoption of the EUF technology,

further developments in this regard will provide the food industry with several attractive options

for refined functional ingredients from bioproduct processing.
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6.1. Introduction

Isolation of proteins from marine by-product tissues tends to involve hydrolysis using
enzymatic or microbial processing. Since the hydrolysis products carry a generally regarded as
safe (GRAS) designation, they can easily be used for animal feed, pet food applications, or for
human consumption.®3%!37 Atlantic salmon is especially relevant as one of the most valuable
aquaculture species worldwide. In Canada, salmon accounted for 63% of all aquaculture
production by weight at nearly 120,000 tonnes produced in 2019, capturing 74% of the aquaculture
economy, and accounting for nearly $1 billion in revenue.'® Depending on processing approaches,
the salmon-derived peptides can provide enhanced functional activity. Atlantic salmon by-
products have therefore been used as precursor material for a variety of functional peptide
formulations.’®>1:135235-237 Prior work carried out the Verschuren Centre found protein
hydrolysates generated from salmon viscera to exhibit unique antioxidant properties.® As described
in Chapter 2, following fermentative hydrolysis, the resulting material naturally separates into 4
distinct phases: emulsion, hydrolysate, oil and mineral. The bioactivity of peptides partitioning
into the resulting crude natural product fractions correlated with their amino acid composition
whereby the abundance of specific amino acid residues has been associated with higher activity.
The salmon protein hydrolysate (SPH) represents the aqueous extract consisting primarily of a
complex mixture of heterogenous peptides along with soluble minerals and carbohydrates.>® It is
hypothesized that the bioactivity detected from this fraction correlates to specific peptide
components. Therefore, it is a goal to develop a fractionation approach capable of enriching

bioactive peptides components from the salmon protein hydrolysate.
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Bioactive peptides exhibit a high diversity of chemical properties including size, charge
and polarity. Consequently, product formulation from food-derived bioactive peptides necessitates
enrichment or purification steps to ensure sufficient activity once incorporated into food or feed
matrix for consumption. In this regard, the enrichment of peptides has previously been described
to improve functionality of peptide products.?>*>*?® While liquid chromatography enables
separation of peptides based on size, charge, and polarity, these approaches offer limited
throughput and are not economically viable when scaled for commercial processing of food stocks.
In contrast, membrane filtration affords scalable, high throughput processing, although its
application is limited by low selectivity, based only on molecular weight, and the potential for
membrane fouling.?*! Application of an electric field across the membrane during ultrafiltration
can contribute additional selectivity, by fractionation of charged species while simultaneously
reducing the accumulation of solutes at the membrane that lead to fouling. This approach, termed
electro-ultrafiltration (EUF), employs a crossflow module equipped with electrodes across the
membrane.

Protein fractionation of model systems (single or mixture of model proteins) has been
reported in the literature, including for dairy proteins such as lactoferrin.?%#?2 Electrode-assisted
nanofiltration was used by Lapointe ef al., (2014) and Leem et al., (2014) for enrichment of a
cationic peptide from tryptic digestion of purified dairy proteins, B-lactoglobulin and casein.?3%2%
A combination of ultrafiltration and ion-exchange membranes, termed electrodialysis with
ultrafiltration, has been used for selective separation of anionic and cationic peptides from fish
protein hydrolysates.?'®?** However, EUF separation of peptides has not been demonstrated for a
complex, heterogenous substrate representative of the SPH sample employed here . In this chapter,

the aqueous extract of salmon protein hydrolysate was fractionated using EUF. A combination of
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approaches was used to evaluate the separation efficiency of the approach according to peptide
size and charge, revealing the enhanced selectivity of EUF over conventional membrane filtration
approaches. Impact of separation on functional properties was assessed using antioxidant assays,

demonstrating enhanced bioactivity of EUF-fractionated SPF.
6.2. Materials and Methods

6.2.1. Materials

Salmon protein hydrolysate was prepared as described in Chapter 2 (2.2.1). The modified
Lowry assay kit, and HPLC grade solvents were from ThermoFisher Scientific (Ottawa, Canada).
Water was purified with a Sartorius Arium® Advance and then passed through a Barnsted
nanopure system (ThermoFisher Scientific (Ottawa, Canada)). PES UF membranes were

purchased from Sterlitech Corporation, WA, USA.

6.2.2. Preparation of salmon protein hydrolysate (SPH)

The salmon protein hydrolysate was passed through a vacuum filtration apparatus equipped
with a 0.45 um polyethersulfone (PES) microfiltration membrane to remove particulate material
prior to UF. The clarified salmon protein hydrolysate (SPH) was collected and aliquoted to be
stored at -20 °C until further use. A 250 mL SPH aliquot was also freeze dried (Labconco, MO,

US) for additional analysis.

6.2.3. Fractionation of SPH (UF/EUF)

Ultrafiltration or electro-ultrafiltration (EUF) optimization was carried out on a CFO16A
electrode-modified cross-flow filtration module (Sterlitech Corporation, Kent, WA, USA)
connected to the filtration module. a diaphragm pump operating at 35 Hz (Hydra-Cell D/G 04 M;
Wanner Engineering Inc., Minneapolis, MN, USA) as described in Chapter 5 (5.2.3). Flux across

the membrane was expressed as mL.cm™.min"! based on the volume of permeate collected between
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a given period with the effective surface area of filtration being 20.6 cm?. The collected permeate

was freeze dried (Labconco, MO, US) and stored at -20 °C for further characterization.
6.2.4. Evaluation of process components

6.2.4.1. Membrane thickness assessment

The PES membrane thickness was evaluated before and after processing with a digital
micrometer (Marathon Watch Company Ltd., Richmond Hill, ON, Canada).
6.2.4.2. Soluble protein content

Samples collected at different time points were evaluated for soluble protein content as is,
which was determined using modified Lowry assay kit (ThermoFisher Scientific, IL, US). A Tecan
M1000 microplate reader (Mannedorf, Switzerland) was used in the analysis.
6.2.5. Evaluation of peptide composition and profiling
6.2.5.1. Amino acid composition

Acid hydrolysis (6N HCI, 1% phenol; 110 °C, 24 hours) of samples was carried out in
PicoTag reaction vials (Eldex Laboratories Inc., Napa, CA, USA). The reaction vial is dried under
vacuum. Precolumn derivatization of dried samples (vacuum drying followed by creation of a
nitrogen atmosphere) was carried out with phenyl isothiocyanate (PITC) at room temperature in
7:1:1:1 methanol, water, triethylamine and PITC. Diluted sample/standard (2 pL) was injected on
a Waters Acquity UPLC equipped with BEH C18, 2.1 x 100 mm (1.7 um) at a flow rate of 0.5
mL/min. Reversed-phase gradient elution was achieved using a mixture of Buffer A (0.14 M
sodium acetate, 0.05% triethylamine, pH 6.05, 6% acetonitrile) and Buffer B (60% acetonitrile)
and signal monitored at 254 nm. Based on the injected amount (50 picomoles) and integrated areas

of each amino acid in the standard, the quantities in the unknown sample were determined.
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6.2.5.2. Gel permeation chromatography

SPH and fractionated samples (20 pL at 4 mg/mL) were injected on an Agilent 1260
Infinity series II equipped with GFC P2000 column (300 x 7.8 mm, Phenomenex, CA, USA) and
a variable wavelength detector set at 214 nm. The mobile phase 45% acetonitrile, 0.1% TFA in
water was operated at the flow rate of 0.85 mL/min. The calibration curve was prepared using
Cytochrome C (12327 Da), Bovine Insulin (5733 Da), angiotensin (1046 Da) and glutathione (307
Da).
6.2.5.3. Cation-exchange chromatography

Peptide samples, namely SPH and EUF/UF fractions were injected (50 uL) to a Luna® 5
um strong cation exchange (SCX) column 100 A, 150 x 4.6 mm (Phenomenex, CA, USA). Flow
rate was set at | mL/min and the composition of mobile phase A was 20 mM potassium phosphate,
pH 3, while mobile phase B was 20 mM potassium phosphate pH 3 with 0.5 M potassium chloride

and C was 100% acetonitrile. The gradient method used for separation is described in Table 6.1.

Table 6.1: Separation gradient timetable used for the SCX separation of salmon peptide
fractions

Time (min)  Flow rate (mL/min) A (%) B (%) C (%)
0 0.85 75 0 25
6 0.85 70 5 25
10 0.85 65 10 25
14 0.85 50 25 25
18 0.85 25 50 25
22 0.85 0 100 0

24 0.85 75 0 25
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6.2.5.4. Proteomic analysis

LC-MS/MS analysis was carried out with samples injected with an Easy nLC system
(ThermoFisher Scientific, San Jose, CA) connected to a Q Exactive HF-X (ThermoFisher
Scientific, San Jose, CA) operating at 60,000 resolution in positive mode with a scan range of m/z
400 to 1600. Reverse-phase separation of peptides was carried out (60 min) in the nLC running at
250 nL/min with a gradient program of 3% B (0.1% formic acid in acetonitrile) at 0 min to 20%
B at 18 min to 35% B at 49 min to 100% B at 51 min while Solvent A was 0.1% formic acid in
water.

Peaks studio 10.6 (Bioinformatics solutions Inc., ON, CA) was used for peptide searching
against the Salmo salar UniProtKB database (downloaded June 2021, 82272 entries) with parent
mass error tolerance of 10 ppm and fragment mass error tolerance of 0.2 Da. Peptide lists were
generated with database searches carried out using unspecified cleavage (no enzyme), semi-
specific pepsin and semi-specific trypsin with a FDR of 1%. The peptide lists were compared using
Venny 2.1 (BioinfoGP). Isoelectric points of the identified peptides were calculated using

isoelectric point calculator http://ipc2.mimuw.edu.pl/.3! GRAVY scores for the identified peptides

was computed using an online tool: https://www.bioinformatics.org/sms2/protein_gravy.html.%°
6.2.6. Antioxidant assays

6.2.6.1. Ferric reducing antioxidant potential assay
Ferric reducing capacity of SPH and peptide fractions were assessed by the method

developed by Oyaizu (1986)'** using a similar approach and has been described in section 2.2.10.
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6.2.6.2. Fe(ll) chelation assay
The capacity for peptides to bind Fe (II) was evaluated using the metal chelation assay
developed by Boyer and McCleary (1987) with modifications by Saidi et al., (2014), at a peptide

concentration of 4 mg/mL.¥14°

6.2.7. C-18 Solid phase extraction (SPE) purification

Microfuge tubes were placed into a Visiprep™ vacuum manifold (Supleco) and 1 mL of
sample (4 mg/mL) was passed through a C-18 Solid phase Extraction (SPE) cartridge (Hypersep™
SPE, 100 mg C18, ThermoFisher Scientific, TN USA). The SPE cartridges were washed twice
with water after which the purified peptides were eluted with 0.6 mL of 75% acetonitrile. Fractions

were dried prior to further analysis of antioxidant activity.
6.3. Results and Discussion

6.3.1. SPH fractionation and recovery with EUF

Application of voltage was evaluated to explore the impact on permeate flux and membrane
fouling. In any membrane filtration process, the permeate flux is a significant parameter that
influences the recovery of the fractionation process. The filtration apparatus was operated at a
constant 60 psi, made uniform with a diaphragm pump. Lower operating pressures were attempted
(<30 psi), though this resulted in highly variable flux and peptide recovery. It is speculated that
this results from irregularities in membrane morphology, whereby differences in membrane
thickness >5 % was observed even within a single sheet. Inclusion of an applied electric field
during ultrafiltration (i.e. electro-ultrafiltration or EUF) has previously been shown to reduce
membrane fouling. 2*'"?** From Figure 6.1, cathode-directed EUF, referring to the placement of
the negative electrode (the cathode) on the permeate side of the membrane, maintained the highest

permeate flux profile over the course of two hours. In contrast, anode directed filtration yielded a
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significantly lower permeate flux over the course of filtration. This is explained by noting the
impact of the applied voltage on the titanium electrode. Anode directed filtration caused an
observable dissolution of the anode, whereby. the TiO» coating on the electrodes are eroded
because of electrolytic reactions. Electrodissolution can therefore lead to an accumulation of
contaminants in the permeate and retentate. This issue can be overcome in future studies by using
an inert electrode such as platinum. Varying results have been reported for electrically-driven
separations, resulting from complex electrolytic reactions taking place at the
electrodes.!?%21623¥ Anode-directed filtration is also challenged by the acidic pH of the feed (4.6)
implying that a large portion of SPH peptides are cationic. These species are not assisted by the
voltage gradient to traverse the membrane, thus increasing the cake layer formation on the
membrane and reducing permeability. However, it is clear that cathode-directed filtration was

found to provide a higher flux of the SPH feed through the membrane.
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Figure 6.1: Flux profiles of the SPH fractionation carried out by different modes of operation
with/without applied electric field and direction of electric field (anode or cathode directed

filtration).

114



Varying the concentration of the feed was expected to impact the degree of membrane fouling,
and therefore the associated permeate flux. It was noted that the desired 10 V applied across the
membrane was difficult to maintain for dilute peptide solutions (<1 mg/mL soluble protein
content), owing to low conductivity of the feed. The high current necessary to maintain voltage
across the membrane can cause undesirable sample heating and may also exceed the limit of the
power supply. While addition of electrolytes such as KCI, could maintain conductivity of lower
feed concentrations during processing,?® this would result in very high salt accumulation in the
permeate, which is undesirable. Therefore, a feed concentration of at least 1 mg/mL was deemed
necessary for the experimental setup.

Direct evidence of the influence of feed concentration on membrane fouling is provided
through measurements of the thickness of the membrane following two hours of filtration. As seen
in Table 6.2, an increase in membrane thickness correlates with the concentration of peptide in the
feed solution. The high standard deviations reported reflect the variability associated with the
fouling process across different regions of the membrane. Persico et al., (2018) observed
negligeable peptide fouling (whey protein hydrolysate) on PES membranes.?** However, the
membrane cutoff in that study was 50 kDa, while the membrane processing in the current study
used a 3 kDa cutoff membrane. Furthermore, membranes were not assessed in a processing
approach (a true filtration experiment) as carried out in this study. Rather, the membranes were
simply soaked in the feed solution to determine if peptides adhere to the surface. A clear layer of
protein fouling was observed by Ng et al., (2018) during skim milk filtration using PES membranes
as a result of adsorption/accumulation on the membrane surface.???> In the present study, a
yellowish layer was observed to be formed on the surface of the membrane after fractionation of

SPH during all treatments.>*
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Table 6.2: Fouling thickness on PES membranes after processing at different feed concentrations.

Conc.

EUF (um) UF (um)
(mg/mL)
1 8+5 7+4
2 8+7 13+£3
3 12+6 15+6

The ultrafiltration membrane thickness was variable ranging from 160-190 um. The
thickness of the fouling layer on the surface of the membrane as observed in Table 6.2, was slightly
reduced at higher protein concentrations through application of the electric field. However,
membrane fouling was shown to be higher in the UF processing (without voltage), demonstrating
that EUF processing can employ higher feed stock concentrations, without causing substantial
membrane fouling. This is demonstrated in Figure 6.2. In particular, the permeate flux with EUF
at 1 mg/mL overlaps that of 2 mg/mL (Figure 6.2A), following a short equilibration period. The
permeate flux was also higher in EUF at all times, and for all feed concentrations, compared to
filtration in the absence of voltage (Figure 6.2B). In general, higher feed concentration decreases
the flux across the membrane according to the stagnant film model.!” Increased feed concentration
leads to higher concentration polarization at the surface of the membrane, causing lower flux
through the membrane.?*! Consistent with the previous observations from Figure 6.1, flux decline
reduced during the initial phase of processing with cathode directed EUF. Similarly, enhanced
permeate flux has been described by several studies through the application of an electrical field

during ultrafiltration 2424

116



0.14
< 0412 -1 mg/mL :;‘:“ 0.18 o1 mg/mL
c
é 01 -%-2 mg/mL E 0.15 -#-2 mg/mL
o -3 mg/mL 8 012 ——3 mg/mL
E 0.08 9 g
-} 006 © 009
E 004 £ 006
X 002 X 003
L 0 L -0
0 1 2 3 4 5 0 1 2 3 4 5
Time (h) Time (h)

Figure 6.2: Flux profiles of the SPH at different soluble protein concentrations, carried out (4)
with the application of voltage in cathode directed filtration mode, and (B) without applied

voltage.

The soluble protein content was evaluated for samples of permeate flux collected over
various time points during processing. No statistically significant difference (p<0.05) was
observed for the soluble protein content (~4 mg/mL) determined at various time points for the
permeate separated using UF (no voltage) and cathode directed filtration with a final protein
concentration of 4.5 + 0.4 mg/mL in the permeate. In contrast, anode directed filtration resulted in
a lower (p<0.05) soluble protein content in the permeate (final protein conc. 3.5 + 0.8 mg/mL)

compared to the retentate (final protein conc. 5.6 + 0.6 mg/mL).

6.3.2 Peptide profile of fractions: Impact of separation

Changes to the amino acid composition is an indication of selective migration of peptides
into the permeate fraction during processing. Selective enrichment of basic peptides into the
permeate is achieved by cathode directed EUF, facilitating translocation of cationic moieties across

the membrane during EUF. Therefore, cathode directed EUF was expected to increase the
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abundance of basic amino acid residues in the permeate, namely Lys, Arg and His. Figure 6.3
summarizes the relative abundance of acidic and basic amino acid residues collected in the
permeate (A) and retentate fractions (B). Table 6.3 outlines the names and details associated with

various fractions collected after fractionation.

Table 6.3: List of peptide fractions and their description

Name MW cutoff membrane Mode of filtration Fraction type
SPH none none Feed
<3A 3 kDa Anode directed EUF permeate
<3C 3 kDa Cathode directed EUF permeate
<3N 3 kDa No voltage/UF permeate
>3A 3 kDa Anode directed EUF retentate
>3C 3 kDa Cathode directed EUF retentate
>3N 3 kDa No Voltage/UF retentate

As expected, cathode directed filtration selectively enriched peptides with basic amino acid
residues in <3C. This is evident through a comparison of <3C to <3N, as well as to <3A. Lysine
was the 2°¢ most abundant amino acid residue in <3C, being ~50% higher than the original feed
solution, and more than 3-fold higher than <3A. Similarly, cathode-directed filtration yielded a
corresponding drop in acidic amino acids in <3C. These results therefore suggest that peptide
separation through EUF is influenced by the charge of the peptides. Enrichment of peptides
containing basic or acidic amino acid residues is resultant of the placement of cathode or anode on

the permeate side of the membrane during processing.
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Means (bars) denoted by a different number of asterix represent significantly different means (p <

0.05) based on multiple comparison of means (Tukeys test) using one-way ANOVA.
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The charge characteristics of peptide mixtures can also be evaluated using strong cation
exchange separation. Higher retention on SCX column is an indication of more cationic peptides,
or alternatively of higher mass peptides. However, higher mass peptides are unlikely since all three
permeate fractions enrich for solutes below a 3 kDa molecular weight. Figure 6.4 depicts the
elution profile of peptides from SPH and the permeate fractions. As seen in the figure, <3A
fraction shows little evidence of highly cationic peptides, as minimal signal is observed beyond 10
min in the chromatogram. This agrees with the reduced content of basic amino acids (Figure 6.3).
The chromatographic profile of the UF permeate in the absence of applied electric field is similar
to the unfractionated SPF sample, indicating no preference towards selection or depletion of highly
cationic peptides. Finally, the chromatogram of the <3C shows evidence of enriched cationic
peptides, with a relative increase in peak area beyond 10 min compared to the unfractionated
control. Together with the corresponding amino acid profiles, these results provide strong
evidence to support the selective enrichment of positively charged peptides by the electro-
ultrafiltration apparatus. These cationic peptides are most desired for their bioactive properties,

which are evaluated further in the subsequent sections.
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Figure 6.4: SCX elution profiles of SPH and permeate fractions generated by EUF.

The analytical characterization of peptides based on size was also conducted using gel permeation
chromatography (GPC). A nominal 3kDa membrane should show preference towards lower
molecular weight peptides in the permeate, noting that the 3kDa pore size is not an absolute cutoff.
Thus, a trend tending towards smaller peptides in the permeate was anticipated. Figure 6.5
summarizes the results obtained by GPC analysis, displaying the molecular weight distribution of
peptides in the permeate fractions relative to the unfractionated SPH. These chromatograms

confirm the higher selectivity for low MW components by the membrane filtration process. All
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permeate fractions contained a minimum 50% of <500 Da components. It was observed that each
fraction retained higher MW components above 3 kDa, although the higher MW components
above 5 kDa are reduced to negligible levels in the permeate fractions following fractionation. that
the polarity of the applied electric field had little impact on the peptide MW distributions, which
was expected. The molecular weight profiles were statistically indistinguishable for all three
retentate fractions (>3N, >3A, >3A). However, in all cases, the peptides in the permeate fractions
contain a greater proportion of low MW peptides. From a processing perspective, conventional
ultrafiltration of the SPH does not significantly impact or enhance the chemical characteristics of
the sample. Therefore, the orthogonality offered by the EUF separation to enrich charged peptides

is especially valuable to this sample (SPH).
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Figure 6.5: Molecular weight profile of UF/EUF peptide fractions

Means denoted by a different letter indicates significant differences between means (p < 0.05) based
on multiple comparison of means (Tukeys test) using one-way ANOVA.
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The peptides in the UF/EUF permeate fractions were subject to LC-MS/MS characterization. The
neutral fractionation generated 105 unique peptide identifications while <3A and <3C had 79 and
65 unique peptide identifications respectively (Figure 6.6). From this Venn diagram, the <3C and
<3A fractions were observed to have the least similarity based on the low overlap in identified
peptides. The non-specific cleavage associated with SPH production is responsible for smaller lists
of confident peptide identifications from the LC-MS/MS runs. As described in section 1.6.5,
probability of confident identification decreases significantly with unspecified cleavage of
proteins, thereby reducing peptide lists. Although >50,000 ions were detected in the MS analysis,
confident identification of peptides remained low even though a high-resolution mass spectrometer
(Q Exactive HF-X (ThermoFisher Scientific, CA, USA)) was used for the analysis. Most of the
identified peptides were observed to be derived from collagen isoforms. Given the source of
salmon proteins, this result was expected.

The peptide sequences were further examined to evaluate trends on GRAVY scores, MW
and pl. While the comparison of permeate fractions yielded no distinguishable features for MW
and GRAVY scores (not shown), a frequency distribution of pl values of peptide sequences is
presented in Figure 6.6, B. It is observed that <3 A has the highest abundance of acidic peptides,
which would generally give rise to anionic species as confirmed from amino acid and SCX
chromatography analysis. Similarly, <3N had a higher frequency of peptides identified with pl in
the neutral to high pH region (pH 5-8), therefore tending towards cationic peptides. However, <3C
did not follow this trend, which is speculated to be a result of the low number of peptide

1dentifications from this fraction.
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Figure 6.6: (A) Venn diagram comparing identified peptide sequence from the three peptide

fractions (B) Distribution of pl of peptides identified from the membrane processed fractions.

The MS results corroborate the selective peptide partitioning based on charge size and
charge during EUF, as described with LC-UV results earlier. Noting the detection of >50000 ions
per fraction, whose sequence could not be positively confirmed, profiling the mass and charge
state of the detected ions was attempted. Figure 6.7 provides histograms of the peptides from each
permeate fraction according to their molecular weight and charge distribution. The MW profiles
shown here are similar to those reported via GPC analysis (Figure 6.5). Similar to the SCX profiles
(Figure 6.4), higher abundance of ions with +2 and +3 charge states were observed in <3C,
compared to both <3N and <3A. Summarizing the results of amino acid content, LC profiles and
MS characterization, it is evident that EUF enhances the partitioning of smaller MW charged

(cationic/anionic) peptides into the permeate fractions.
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Figure 6.7: EUF/UF peptide fraction profile on the basis of (4) charge status, (B) mass profile;

as determined by LC-MS/MS.

6.3.3. Antioxidant activity

The ferric reducing antioxidant potential (FRAP) assay measures the ability of peptides to
act as an electron donor. Figure 6.8 (A) illustrates the ferric reducing capacity of salmon peptides
in the unfractionated SPH, as well as the membrane-filtered peptide fractions. Previous studies
have demonstrated smaller peptide fractions (ultrafiltered peptide fractions) to yield higher
reducing capacity.”? As seen here, none of the fractionated permeates displayed higher ferric
reducing capacity. By contrast, the UF permeate retained in the absence of applied electric field

showed significantly lower (p<0.05) ferric reducing capacity. Both the permeate and retentate
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fractions from anode directed filtration exhibited pro-oxidant behavior with the FRAP assay.
However, this result can be explained by the presence of contaminants from electrode dissolution
observed during separation, which may have acted as prooxidants. Anionic and cationic trout
peptide fractions derived by an electroanalytic process by Suwal et al., (2018) did not improve

reducing capacity of the fish protein hydrolysate.
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Figure 6.8: Antioxidant capacity of SPH, permeate and retentate fractions: (A) ferric reducing
capacity expressed as mM equivalent of GSH; (B) metal binding capacity expressed as M

equivalent of EDTA.

Means denoted by asterix indicates a significant difference (p < 0.05) based on multiple comparison of
means (Tukeys test) using one-way ANOVA.
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The Fe (II) chelation assay determines the ability of analyte molecules to bind to pro-
oxidant metal ions that can lead to the generation of free radicals through Fenton’s reaction.
Structure and amino acid composition of peptides play a major role in their ability to elicit metal
chelation capacity.?*> Compared to SPH (28 + 9 EDTA uM eqv.), more than 4-fold increase in
metal chelation activity was observed for <3C (118 =0.4 EDTA uM eqv.), which had significantly
higher metal chelation activity compared to other fractions. Higher abundance of histidine which
was observed with <3C peptides, has been previously associated in the literature, with higher
ability to chelate ferrous ions in previous studies.’® Additionally, the anionic peptide fraction (<3A)
was also found to exhibit high metal chelation activity (102 + 0.4 EDTA uM eqv.) compared to
SPH (Figure 6.8 B). The <3A fraction has high Glu+ GIn contents, Glu has been previously shown
to improve Fe (II) chelation capacity.?*® Similarly, a 3-fold increase in ACE inhibitory activity was
observed by Leeb et al., (2014) for EUF derived peptide fractions from dairy protein
hydrolysate.??° In contrast, fractionation of fish protein hydrolysate into anionic and cationic
peptides derived from Rainbow trout via electrodialysis by Suwal et al., (2018) did not improve
metal chelation capacity, although these fractions had enhanced radical scavenging activities.>*’
Four-fold increase in activity is indication of the enrichment of bioactive peptides, improving the
concentration and purity compared to SPH (Figure 6.8). Therefore, the fractionation using EUF
from SPH could significantly improve its bioactivity and thus, the commercial value.

The unfractionated SPH was previously shown to have mineral contaminants in the range
of ~10% of dry matter based on ash content (Table 2.1). These contaminants are also present in
the ultrafiltered fractions as can be seen in the MW profile results (Section 6.3.2). Solid phase
extraction with C-18 was therefore performed to reduce mineral contaminants and purify the

peptides in the fractions. Ferric reducing capacity of the SPE-purified peptides was non-detectable.
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It is not clear if acetonitrile-based elution from the C18 SPE impacted the composition or activity
of these peptides. In contrast, the metal chelation activity remained consistent when compared to
the original crude fractions (Figure 6.8). Both <3A and >3A fractions had significantly higher
activity (p<0.01), the increase in activity is predicted to result from reduction of mineral
contaminants (less than 0.5 kDa components as observed in <3A in Figure 6.5 and 6.6) in these
samples. These results are indicative of the significance of fractionation of the SPH, which played

a more significant role in bioactivity these assays compared to the mineral contaminants.
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Figure 6.9: Metal binding capacity of C-18 purified peptide fractions expressed as uM equivalent
of EDTA.

*significant difference observed at p < 0.05 with paired t test
**significant difference observed at p < 0.01 with paired t test
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6.4. Conclusion and future outlook

The presented work describes a processing approach for improved selectivity for
enrichment of salmon peptides using electro-ultrafiltration. Enrichment/diminution of basic/acidic
amino acid residues in the peptide fractions based on the direction of voltage demonstrates the
selectivity of this approach. Combined effects of pressure with the applied voltage facilitates the
enrichment of peptides based on size and charge during processing that significantly impacts their
functionality (metal chelation capacity). It is demonstrated in this study that EUF enrichment of
SPH peptides resulted in higher acidic/basic amino acid residues in the peptide fractions based of
direction of voltage. Separation significantly improved the antioxidant activities of both anionic
(more than 3-fold) and cationic (4-fold) peptide fractions. In addition, this technique is selective,
and environmentally friendly as it does not require application of solvent and consumes less energy
compared to conventional chromatographic techniques. This strategy provides a viable approach
for downstream separation of aqueous extracts with charged components. The present study also
contributes to the understanding of peptide separation from a unique complex feed and the impact
on functionality of the product results from selective enrichment of low molecular weight and

charged peptides.
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CHAPTER 7

Conclusion

Enriching peptides of desired properties is beneficial for developing ingredients or products
with enhanced bioactivity. Development of these ingredients via the upcycling of fish by-products
generated from processing is important for Canada and especially Atlantic Canada because of the
abundance of these resources here, through a vibrant fisheries and aquaculture sector. Therefore,
the present research utilized the fermentate derived through a unique and sustainable bioprocessing
approach using lactic acid bacterial fermentation of Atlantic salmon by-products, as a natural
source to further select functionally active peptides. Functional benefits of peptide bioproducts are
dependent on their composition and physicochemical properties. In this light, development of
sustainably derived peptide ingredients for their application in functional foods, animal feed, and
nutraceuticals are of significance. Bioactive peptides have the potential to contribute towards
mitigating disease states and promoting human health. For instance, food-based peptide product
development efforts are currently directed at developing antioxidant, antimicrobial,
antihypertensive, immunomodulatory, hypocholestrolaemic, hypolipidemic, and antithrombic
activity. Peptide bioactivity is dependent on their conformation and ability to interact with various
cellular components such as reactive oxygen species, enzymes, receptors and membranes.
Therefore, the amino acid composition along with other physicochemical properties (polarity, size,
charge etc.) and conformation primarily dictates the bioactive properties of peptides.

The fermentate generated via bacterial fermentation yields several distinct fractions. The
protein hydrolysate fraction, in addition to being the most abundant in the fermentate, is also the

most important for formulation of protein-based food/feed ingredients. This is due in part to its
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high water solubility (suitable for use in health drinks; solubility also contributes towards higher
bioavailability) and being readily available to be incorporated into different food matrices. In
addition, because of its unique composition, the emulsion fraction was observed to have distinct
features and functionality along with characteristics such as higher hydrophobicity that makes it
amenable for unique applications in food substrates. The higher hydrophobicity and emulsifying
ability can play a major role in incorporation into food matrices to reduce spoilage. Therefore, as
described in Chapter 2, we were able to characterize the emulsion and aqueous protein hydrolysate
fractions to identify distinct features associated with both fractions. Follow up studies can evaluate
the impact of incorporating the emulsion as well as the other fractions into food matrices and the
effect of functionality as a result of the same. The remainder of this thesis focused on the aqueous
salmon protein hydrolysate fraction (SPH).

Stability and associated storage conditions for food and feed ingredients are important
criteria to consider for downstream processing (for further fractionation/separation), storage,
transportation of such products. The stability of salmon protein hydrolysate makes it suitable in its
current form for further downstream processing and long-term storage. The absence of turbidity
(indication of microbial contamination), consistent smell (flavor) and overall chemical stability
during storage is predicted to be a reflection of its slightly acidic pH along with the lactic acid
bacteria generated antimicrobial compounds (not evaluated here, though a subject of future work).
The impact of processing approaches such as pasteurization would also need to be evaluated for
food product development and application. Prior to incorporation into food or drinks, fish-based
protein hydrolysate would require deodorization, bleaching and debittering, to reduce the effects
of SPH incorporation on appearance and flavor of food products. The effects of each of these

treatments will also need to be evaluated in subsequent studies.
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Peptide composition plays a major role in determining biological activities even when
generated from a given source using identical processing methods. Chemically distinct fractions
of peptides can be isolated from a heterogenous mixture using simple, scalable separation
strategies. It is evident that fractionation with electro-ultrafiltration is able to generate peptide
fractions enriched in cationic or anionic peptides, depending on the polarity of the applied voltage.
However, a drawback of the module used in the current study was the inability to carry out anode-
directed filtration without causing damage to the electrodes. Although characterization of anode-
directed permeate fraction was provided in this thesis, the impact of electrode dissolution on
altering the separation process was not fully evaluated. One approach to consider in future
developments with the EUF module should be the utilization of a more inert electrode material for
the fabrication of the EUF module to prevent degradation of the electrode. Platinum or coated
electrodes are resistant to electrolytic dissolution and reduces the complexation and redox
reactions that can take place at the electrodes.

There is significant potential for considering the application of this separation technology
in a wide variety of feed streams. For instance, in addition to cationic/anionic peptides, EUF has
the potential to separate sulfated poly/oligosaccharides (negatively charged) from crude seaweed
extracts to generate sulfate enriched poly/oligosaccharide fractions through anode-directed
filtration to develop potent fraction with enhanced activity for applications in plant, animal and
human health. The filtration module used in this study has an active membrane area of 20.6 cm?
and is therefore only suitable for lab scale separations. Design and scale-up of electrode-assisted
crossflow filtration module with higher active membrane area to increase permeate recovery
require further considerations. For instance, the plate and frame configuration of the module used

in this study has relatively lower surface area to volume ratio. Alternatively, spiral wound
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membrane configuration maybe a more effective configuration for pilot and commercial
separation.

Analytical techniques to evaluate and characterize peptide fractions plays a major role in
ensuring consistent product characteristics and quality. Various chromatographic approaches such
as size (GPC), polarity (RPLC), charge (SCX/WAX) provide a snapshot of peptide characteristics.
Mass spectrometric analysis coupled to LC separation also enables the evaluation of the above-
mentioned characteristics with certain limitations. For instance, conventional LC-MS/MS peptide

sequencing approaches are limited by peptide size (~500-5000 Da) and charge (>+2). We observed

that sequencing and characterization of autolysis derived salmon peptides was significantly more
challenging than tryptic peptides from the same sample. Cleavage specificity for enzymes such as
mammalian trypsin and pepsin have been well characterized, and trypsin especially is
conventionally used towards LC-MS/MS peptide sequencing. Whereas all commercial protease
preparations and autolytic approaches lack cleavage specificity when used for generation of
peptide fractions. Development of analysis tools suitable for peptidomic sequencing of fractions
generated through processing approaches that lack cleavage specificity is essential for large scale
evaluation of sequence data for peptide bioproduct development.

Salmon peptide product development needs the identification of peptides with desirable
attributes and qualities to develop and commercialize peptide bioproducts. While a multitude of
different bioactivities have been described in the literature associated with various
physicochemical properties, evaluation of all of these aspects was not within the scope of this
study. However, further evaluation of functional bioactive properties for peptide fractions such as
antimicrobial activity, antihypertensive activity, antitumor activity can facilitate the development

of'a wide range of peptide bioproducts from different sources of protein hydrolysates. An improved
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understanding of peptide physicochemical properties and their relationship to peptide functionality
can boost research towards product development based on these relationships.

Future studies will aim to develop membrane processing approaches incorporating
additional strategies. Outcome and learning from this study will be used to develop improved
filtration modules with resistant electrode material and functionalized membrane surfaces along
with the applied electric field, to enable the capacity to selectively separate components of a feed
based on desired attributes such as charge, hydrophobicity, hydrophilicity, polarity and molecular
weight. Another approach to be considered in future study is the use of membrane cascades, which
has typically been used in the literature for the separation of binary/tertiary mixtures of
proteins/oligosaccharides. Multidimensional selective fractionation of complex substrates is
possible with the application of functionalized membrane cascades assisted by applied electric
fields. In addition to the fractionation of peptides, these functionalized membrane-based filtration
modules can also be assessed for their effectiveness in processing different complex feed material
for  separation of  biomolecules  with  desired  attributes. For  instance,
polysaccharide/oligosaccharide mixtures generated from the hydrolysis of seaweeds or microalgae
(extracts) have several applications in food, health and agriculture (plant health). Fractions of
seaweed extracts and oligosaccharides can then be evaluated for compositional differences in
terms of mono-, and di-saccharide and polysaccharide content using HPLC, gel permeation
chromatography and LC-MS/MS. Filtration modules will be used to measure membrane flux for
different feed substrates, for separation of desired bioactives. Multiple filtration modules (with
functionalized membranes) will be connected and configured with flexible tubing for development
of the cascade system. The filtration systems described above will need to be assessed with model

extracts prior to application with complex marine extracts. Optimization will need to be carried
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out to determine the flow rate at each stage of cascading based on the profiles of flux, fractionation
and fouling over time at each of the membrane modules.

Commercial production of this salmon by-product protein hydrolysate and enriched
fractions can thus, open further possibilities towards development of unique peptide bioproducts
that can have beneficial health outcomes for humans, animals and pets. Effectively utilizing these
waste streams for functional food/feed development or in improving food storage prevents
competition for existing resources for developing these ingredients. Further research will be
required to elucidate nutritional, textural, and sensory changes associated with salmon by-product
preparation and incorporation into food matrices. Additionally, evaluation of in vivo activity is
necessary to determine functionality in target biological systems while being safe for consumption
and beneficial towards as preventative health practices. various innovations and strategies in
membrane processing that have the scope for improving selectivity and separation efficiency,

while reducing the impact of fouling.

135



(1)

)

)

(4)

)

(6)

(7)

(8)

©)

(10)

(1)

(12)

REFERENCES

United Nations, Department of Economic and Social Affairs. World Population Prospects
2019. (https://population.un.org/wpp) (last accessed June, 2022)

Statistics Canada. Human Activity and the Environment: Waste Management in Canada;
2012, 16-201-X. (https://www]150.statcan.gc.ca/nl/en/pub/16-201-x/16-201-x2012000-
eng.pdf?st=sna_ilko) (last accessed June, 2022)

Ramirez, A. Salmon By-Product Proteins; 2007, FAO Fisheries Circular 1087.
(https://www.fao.org/3/al1394e/al394e.pdf) (last accessed Nov, 2022)

Kim, J. K.; Dao, V. T.; Kong, I. S.; Lee, H. H. Identification and Characterization of
Microorganisms from Earthworm Viscera for the Conversion of Fish Wastes into Liquid
Fertilizer. Bioresour. Technol. 2010, 101 (14), 5131-5136.

Mendozat, L. S.; Owens, J. D.; Mendoza, L. S. Enzymically Hydrolysed and Bacterially
Fermented Fishery Products. J. Food Technol. 1985, 20 (3), 273—-293.

Fernando, R. W. D. Evaluation and Comparison of Composition and Biological Activities
of Peptides Obtained from Rainbow Trout (Oncorhynchus mykiss) and Chlorella (Chlorella
sorokiniana). 2021. M.Sc. Thesis, Dalhousie University

Khiari, Z.; Mason, B. Comparative Dynamics of Fish By-Catch Hydrolysis through
Chemical and Microbial Methods. LWT 2018, 97, 135-143.

C. K. Rajendran, S. R.; Mohan, A.; Khiari, Z.; Udenigwe, C.; Mason, B. Yield, Physico-
Chemical and Antioxidant Properties of Atlantic Salmon Visceral Hydrolysate: Comparison

of Lactic Acid Bacterial Fermentation with Flavourzyme Proteolysis and Formic Acid
Treatment. J. Food Process Preserv. 2018, 42 (6), €13620.

Phanturat, P.; Benjakul, S.; Visessanguan, W.; Roytrakul, S. Use of Pyloric Caeca Extract
from Bigeye Snapper (Priacanthus macracanthus) for the Production of Gelatin
Hydrolysate with Antioxidative Activity. LWT - Food Sci and Technol 2010, 43 (1), 86-97.

Sudhakar, S.; Nazeer, R. A. Structural Characterization of an Indian Squid Antioxidant
Peptide and Its Protective Effect against Cellular Reactive Oxygen Species. J. Funct. Foods
2015, 74, 502-512.

Wiriyaphan, C.; Xiao, H.; Decker, E. A.; Yongsawatdigul, J. Chemical and Cellular
Antioxidative Properties of Threadfin Bream (Nemipterus spp.) Surimi By-product
Hydrolysates Fractionated by Ultrafiltration. Food Chem. 2015, 167, 7-15.

Chi, C.-F.; Hu, F.-Y.; Wang, B.; Li, Z.-R.; Luo, H.-Y. Influence of Amino Acid
Compositions and Peptide Profiles on Antioxidant Capacities of Two Protein Hydrolysates

136


https://population.un.org/wpp
https://www150.statcan.gc.ca/n1/en/pub/16-201-x/16-201-x2012000-eng.pdf?st=sna_i1ko
https://www150.statcan.gc.ca/n1/en/pub/16-201-x/16-201-x2012000-eng.pdf?st=sna_i1ko
https://www.fao.org/3/a1394e/a1394e.pdf

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

21

(22)

(23)

(24)

from Skipjack Tuna (Katsuwonus pelamis) Dark Muscle. Mar. Drugs 20185, 13 (5), 2580—
2601.

He, R.; Girgih, A. T.; Rozoy, E.; Bazinet, L.; Ju, X. R.; Aluko, R. E. Selective Separation
and Concentration of Antihypertensive Peptides from Rapeseed Protein Hydrolysate by
Electrodialysis with Ultrafiltration Membranes. Food Chem. 2016, 197, 1008—1014.

Sah, B. N. P.; Vasiljevic, T.; McKechnie, S.; Donkor, O. N. Identification of Anticancer
Peptides from Bovine Milk Proteins and Their Potential Roles in Management of Cancer:
A Critical Review. Compr. Rev. Food Sci. Food Saf. 2015, 14 (2), 123—138.

Udenigwe, C. C.; Aluko, R. E. Food Protein-Derived Bioactive Peptides: Production,
Processing, and Potential Health Benefits. J. Food Sci. 2012, 77 (1), R11-R24.

DFO Canada. Canadian Aquaculture Production Statistics, 2019. (https:// www.dfo-
mpo.gc.ca/stats/aqua/aqual9-eng.htm) (last accessed, June 2022)

Dong, F. M.; Fairgrieve, W. T.; Skonberg, D. I.; Rasco, B. A. Preparation and Nutrient
Analyses of Lactic Acid Bacterial Ensiled Salmon Viscera. Aquaculture 1993, 109 (3), 351—
366.

He, S.; Franco, C.; Zhang, W. Characterisation of Processing Wastes of Atlantic Salmon
(Salmo salar) and Yellowtail Kingfish (Seriola lalandi) Harvested in Australia. Int. J. Food
Sci. Technol. 2011, 46 (9), 1898—1904.

Sliiyté, R.; Mozuraityté, R.; Martinez-Alvarez, O.; Falch, E.; Fouchereau-Peron, M.;
Rustad, T. Functional, Bioactive and Antioxidative Properties of Hydrolysates Obtained
from Cod (Gadus morhua) Backbones. Process Biochem. 2009, 44 (6), 668—677.

Tan, Y.; Gao, H.; Chang, S. K. C.; Bechtel, P. J.; Mahmoud, B. S. M. Comparative Studies
on the Yield and Characteristics of Myofibrillar Proteins from Catfish Heads and Frames
Extracted by Two Methods for Making Surimi-like Protein Gel Products. Food Chem. 2019,
272, 133-140.

Chen, Y.-C.; Jaczynski, J. Protein Recovery from Rainbow Trout (Oncorhynchus mykiss)
Processing Byproducts via Isoelectric Solubilization/Precipitation and Its Gelation
Properties As Affected by Functional Additives. J. Agric. Food Chem. 2007, 55 (22), 9079—
9088

Panpipat, W.; Chaijan, M. Functional Properties of PH-Shifted Protein Isolates from Bigeye
Snapper (Priacanthus tayenus) Head By-Product. Int. J. Food Prop. 2017, 20 (3), 596—610.

Chomnawang, C.; Yongsawatdigul, J. Protein Recovery of Tilapia Frame By-Products by
PH-Shift Method. J. Aquat. Food. Prod. Technol. 2013, 22 (2), 112-120.

Yongsawatdigul, J.; Park, J. W. Effects of Alkali and Acid Solubilization on Gelation
Characteristics of Rockfish Muscle Proteins. J. Food Sci. 2006, 69 (7), 499-505.

137


https://www.dfo-mpo.gc.ca/stats/aqua/aqua19-eng.htm
https://www.dfo-mpo.gc.ca/stats/aqua/aqua19-eng.htm

(25)

(26)

(27)

(28)

(29)

(30)

€2))

(32)

(33)

(34)

(35)

Girgih, A. T.; Udenigwe, C. C.; Hasan, F. M.; Gill, T. A.; Aluko, R. E. Antioxidant
Properties of Salmon (Salmo salar) Protein Hydrolysate and Peptide Fractions Isolated by
Reverse-Phase HPLC. Food Res. Int. 2013, 52 (1), 315-322.

Jemil, L.; Jridi, M.; Nasri, R.; Ktari, N.; Ben Slama-Ben Salem, R.; Mehiri, M.; Hajji, M.;
Nasri, M. Functional, Antioxidant and Antibacterial Properties of Protein Hydrolysates
Prepared from Fish Meat Fermented by Bacillus Subtilis A26. Process Biochem. 2014, 49
(6), 963-972.

Klompong, V.; Benjakul, S.; Kantachote, D.; Shahidi, F. Antioxidative Activity and
Functional Properties of Protein Hydrolysate of Yellow Stripe Trevally (Selaroides

leptolepis) as Influenced by the Degree of Hydrolysis and Enzyme Type. Food Chem. 2007,
102 (4), 1317-1327.

Xu, W.; Yu, G.; Xue, C.; Xue, Y.; Ren, Y. Biochemical Changes Associated with Fast
Fermentation of Squid Processing By-Products for Low Salt Fish Sauce. Food Chem. 2008,
107 (4), 1597-1604.

Bkhairia, I.; Ben Slama Ben Salem, R.; Nasri, R.; Jridi, M.; Ghorbel, S.; Nasri, M. In-Vitro
Antioxidant and Functional Properties of Protein Hydrolysates from Golden Grey Mullet
Prepared by Commercial, Microbial and Visceral Proteases. J. Food Sci. Technol. 2016, 53
(7), 2902-2912.

Opheim, M.; éliiyté, R.; Sterten, H.; Provan, F.; Larssen, E.; Kjos, N. P. Hydrolysis of
Atlantic Salmon (Salmo salar) Rest Raw Materials—Effect of Raw Material and Processing

on Composition, Nutritional Value, and Potential Bioactive Peptides in the Hydrolysates.
Process Biochem. 2015, 50 (8), 1247-1257.

Kristinsson, H. G.; Rasco, B. A. Kinetics of the Hydrolysis of Atlantic Salmon (Salmo
salar) Muscle Proteins by Alkaline Proteases and a Visceral Serine Protease Mixture.
Process Biochem. 2000, 36 (1-2), 131-139.

Jemil, I.; Abdelhedi, O.; Mora, L.; Nasri, R.; Aristoy, M.-C.; Jridi, M.; Hajji, M.; Toldra,
F.; Nasri, M. Peptidomic Analysis of Bioactive Peptides in Zebra Blenny (Salaria basilisca)
Muscle Protein Hydrolysate Exhibiting Antimicrobial Activity Obtained by Fermentation
with Bacillus Mojavensis A21. Process Biochem. 2016, 51 (12), 2186-2197.

Song, R.; Zhang, K.; Wei, R. In Vitro Antioxidative Activities of Squid (Ommastrephes
bartrami) Viscera Autolysates and Identification of Active Peptides. Process Biochem.
2016, 57 (10), 1674-1682.

Arias-Moscoso, J. L.; Maldonado-Arce, A.; Rouzaud-Sandez, O.; Marquez-Rios, E.;
Torres-Arreola, W.; Santacruz-Ortega, H.; Gaxiola-Cortés, M. G.; Ezquerra-Brauer, J. M.
Physicochemical Characterization of Protein Hydrolysates Produced by Autolysis of Jumbo
Squid (Dosidicus gigas) By-products. Food Biophys. 2015, 10 (2), 145-154.

Kristinsson, H. G.; Rasco, B. A. Fish Protein Hydrolysates: Production, Biochemical, and
Functional Properties. Crit. Rev. Food Sci. Nutr. 2000, 40 (1), 43-81.

138



(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

van 't Land, M.; Vanderperren, E.; Raes, K. The Effect of Raw Material Combination on
the Nutritional Composition and Stability of Four Types of Autolyzed Fish Silage. Anim.
Feed Sci. Technol. 2017, 234, 284-294.

Viézquez, J. A.; Nogueira, M.; Duran, A.; Prieto, M. A.; Rodriguez-Amado, I.; Rial, D.;
Gonzélez, M. P.; Murado, M. A. Preparation of Marine Silage of Swordfish, Ray and Shark
Visceral Waste by Lactic Acid Bacteria. J. Food Eng. 2011, 103 (4), 442-448.

C. K. Rajendran, S. R.; Mohan, A.; Khiari, Z.; Udenigwe, C. C.; Mason, B. Yield,
Physicochemical, and Antioxidant Properties of Atlantic Salmon Visceral Hydrolysate:

Comparison of Lactic Acid Bacterial Fermentation with Flavourzyme Proteolysis and
Formic Acid Treatment. J. Food Process Preserv. 2018, 42 (6), €13620.

Kristinsson, H.; Rasco, B. Hydrolysis of Salmon Muscle Proteins by an Enzyme Mixture
Extracted from Atlantic Salmon (Salmo salar) Pyloric Caeca. J. Food Biochem. 2000, 24
(3), 177-187.

Ambigaipalan, P.; Al-Khalifa, A. S.; Shahidi, F. Antioxidant and Angiotensin I Converting
Enzyme (ACE) Inhibitory Activities of Date Seed Protein Hydrolysates Prepared Using
Alcalase, Flavourzyme and Thermolysin. J. Funct. Foods 2015, 18, 1125-1137.

Benjakul, S.; Morrissey, M. T. Protein Hydrolysates from Pacific Whiting Solid Wastes. J
Agric Food Chem. 1997, 45 (9), 3423-3430.

Gbogouri, G. A.; Linder, M.; Fanni, J.; Parmentier, M. Influence of Hydrolysis Degree on
the Functional Properties of Salmon By-Product Hydrolysates. J. Food Sci. 2004, 69 (8),
615-622.

Pampanin, D. M.; Haarr, M. B.; Sydnes, M. O. Natural Peptides with Antioxidant Activity
from Atlantic Cod and Atlantic Salmon Residual Material. Int. J. Appl. Res. Nat. Prod.
2016, 9 (2), 1-8.

Falkenberg, S.; Falkenberg, S. S.; Mikaelsen, S.-O.; Joensen, H.; Stagsted, J.; Nielsen, H.
H. Extraction and Characterization of Candidate Bioactive Compounds in Different Tissues
from Salmon (Salmo salar). Int. J. Appl. Res. Nat. Prod. 2014, 7 (4), 11-25.

Aspevik, T.; Totland, C.; Lea, P.; Oterhals, A. Sensory and Surface-Active Properties of
Protein Hydrolysates Based on Atlantic Salmon (Sa/mo salar) By-Products. Process
Biochem. 2016, 51 (8), 1006-1014.

Ghaly, A. Ramakrishnan, V. V., Brooks, M. S., Budge, S. M., Dave, D. Fish Processing
Wastes as a Potential Source of Proteins, Amino Acids and Oils: A Critical Review. J.
Microb. Biochem. Technol. 2013, 54172 (5), 107-129.

Doucette, A. A.; Vieira, D. B.; Orton, D. J.; Wall, M. J. Resolubilization of Precipitated

Intact Membrane Proteins with Cold Formic Acid for Analysis by Mass Spectrometry. J.
Proteome Res. 2014, 13 (12), 6001-6012.

139



(48)

(49)

(50)

(1)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(39)

Korhonen, H.; Pihlanto-Leppéla, A.; Rantaméki, P.; Tupasela, T. Impact of Processing on
Bioactive Proteins and Peptides. Trends Food Sci. Technol. 1998, 9 (8-9), 307-319.

C. K. Rajendran, S. R.; Mason, B.; Udenigwe, C. C. Peptidomics of Peptic Digest of
Selected Potato Tuber Proteins: Post-Translational Modifications and Limited Cleavage
Specificity. J. Agric. Food Chem. 2016, 64 (11), 2432-2437.

Pérez-Vega, J. A.; Olivera-Castillo, L.; Gomez-Ruiz, J. A.; Herndndez-Ledesma, B. Release
of Multifunctional Peptides by Gastrointestinal Digestion of Sea Cucumber (Isostichopus
badionotus). J. Funct. Foods 2013, 5 (2), 869—877.

Ahn, C.-B.; Je, J.-Y.; Cho, Y.-S. Antioxidant and Anti-Inflammatory Peptide Fraction from
Salmon Byproduct Protein Hydrolysates by Peptic Hydrolysis. Food Res. Int. 2012, 49 (1),
92-98.

Klomklao, S.; Kishimura, H.; Benjakul, S. Use of Viscera Extract from Hybrid Catfish
(Clarias macrocephalus x Clarias gariepinus) for the Production of Protein Hydrolysate
from Toothed Ponyfish (Gazza minuta) Muscle. Food Chem. 2013, 136 (2), 1006-1012.

Benhabiles, M. S. S.; Abdi, N.; Drouiche, N.; Lounici, H.; Pauss, A.; Goosen, M. F. A. F.
A.; Mameri, N. Fish Protein Hydrolysate Production from Sardine Solid Waste by Crude

Pepsin Enzymatic Hydrolysis in a Bioreactor Coupled to an Ultrafiltration Unit. Mater. Sci.
Eng. C 2012, 32 (4), 922-928.

Linder, M.; Fanni, J.; Parmentier, M.; Sergent, M.; Phan-Tan-Luu, R. Protein Recovery
from Veal Bones by Enzymatic Hydrolysis. J. Food Sci. 1995, 60 (5), 949-952.

Ovissipour, M.; Kenari, A. A.; Motamedzadegan, A.; Rasco, B.; Nazari, R. M. Optimization
of Protein Recovery During Hydrolysis of Yellowfin Tuna (Thunnus albacares) Visceral
Proteins. J. Aquat. Food Prod. Technol. 2011, 20 (2), 148-159.

He, S.; Franco, C.; Zhang, W. Process Optimisation and Physicochemical Characterisation
of Enzymatic Hydrolysates of Proteins from Co-Products of Atlantic Salmon (Salmo salar)
and Yellowtail Kingfish (Seriola lalandi). Int. J. Food Sci. Technol. 2012, 47 (11), 2397—
2404.

Rebeca, B. D.; Pena-Vera, M. T.; Diaz-Castaneda, M. Production of Fish Protein
Hydrolysates with Bacterial Proteases; Yield and Nutritional Value. J. Food Sci. 1991, 56
(2), 309-314.

Siringan, P.; Raksakulthai, N.; Yongsawatdigul, J. Autolytic Activity and Biochemical
Characteristics of Endogenous Proteinases in Indian Anchovy (Stolephorus indicus). Food
Chem. 2006, 98 (4), 678—684.

Mazorra-Manzano, M. A.; Pacheco-Aguilar, R.; Ramirez-Suarez, J. C.; Garcia-Sanchez, G.
Pacific Whiting (Merluccius productus) Underutilization in the Gulf of California: Muscle
Autolytic Activity Characterization. Food Chem. 2008, 107 (1), 106—111.

140



(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

Cao, W.; Zhang, C.; Hong, P.; Ji, H.; Hao, J.; Zhang, J. Autolysis of Shrimp Head by
Gradual Temperature and Nutritional Quality of the Resulting Hydrolysate. LWT 2009, 42
(1), 244-249.

Lenco, J.; Khalikova, M. A.; Svec, F. Dissolving Peptides in 0.1% Formic Acid Brings Risk
of Artificial Formylation. J. Proteome Res. 2020, 19 (3), 993—999.

Mohan, A.; Udechukwu, M. C. C.; C.K. Rajendran, S. R.; Udenigwe, C. C. C. Modification
of Peptide Functionality during Enzymatic Hydrolysis of Whey Proteins. RSC Adv. 2015, 5
(118), 97400-97407.

Shivanne Gowda, S. G.; Narayan, B.; Gopal, S. Bacteriological Properties and Health-
Related Biochemical Components of Fermented Fish Sauce: An Overview. Food Rev. Int.
2016, 32 (2), 203-229.

Van Wyk, H. J.; Heydenrych, C. M. S. The Production of Naturally Fermented Fish Silage
Using Various Lactobacilli and Different Carbohydrate Sources. J. Sci. Food Agric. 1985,
36 (11), 1093-1103.

Smacchi, E.; Gobbetti, M. Peptides from Several Italian Cheeses Inhibitory to Proteolytic
Enzymes of Lactic Acid Bacteria, Pseudomonas fluorescens ATCC 948 and to the
Angiotensin [-Converting Enzyme. Enzyme Microb. Technol. 1998, 22 (8), 687—694.

Samaddar, A.; Kaviraj, A. Processing of Fish Offal Waste through Fermentation Utilizing
Whey as Inoculum. Int. J. Recycl. Org. Waste Agric. 2014, 3 (1), 45.

Van Wyk, H. J.; Heydenrych, C. M. S. The Production of Naturally Fermented Fish Silage
Using Various Lactobacilli and Different Carbohydrate Sources. J. Sci. Food Agric. 1985,
36 (11), 1093-1103.

Agyei, D.; Danquah, M. K. Industrial-Scale Manufacturing of Pharmaceutical-Grade
Bioactive Peptides. Biotechnol. Adv. 2011, 29 (3), 272-2717.

Vazquez, J. A.; Nogueira, M.; Duran, A.; Prieto, M. A.; Rodriguez-Amado, I.; Rial, D.;
Gonzélez, M. P.; Murado, M. A. Preparation of Marine Silage of Swordfish, Ray and Shark
Visceral Waste by Lactic Acid Bacteria. J. Food Eng. 2011, 103 (4), 442—448.

Olsen, R. L.; Toppe, J.; Karunasagar, 1. Challenges and Realistic Opportunities in the Use
of By-Products from Processing of Fish and Shellfish. Trends Food Sci. Technol. 2014,
144-151.

Xu, Y.; Zang, J.; Regenstein, J. M.; Xia, W. Technological Roles of Microorganisms in Fish
Fermentation: A Review. Crit. Rev. Food Sci. Nutr. 2020, 61 (6), 1000—1012.

Bueno-Solano, C.; Lopez-Cervantes, J.; Campas-Baypoli, O. N.; Lauterio-Garcia, R.;
Adan-Bante, N. P.; Sdnchez-Machado, D. I. Chemical and Biological Characteristics of
Protein Hydrolysates from Fermented Shrimp By-Products. Food Chem. 2009, 112 (3),
671-675.

141



(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

Godinho, I.; Pires, C.; Pedro, S.; Teixeira, B.; Mendes, R.; Nunes, M. L.; Batista, I.
Antioxidant Properties of Fish Protein Hydrolysates Prepared from Cod Protein
Hydrolysate by Bacillus Sp. Appl. Biochem. Biotechnol. 2016, 178 (6), 1095-1112.

Zou, T.-B.; He, T.-P.; Li, H.-B.; Tang, H.-W.; Xia, E.-Q. The Structure-Activity
Relationship of the Antioxidant Peptides from Natural Proteins. Molecules 2016, 21 (1), 72.

Li, Y.-W.; Li, B. Characterization of Structure-Antioxidant Activity Relationship of
Peptides in Free Radical Systems Using QSAR Models: Key Sequence Positions and Their
Amino Acid Properties. J. Theor. Biol. 2013, 318, 29-43.

Torres-Fuentes, C.; Alaiz, M.; Vioque, J. Affinity Purification and Characterisation of
Chelating Peptides from Chickpea Protein Hydrolysates. Food Chem. 2011, 129 (2), 485—
490.

Doyen, A.; Husson, E.; Bazinet, L. Use of an Electrodialytic Reactor for the Simultaneous
B-Lactoglobulin Enzymatic Hydrolysis and Fractionation of Generated Bioactive Peptides.
Food Chem. 2013, 136 (3—4), 1193-1202.

Liu, X.; Wang, Z.; Zhang, J.; Song, L.; Li, D.; Wu, Z.; Zhu, B.; Nakamura, Y.; Shahidi, F.;
Yu, C.; Zhou, D. Isolation and Identification of Zinc-Chelating Peptides from Sea
Cucumber (Stichopus japonicus) Protein Hydrolysate. J. Sci. Food Agric. 2019, 99 (14),
6400-6407.

Jones, K. M. Examining the Variables Which Influence Strong Cation Exchange of
Peptides, and Their Implications on the First Dimension of Separation in Liquid
Chromatography Tandem Mass Spectrometry. 2018, M.Sc. Thesis, Dalhousie University.

Kyte, J.; Doolittle, R. F. A Simple Method for Displaying the Hydropathic Character of a
Protein. J. Mol. Biol. 1982, 157 (1), 105-132.

Kozlowski, L. P. IPC 2.0: Prediction of Isoelectric Point and pKa Dissociation Constants.
Nucleic Acids Res. 2021, 49 (W1), W285-W292.

Minkiewicz, P.; Iwaniak, A.; Darewicz, M. BIOPEP-UWM Database of Bioactive Peptides:
Current Opportunities. Int. J. Mol. Sci. 2019, 20 (23), 5978.

Martins, P. M.; Santos, L. H.; Mariano, D.; Queiroz, F. C.; Bastos, L. L.; Gomes, I. de S.;
Fischer, P. H. C.; Rocha, R. E. O.; Silveira, S. A.; de Lima, L. H. F.; de Magalhaes, M. T.
Q.; Oliveira, M. G. A.; de Melo-Minardi, R. C. Propedia: A Database for Protein—Peptide
Identification Based on a Hybrid Clustering Algorithm. BMC Bioinform. 2021, 22 (1), 1—
20.

Udenigwe, C. C.; Udechukwu, M. C.; Yiridoe, C.; Gibson, A.; Gong, M. Antioxidant
Mechanism of Potato Protein Hydrolysates against in Vitro Oxidation of Reduced
Glutathione. J. Funct. Foods 2016, 20, 195-203.

142



(85)

(86)

(87)

(88)

(89)

(90)

oD

92)

(93)

(94)

(95)

(96)

Udenigwe, C. C.; Aluko, R. E. Chemometric Analysis of the Amino Acid Requirements of
Antioxidant Food Protein Hydrolysates. Int. J. Mol. Sci. 2011, 12 (5), 3148-3161.

Marques, S. S.; Magalhaes, L. M.; Toth, 1. V; Segundo, M. A. Insights on Antioxidant
Assays for Biological Samples Based on the Reduction of Copper Complexes-the
Importance of Analytical Conditions. Int. J. Mol. Sci. 2014, 15 (7), 11387-11402.

Boyer, R. F.; J. McCleary, C. Superoxide lon as a Primary Reductant in Ascorbate-Mediated
Ferretin Iron Release. Free Radic. Biol. Med. 1987, 3 (6), 389-395.

Avogaro, A.; Dardano, A.; de Kreutzenberg, S. v.; del Prato, S. Dipeptidyl Peptidase-4
Inhibitors Can Minimize the Hypoglycaemic Burden and Enhance Safety in Elderly People
with Diabetes. Diabetes Obes. Metab. 2015, 17 (2), 107-115.

Vermeirssen, V.; van Camp, J.; Verstracte, W. Optimisation and Validation of an
Angiotensin-Converting Enzyme Inhibition Assay for the Screening of Bioactive Peptides.
J. Biochem. Biophys. Methods 2002, 51 (1), 75-87.

Szeto, H. H. Cell-Permeable, Mitochondrial-Targeted, Peptide Antioxidants. AAPS J. 2006,
8(2), E277.

Fan, J.; He, J.; Zhuang, Y.; Sun, L. Purification and Identification of Antioxidant Peptides
from Enzymatic Hydrolysates of Tilapia (Oreochromis niloticus) Frame Protein. Molecules
2012, 717 (11), 12836—-12850.

C. K. Rajendran, S. R. Bioprocessing of Atlantic Salmon (Salmo salar) by-Products:
Recovery and Antioxidant Properties of Protein Hydrolysates, 2017. MSc thesis, Dalhousie
University.

Belhaj, N.; Desor, F.; Gleizes, C.; Denis, F. M.; Arab-Tehrany, E.; Soulimani, R.; Linder,
M. Anxiolytic-like Effect of a Salmon Phospholipopeptidic Complex Composed of
Polyunsaturated Fatty Acids and Bioactive Peptides. Mar. Drugs 2013, 11 (11),4294-4317.

Fang, Y.; Wang, S.; Liu, S.; Lu, M.; Jiao, Y.; Chen, G.; Pan, J.; Fang, Y.; Wang, S.; Liu,
S.; Lu, M.; Jiao, Y.; Chen, G.; Pan, J. Solid-State Fermentation of Acanthogobius hasta
Processing By-Products for the Production of Antioxidant Protein Hydrolysates with
Aspergillus oryzae. Braz. Arch. Biol. Technol. 2015, 58 (3), 343-352.

Balakrishnan, B.; Prasad, B.; Rai, A. K.; Velappan, S. P.; Subbanna, M. N.; Narayan, B. In
Vitro Antioxidant and Antibacterial Properties of Hydrolysed Proteins of Delimed Tannery

Fleshings: Comparison of Acid Hydrolysis and Fermentation Methods. Biodegradation
2011, 22 (2), 287-295.

Wald, M.; Schwarz, K.; Rehbein, H.; BuBBmann, B.; Beermann, C. Detection of
Antibacterial Activity of an Enzymatic Hydrolysate Generated by Processing Rainbow
Trout By-Products with Trout Pepsin. Food Chem. 2016, 205, 221-228.

143



97

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

Chakka, A. K.; Elias, M.; Jini, R.; Sakhare, P. Z.; Bhaskar, N. In-Vitro Antioxidant and
Antibacterial Properties of Fermentatively and Enzymatically Prepared Chicken Liver
Protein Hydrolysates. J. Food Sci. Technol. 2015, 52 (12), 8059-8067.

Nguyen, E.; Jones, O.; Kim, Y. H. B.; San Martin-Gonzalez, F.; Liceaga, A. M. Impact of
Microwave-Assisted Enzymatic Hydrolysis on Functional and Antioxidant Properties of
Rainbow Trout Oncorhynchus Mykiss By-Products. Fish. Sci. 2017, 1-15.

Ozuna, C.; Paniagua-Martinez, 1.; Castano-Tostado, E.; Ozimek, L.; Amaya-Llano, S. L.
Innovative Applications of High-Intensity Ultrasound in the Development of Functional
Food Ingredients: Production of Protein Hydrolysates and Bioactive Peptides. Food Res.
Int. 2015, 77, 685—-696.

Kangsanant, S.; Murkovic, M.; Thongraung, C. Antioxidant and Nitric Oxide Inhibitory
Activities of Tilapia (Oreochromis niloticus) Protein Hydrolysate: Effect of Ultrasonic
Pretreatment and Ultrasonic-Assisted Enzymatic Hydrolysis. Int. J. Food Sci. Technol.
2014, 49 (8), 1932-1938.

Kangsanant, S.; Murkovic, M.; Thongraung, C. Antioxidant and Nitric Oxide Inhibitory
Activities of Tilapia (Oreochromis niloticus) Protein Hydrolysate: Effect of Ultrasonic
Pretreatment and Ultrasonic-Assisted Enzymatic Hydrolysis. Int. J. Food Sci. Technol.
2014, 49 (8), 1932-1938.

Ketnawa, S.; Liceaga, A. M. Effect of Microwave Treatments on Antioxidant Activity and
Antigenicity of Fish Frame Protein Hydrolysates. Food Bioproc Tech 2017, 10 (3), 582—
591.

Nguyen, E.; Jones, O.; Kim, Y. H. B.; San Martin-Gonzalez, F.; Liceaga, A. M. Impact of
Microwave-Assisted Enzymatic Hydrolysis on Functional and Antioxidant Properties of
Rainbow Trout Oncorhynchus Mykiss By-Products. Fish. Sci. 2017, 1-15.

Rajendran, S. R. C. K.; Udenigwe, C. C.; Yada, R. Y. Nanochemistry of Protein-Based
Delivery Agents. Front. Chem. 2016, 4, 31.

Ozuna, C.; Paniagua-Martinez, 1.; Castano-Tostado, E.; Ozimek, L.; Amaya-Llano, S. L.
Innovative Applications of High-Intensity Ultrasound in the Development of Functional
Food Ingredients: Production of Protein Hydrolysates and Bioactive Peptides. Food Res.
Int. 20185, 77, 685—-696.

Bi, W.; Ge, W.; Li, X.; Du, L.; Zhao, G.; Wang, H.; Qu, X. Effects of Ultrasonic

Pretreatment and Glycosylation on Functional Properties of Casein Grafted with Glucose.
J. Food Process Preserv. 2016, ¢13177.

144



(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

Djellouli, M.; Lopez-Caballero, M. E.; Arancibia, M. Y.; Karam, N.; Martinez-Alvarez, O.
Antioxidant and Antimicrobial Enhancement by Reaction of Protein Hydrolysates Derived
from Shrimp By-Products with Glucosamine. Waste Biomass Valori. 2019, 11 (6), 2491—
2505.

Sathivel, S.; Huang, J.; Bechtel, P. J. Properties of Pollock (Theragra chalcogramma) Skin
Hydrolysates and Effects on Lipid Oxidation of Skinless Pink Salmon (Oncorhynchus
gorbuscha) Fillets during 4 Months of Frozen Storage. J. Food Biochem. 2008, 32 (2), 247—
263.

Lima, K. O.; Rocha, M. da; Aleman, A.; Lopez-Caballero, M. E.; Tovar, C. A.; Gomez-
Guillén, M. C.; Montero, P.; Prentice, C. Yogurt Fortification by the Addition of
Microencapsulated Stripped Weakfish (Cynoscion guatucupa) Protein Hydrolysate.
Antioxidants 2021, 10 (10), 1567.

Ma, Y.-S.; Zhao, H.-J.; Zhao, X.-H. Comparison of the Effects of the Alcalase-Hydrolysates
of Caseinate, and of Fish and Bovine Gelatins on the Acidification and Textural Features of
Set-Style Skimmed Yogurt-Type Products. Foods 2019, § (10), 501.

Gheshlaghi, S. P.; Khaledabad, M. A.; Nikoo, M.; Regenstein, J. M.; Gavlighi, H. A. Impact
of Sturgeon Gelatin Hydrolysates (SGH) on Physicochemical and Microbiological
Properties of Fat-Free Set-Type Yogurt. LWT 2021, 148, 111665.

Murthy, L. N.; Phadke, G. G.; Mohan, C. O.; Chandra, M. V.; Annamalai, J.;
Visnuvinayagam, S.; Unnikrishnan, P.; Ravishankar, C. N. Characterization of Spray-Dried
Hydrolyzed Proteins from Pink Perch Meat Added with Maltodextrin and Gum Arabic. J.
Aquat. Food Prod. Technol. 2017, 26 (8), 913-928.

Mohan, A.; Rajendran, S. R. C. K.; He, Q. S.; Bazinet, L.; Udenigwe, C. C. Encapsulation
of Food Protein Hydrolysates and Peptides: A Review. RSC Adv. 2015, 5 (97), 79270—
79278.

Mohan, A.; Rajendran, S. R. C. K.; Thibodeau, J.; Bazinet, L.; Udenigwe, C. C. Liposome
Encapsulation of Anionic and Cationic Whey Peptides: Influence of Peptide Net Charge on
Properties of the Nanovesicles. LWT 2018, 87, 40—46.

Rao, Q.; Klaassen Kamdar, A.; Labuza, T. P. Storage Stability of Food Protein
Hydrolysates—A Review. Crit. Reviews Food Sci. Nutr. 2016, 1169-1192.

Klompong, V.; Benjakul, S.; Kantachote, D.; Shahidi, F. Storage Stability of Protein
Hydrolysate from Yellow Stripe Trevally (Selaroides leptolepis). Int. J. Food Prop. 2012,
15 (5), 1042-1053.

Unnikrishnan, P.; Kizhakkethil, B. P.; George, J. C.; Sivam, V.; Panda, S. K.; Ninan, G.;

Zynudheen, A. A. Characterization of Health Beverage Fortified with Peptides from
Yellowfin Tuna. J. Aquat. Food Prod. Technol. 2021, 1-17.

145



(118) Parvathy, U.; Binsi, P. K.; Visnuvinayagam, S.; Zynudheen, A. A.; Ninan, G.; Ravishankar,
C. N. Functional Peptides from Yellowfin Tuna (Thunnus albacares): Characterisation and
Storage Stability Assessment. /ndian J. Fish. 2020, 67 (2), 69-79.

(119) Benjakul, S.; Morrissey, M. T. Protein Hydrolysates from Pacific Whiting Solid Wastes. J.
Agric. Food Chem. 1997, 45 (9), 3423-3430.

(120) Rao, Q.; Kamdar, A. K.; Labuza, T. P. Storage Stability of Food Protein Hydrolysates—A
Review. Crit. Rev. Food Sci. Nutr. 2016, 56 (7), 1169—1192.

(121) Zhou, P.; Liu, X.; Labuza, T. P. Moisture-Induced Aggregation of Whey Proteins in a
Protein/Buffer Model System. J. Agric. Food Chem. 2008, 56 (6), 2048-2054.

(122) Thiansilakul, Y.; Benjakul, S.; Shahidi, F. Compositions, Functional Properties and
Antioxidative Activity of Protein Hydrolysates Prepared from Round Scad (Decapterus
maruadsi). Food Chem. 2007, 103 (4), 1385—-1394.

(123) Kitts, D. D.; Weiler, K. Bioactive Proteins and Peptides from Food Sources. Applications
of Bioprocesses Used in Isolation and Recovery. Curr. Pharm. Des. 2003, 9 (16), 1309—
1323.

(124) Benhabiles, M. S. S.; Abdi, N.; Drouiche, N.; Lounici, H.; Pauss, A.; Goosen, M. F. A. F.
A.; Mameri, N. Fish Protein Hydrolysate Production from Sardine Solid Waste by Crude
Pepsin Enzymatic Hydrolysis in a Bioreactor Coupled to an Ultrafiltration Unit. Mater. Sci.
Eng. C 2012, 32 (4), 922-928.

(125) Benhabiles, M. S.; Abdi, N.; Drouiche, N.; Lounici, H.; Pauss, A.; Goosen, M. F. A.;
Mameri, N. Protein Recovery by Ultrafiltration during Isolation of Chitin from Shrimp
Shells Parapenaeus longirostris. Food Hydrocoll. 2013, 32 (1), 28-34.

(126) Afonso, M. D.; Bérquez, R. Review of the Treatment of Seafood Processing Wastewaters
and Recovery of Proteins Therein by Membrane Separation Processes — Prospects of the
Ultrafiltration of Wastewaters from the Fish Meal Industry. Desalination 2002, 142 (1), 29—
45.

(127) Arvanitoyannis, 1. S.; Kassaveti, A. Fish Industry Waste: Treatments, Environmental
Impacts, Current and Potential Uses. Int. J. Food Sci. Technol. 2008, 43 (4), 726-745.

(128) Amiza, M. A.; Ng, S. C. Effects of Surimi-to-Silver Catfish Ratio and Potato Starch
Concentration on the Properties of Fish Sausage. J. Aquat. Food Prod. Technol. 2015, 24
(3), 213-226.

(129) Liu, R.; Wang, L.; Zheng, W.; Wu, H. In Vivo Antioxidant Effects of Hydrolysate Derived
from Waste Proteins of Mactra veneriformis. J. Aquat. Food Prod. Technol. 2015, 24 (2),
143-152.

146



(130) He, S.; Wang, F.; Ning, Z.; Yang, B.; Wang, Y. Autolysis of Anchovy (Engraulis japonicus)
Protein: Evaluation of Antioxidant Properties and Nutritional Quality of Resulting
Hydrolysates. J. Aquat. Food Prod. Technol. 2015, 24 (5), 417-428.

(131) Taheri, A. Antioxidative Effect of Rainbow Sardine (Dussumieria acuta) Protein
Hydrolysate on Lipid and Protein Oxidation in Black Pomfret (Parastromateus niger) Fillet
by Glazing. J. Aquat. Food Prod. Technol. 2015, 24 (3), 241-258.

(132) da Rosa Zavareze, E.; Telles, A. C.; Mello El Halal, S. L.; da Rocha, M.; Colussi, R.;
Marques de Assis, L.; Suita de Castro, L. A.; Guerra Dias, A. R.; Prentice-Hernandez, C.
Production and Characterization of Encapsulated Antioxidative Protein Hydrolysates from
Whitemouth Croaker (Micropogonias furnieri) Muscle and By-product. LWT 2014, 59 (2),
841-848.

(133) Song, R.; Wei, R.; Zhang, B.; Yang, Z.; Wang, D. Antioxidant and Antiproliferative
Activities of Heated Sterilized Pepsin Hydrolysate Derived from Half-Fin Anchovy
(Setipinna taty). Mar. Drugs 2011, 9 (6), 1142—-1156.

(134) Picot, L.; Ravallec, R.; Fouchereau-Péron, M.; Vandanjon, L.; Jaouen, P.; Chaplain-
Derouiniot, M.; Guérard, F.; Chabeaud, A.; Legal, Y.; Alvarez, O. M.; Bergé, J.-P.; Piot, J.-
M.; Batista, 1.; Pires, C.; Thorkelsson, G.; Delannoy, C.; Jakobsen, G.; Johansson, I.;
Bourseau, P. Impact of Ultrafiltration and Nanofiltration of an Industrial Fish Protein
Hydrolysate on Its Bioactive Properties. J. Sci. Food Agric. 2010, 90 (11), 1819-1826.

(135) Opheim, M.; Sterten, H.; Overland, M.; Kjos, N. P. Atlantic Salmon (Sa/mo salar) Protein
Hydrolysate — Effect on Growth Performance and Intestinal Morphometry in Broiler
Chickens. Livest. Sci. 2016, 187, 138—145.

(136) Yoshikawa, S.; Kurihara, H.; Kawai, Y.; Yamazaki, K.; Tanaka, A.; Nishikiori, T.; Ohta,
T. Effect of Halotolerant Starter Microorganisms on Chemical Characteristics of Fermented
Chum Salmon (Oncorhynchus keta) Sauce. J. Agric. Food Chem. 2010, 58 (10), 6410—6417.

(137) Slizyte, R.; Opheim, M.; Storrg, I.; Sterten, H. Simple Technologies for Converting Rest
Raw Materials of Atlantic Salmon (Salmo salar) into High Quality, Valuable and Tasty
Feed Ingredients. J. Aquat. Food Prod. Technol. 2016, 26, 604-619.

(138) He, S.; Franco, C.; Zhang, W. Fish Protein Hydrolysates: Application in Deep-Fried Food
and Food Safety Analysis. J. Food Sci. 2015, 80 (1), E108-E115.

(139) Jones, B. Factors for Converting Percentages of Nitrogen in Food and Feeds into
Percentages of Proteins. 1941, Circular 183, USDA.
(https://www.ars.usda.gov/ARSUserFiles/80400525/Data/Classics/cirl 83.pdf) (last
accessed, June 2022)

(140) Bligh, E. G.; Dyer, W. J. A Rapid Method of Total Lipid Extraction and Purification. Can
J. Biochem. Physiol. 1959, 37 (8),911-917.

147


https://www.ars.usda.gov/ARSUserFiles/80400525/Data/Classics/cir183.pdf

(141) Baghalabadi, V.; Doucette, A. A. Mass Spectrometry Profiling of Low Molecular Weight
Proteins and Peptides Isolated by Acetone Precipitation. Anal. Chim. Acta. 2020, 1138, 38—
48.

(142) Orton, D. J.; Wall, M. J.; Doucette, A. A. Dual LC-MS Platform for High-Throughput
Proteome Analysis. J. Proteome Res. 2013, 12 (12), 5963-5970.

(143) Unterlander, N.; Doucette, A. A. Membrane-Based SDS Depletion Ahead of Peptide and
Protein Analysis by Mass Spectrometry. Proteomics 2018, 18 (9), 1700025.

(144) Oyaizu, M. Studies on Products of Browning Reaction. Antioxidative Activities of Products
of Browning Reaction Prepared from Glucosamine. Jap. J. Nutri. Diet. 1986, 44 (6), 307—
315.

(145) Saidi, S.; Deratani, A.; Belleville, M.-P.; Ben Amar, R. Antioxidant Properties of Peptide
Fractions from Tuna Dark Muscle Protein By-Product Hydrolysate Produced by Membrane
Fractionation Process. Food Res. Int. 2014, 65, 329-336.

(146) Dinel, A. L.; Lucas, C.; Le Faouder, J.; Bouvret, E.; Pallet, V.; Layé, S.; Joffre, C.
Supplementation with Low Molecular Weight Peptides from Fish Protein Hydrolysate

Reduces Acute Mild Stress-Induced Corticosterone Secretion and Modulates Stress
Responsive Gene Expression in Mice. J. Funct. Foods 2021, 76, 104292.

(147) Xu, J.; Jiang, S.; Liu, L.; Zhao, Y.; Zeng, M. Encapsulation of Oyster Protein Hydrolysates
in Nanoliposomes: Vesicle Characteristics, Storage Stability, in vitro Release, and
Gastrointestinal Digestion. J. Food Sci. 2021, 86 (3), 960-968.

(148) Hatab, S.; Chen, M. L.; Miao, W.; Lin, J.; Wu, D.; Wang, C.; Yuan, P.; Deng, S. Protease
Hydrolysates of Filefish (Thamnaconus modestus) By-products Effectively Inhibit
Foodborne Pathogens. Foodborne Pathog. Dis. 2017, 14 (11), 656—664.

(149) Trang, H. T. H.; Pasuwan, P. Screening Antimicrobial Activity against Pathogens from
Protein Hydrolysate of Rice Bran and Nile Tilapia By-Products. Int. Food. Res. J 2018, 25
(5), 2157-2163.

(150) O’Loughlin, I. B.; Kelly, P. M.; Murray, B. A.; FitzGerald, R. J.; Brodkorb, A. Molecular
Characterization of Whey Protein Hydrolysate Fractions with Ferrous Chelating and
Enhanced Iron Solubility Capabilities. J. Agric. Food Chem. 2015, 63 (10), 2708-2714.

(151) Udenigwe, C. C.; Aluko, R. E. Antioxidant and Angiotensin Converting Enzyme-Inhibitory
Properties of a Flaxseed Protein-Derived High Fischer Ratio Peptide Mixture. J. Agric.
Food Chem. 2010, 58 (8), 4762—-4768.

(152) Sah, B. N. P.; Vasiljevic, T.; McKechnie, S.; Donkor, O. N. Antibacterial and

Antiproliferative Peptides in Synbiotic Yogurt—Release and Stability during Refrigerated
Storage. J. Dairy Sci. 2016, 99 (6), 4233-4242.

148



(153) Graves, A. M.; Hettiarachchy, N.; Rayaprolu, S.; Li, R.; Horax, R.; Seo, H.-S. Bioactivity
of a Rice Bran—Derived Peptide and Its Sensory Evaluation and Storage Stability in Orange
Juice. J. Food. Sci. 2016, 81 (4), H1010-H1015.

(154) Nielsen, P. M.; Petersen, D.; Dambmann, C. Improved Method for Determining Food
Protein Degree of Hydrolysis. J. Food Sci. 2001, 66 (5), 642—646.

(155) Okimoto, Y.; Warabi, E.; Wada, Y.; Niki, E.; Kodama, T.; Noguchi, N. A Novel Method of
Following Oxidation of Low-Density Lipoprotein Using a Sensitive Fluorescent Probe,
Diphenyl-1-Pyrenylphosphine. Free Radic. Biol. Med. 2003, 35 (6), 576-585.

(156) Akhtar, M.; Ding, R. Covalently Cross-Linked Proteins & Polysaccharides: Formation,
Characterisation and Potential Applications. Curr Opin Colloid Interface Sci 2017, 31-36.

(157) Papageorgiou, M.; Lambropoulou, D.; Morrison, C.; Ktodzinska, E.; Namiesnik, J.; Ptotka-
Wasylka, J. Literature Update of Analytical Methods for Biogenic Amines Determination
in Food and Beverages. TrAC Trends Analyt. Chem. 2018, 98, 128—142.

(158) Wu, T. H.; Nigg, J. D.; Stine, J. J.; Bechtel, P. J. Nutritional and Chemical Composition of
By-Product Fractions Produced from Wet Reduction of Individual Red Salmon
(Oncorhynchus nerka) Heads and Viscera. J. Aquat. Food Prod. Technol. 2011, 20 (2), 183—
195.

(159) Thiansilakul, Y.; Benjakul, S.; Shahidi, F. Compositions, Functional Properties and
Antioxidative Activity of Protein Hydrolysates Prepared from Round Scad (Decapterus
maruadsi). Food Chem. 2007, 103 (4), 1385—-1394.

(160) Galanakis, C. M. Separation of Functional Macromolecules and Micromolecules: From
Ultrafiltration to the Border of Nanofiltration. Trends Food Sci. Technol. 2015, 42 (1), 44—
63.

(161) Pouliot, Y. Membrane Processes in Dairy Technology—From a Simple Idea to Worldwide
Panacea. Int. Dairy J. 2008, 18 (7), 735-740.

(162) Zydney, A. L. Continuous Downstream Processing for High Value Biological Products: A
Review. Biotechnol. Bioeng. 2016, 113 (3), 465-475.

(163) Song, L. Flux Decline in Crossflow Microfiltration and Ultrafiltration: Mechanisms and
Modeling of Membrane Fouling. J. Memb. Sci. 1998, 139 (2), 183-200.

(164) Jungbauer, A.; Hahn, R. Polymethacrylate Monoliths for Preparative and Industrial
Separation of Biomolecular Assemblies. J. Chromatogr. A. 2008, 1184 (1-2), 62-79.

(165) MacKe, S.; Jerz, G.; Empl, M. T.; Steinberg, P.; Winterhalter, P. Activity-Guided Isolation

of Resveratrol Oligomers from a Grapevine-Shoot Extract Using Countercurrent
Chromatography. J. Agric. Food Chem. 2012, 60 (48), 11919-11927.

149



(166) Hahn, T.; Huuk, T.; Osberghaus, A.; Doninger, K.; Nath, S.; Hepbildikler, S.; Heuveline,
V.; Hubbuch, J. Calibration-Free Inverse Modeling of Ion-Exchange Chromatography in
Industrial Antibody Purification. Eng. Life Sci. 2016, 16 (2), 107-113.

(167) Lightfoot, E. N.; Root, T. W.; O’Dell, J. L. Emergence of Ideal Membrane Cascades for
Downstream Processing. Biotechnol. Prog. 2008, 24 (3), 599-605.

(168) Mehta, A.; Zydney, A. L. Permeability and Selectivity Analysis for Ultrafiltration
Membranes. J. Memb. Sci. 2005, 249, 245-249.

(169) Firdaous, L.; Dhulster, P.; Amiot, J.; Gaudreau, A.; Lecouturier, D.; Kapel, R.; Lutin, F.;
Vézina, L.-P.; Bazinet, L. Concentration and Selective Separation of Bioactive Peptides
from an Alfalfa White Protein Hydrolysate by Electrodialysis with Ultrafiltration
Membranes. J. Memb. Sci. 2009, 329 (1-2), 60—-67.

(170) Etzel, M. R.; Arunkumar, A. Charged Ultrafiltration and Microfiltration Membranes in
Antibody Purification. In Process Scale Purification of Antibodies; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 2009, 325-347.

(171) Sun, H.; Qi, D.; Xu, J.; Juan, S.; Zhe, C. Fractionation of Polysaccharides from Rapeseed
by Ultrafiltration: Effect of Molecular Pore Size and Operation Conditions on the
Membrane Performance. Sep. Purif. Technol. 2011, 80 (3), 670-676.

(172) Cissé, M.; Vaillant, F.; Pallet, D.; Dornier, M. Selecting Ultrafiltration and Nanofiltration
Membranes to Concentrate Anthocyanins from Roselle Extract (Hibiscus sabdariffa L.).
Food Res. Int. 2011, 44 (9), 2607-2614.

(173) Hung, J. J.; Borwankar, A. U.; Dear, B. J.; Truskett, T. M.; Johnston, K. P. High
Concentration Tangential Flow Ultrafiltration of Stable Monoclonal Antibody Solutions
with Low Viscosities. J. Memb. Sci. 2016, 508, 113—-126.

(174) Shevate, R.; Kumar, M.; Karunakaran, M.; Canlas, C.; Peinemann, K. V. Surprising
Transformation of a Block Copolymer into a High Performance Polystyrene Ultrafiltration
Membrane with a Hierarchically Organized Pore Structure. J. Mater. Chem. A Mater. 2018,
6 (10), 4337-4345.

(175) Zydney, A. L. Stagnant Film Model for Concentration Polarization in Membrane Systems.
J. Memb. Sci. 1997, 130 (1-2), 275-281.

(176) Ma, J.; Qin, L.; Zhang, X.; Huang, H. Temporal Evolution of the Selectivity-Permeability
Relationship during Porous Membrane Filtration of Protein Solutions. J. Memb. Sci. 2016,
514,385-397.

(177) Gunderson, S. S.; Brower, W. S.; O’Dell, J. L.; Lightfoot, E. N. Design of Membrane
Cascades. Sep. Sci. Technol. 2007, 42 (10), 2121-2142.

150



(178) Nor, M. Z. M.; Ramchandran, L.; Duke, M.; Vasiljevic, T. Separation of Bromelain from
Crude Pineapple Waste Mixture by a Two-Stage Ceramic Ultrafiltration Process. Food
Bioprod. Process 2016, 98, 142—150.

(179) Caus, A.; Braeken, L.; Boussu, K.; Van der Bruggen, B. The Use of Integrated
Countercurrent Nanofiltration Cascades for Advanced Separations. J. Chem. Technol.
Biotechnol. 2009, 84 (3), 391-398.

(180) Mayani, M.; Filipe, C. D. M.; Ghosh, R. Cascade Ultrafiltration Systems—Integrated
Processes for Purification and Concentration of Lysozyme. J. Memb. Sci. 2010, 347 (1-2),
150-158.

(181) Patil, N. V.; Janssen, A. E. M.; Boom, R. M. The Potential Impact of Membrane Cascading
on Downstream Processing of Oligosaccharides. Chem. Eng. Sci. 2014, 106, 86-98.

(182) Rizki, Z.; Suryawirawan, E.; Janssen, A. E. M.; van der Padt, A.; Boom, R. M. Modelling
Temperature Effects in a Membrane Cascade System for Oligosaccharides. J. Memb. Sci.
2020, 610, 118292.

(183) Rizki, Z.; Janssen, A. E. M.; Claassen, G. D. H.; Boom, R. M.; van der Padt, A. Multi-
Criteria Design of Membrane Cascades: Selection of Configurations and Process
Parameters. Sep. Purif. Technol. 2020, 237, 116349.

(184) Rizki, Z.; Janssen, A. E. M.; Boom, R. M.; van der Padt, A. Oligosaccharides Fractionation
Cascades with 3 Outlet Streams. Sep. Purif. Technol. 2019, 221, 183—194.

(185) Wijmans, J. G.; Nakao, S.; Smolders, C. A. Flux Limitation in Ultrafiltration: Osmotic
Pressure Model and Gel Layer Model. J. Memb. Sci. 1984, 20 (2), 115-124.

(186) Yazdanshenas, M.; Tabatabaece-Nezhad, S. A. R.; Soltanich, M.; Roostaazad, R.;
Khoshfetrat, A. B. Contribution of Fouling and Gel Polarization during Ultrafiltration of
Raw Apple Juice at Industrial Scale. Desalination 2010, 258 (1-3), 194-200.

(187) Habibi, S.; Rabiller-Baudry, M.; Lopes, F.; Bellet, F.; Goyeau, B.; Rakib, M.; Couallier, E.
New Insights into the Structure of Membrane Fouling by Biomolecules Using Comparison
with Isotherms and ATR-FTIR Local Quantification. Environ. Technol. 2020, 43 (2),1-18.

(188) Hanspal, N. S.; Waghode, A. N.; Nassehi, V.; Wakeman, R. J. Development of a Predictive
Mathematical Model for Coupled Stokes/Darcy Flows in Cross-Flow Membrane Filtration.
Chem. Eng. J 2009, 149 (1-3), 132-142.

(189) Nassehi, V. Modelling of Combined Navier—Stokes and Darcy Flows in Crossflow
Membrane Filtration. Chem. Eng. Sci. 1998, 53 (6), 1253—-1265.

(190) Rossignol, N.; Vandanjon, L.; Jaouen, P.; Quéméneur, F. Membrane Technology for the

Continuous Separation Microalgae/Culture Medium: Compared Performances of Cross-
Flow Microfiltration and Ultrafiltration. Aquac. Eng. 1999, 20 (3), 191-208.

151



(191) Vrouwenvelder, J. S.; Hinrichs, C.; van der Meer, W. G. J.; van Loosdrecht, M. C. M,;
Kruithof, J. C. Pressure Drop Increase by Biofilm Accumulation in Spiral Wound RO and
NF Membrane Systems: Role of Substrate Concentration, Flow Velocity, Substrate Load
and Flow Direction. Biofouling 2009, 25 (6), 543-555.

(192) Binabaji, E.; Ma, J.; Rao, S.; Zydney, A. L. Theoretical Analysis of the Ultrafiltration
Behavior of Highly Concentrated Protein Solutions. J. Memb. Sci. 2015, 494, 216-223.

(193) Rosenberg, E.; Hepbildikler, S.; Kuhne, W.; Winter, G. Ultrafiltration Concentration of
Monoclonal Antibody Solutions: Development of an Optimized Method Minimizing
Aggregation. J. Memb. Sci. 2009, 342 (1-2), 50-59.

(194) Brisson, G.; Britten, M.; Pouliot, Y. Electrically-Enhanced Crossflow Microfiltration for
Separation of Lactoferrin from Whey Protein Mixtures. J. Memb. Sci. 2007, 297 (1-2), 206—
216.

(195) Oussedik, S.; Belhocine, D.; Grib, H.; Lounici, H.; Piron, D. L.; Mameri, N. Enhanced
Ultrafiltration of Bovine Serum Albumin with Pulsed Electric Field and Fluidized Activated
Alumina. Desalination 2000, 127 (1), 59—68.

(196) Bargeman, G.; Koops, G.-H.; Houwing, J.; Breebaart, I.; van der Horst, H. C.; Wessling,
M. The Development of Electro-Membrane Filtration for the Isolation of Bioactive
Peptides: The Effect of Membrane Selection and Operating Parameters on the Transport
Rate. Desalination 2002, 149 (1), 369-374.

(197) Chuang, C.-J.; Wu, C.-Y.; Wu, C.-C. Combination of Crossflow and Electric Field for
Microfiltration of Protein/Microbial Cell Suspensions. Desalination 2008, 233 (1-3), 295—
302.

(198) Rios, G. M.; Rakotoarisoa, H.; Tarodo de la Fuente, B. Basic Transport Mechanisms of
Ultrafiltration in the Presence of an Electric Field. J. Memb. Sci. 1988, 38 (2), 147—159.

(199) Robinson, C. W.; Siegel, M. H.; Condemine, A.; Fee, C.; Fahidy, T. Z.; Glick, B. R. Pulsed-
Electric-Field Crossflow Ultrafiltration of Bovine Serum Albumin. J. Memb. Sci. 1993, 80
(1), 209-220.

(200) Teng, M.-Y.; Lin, S.-H.; Wu, C.-Y.; Juang, R.-S. Factors Affecting Selective Rejection of
Proteins within a Binary Mixture during Cross-Flow Ultrafiltration. J. Memb. Sci. 2006,
281 (1-2), 103-110.

(201) Houldsworth, D. W. Demineralization of Whey by Means of Ion Exchange and
Electrodialysis. Int. J. Dairy Technol. 1980, 33 (2), 45-51.

(202) Poulin, J.-F.; Araya-Farias, M.; Amiot, J.; Bazinet, L. Separation of Bioactive Peptides by
Electrodialysis with Ultrafiltration Membrane. Desalination 2006, 200 (1-3), 620.

152



(203) Poulin, J.-F.; Amiot, J.; Bazinet, L. Simultaneous Separation of Acid and Basic Bioactive
Peptides by Electrodialysis with Ultrafiltration Membrane. J. Biotechnol. 2006, 123 (3),
314-328.

(204) Ndiaye, N.; Pouliot, Y.; Saucier, L.; Beaulieu, L.; Bazinet, L. Electroseparation of Bovine
Lactoferrin from Model and Whey Solutions. Sep. Purif. Technol. 2010, 74, 93-99.

(205) Suwal, S.; Roblet, C.; Amiot, J.; Doyen, A.; Beaulieu, L.; Legault, J.; Bazinet, L. Recovery
of Valuable Peptides from Marine Protein Hydrolysate by Electrodialysis with
Ultrafiltration Membrane: Impact of lonic Strength. Food Res. Int. 2014, 65, 407-415.

(206) Roblet, C.; Amiot, J.; Lavigne, C.; Marette, A.; Lessard, M.; Jean, J.; Ramassamy, C.;
Moresoli, C.; Bazinet, L. Screening of in Vitro Bioactivities of a Soy Protein Hydrolysate
Separated by Hollow Fiber and Spiral-Wound Ultrafiltration Membranes. Food Res. Int.
2012, 46 (1), 237-249.

(207) Henaux, L.; Thibodeau, J.; Pilon, G.; Gill, T.; Marette, A.; Bazinet, L. How Charge and
Triple Size-Selective Membrane Separation of Peptides from Salmon Protein Hydrolysate
Orientate Their Biological Response on Glucose Uptake. Int. J. Mol. Sci. 2019, 20 (8), 1939.

(208) Doyen, A.; Beaulieu, L.; Saucier, L.; Pouliot, Y.; Bazinet, L. Impact of Ultrafiltration
Membrane Material on Peptide Separation from a Snow Crab Byproduct Hydrolysate by
Electrodialysis with Ultrafiltration Membranes. J. Agric. Food Chem. 2011, 59 (5), 1784—
1792.

(209) Roblet, C.; Doyen, A.; Amiot, J.; Bazinet, L. Impact of pH on Ultrafiltration Membrane
Selectivity during Electrodialysis with Ultrafiltration Membrane (EDUF) Purification of
Soy Peptides from a Complex Matrix. J. Memb. Sci. 2013, 435, 207-217.

(210) Doyen, A.; Roblet, C.; Beaulieu, L.; Saucier, L.; Pouliot, Y.; Bazinet, L. Impact of Water
Splitting Phenomenon during Electrodialysis with Ultrafiltration Membranes on Peptide
Selectivity and Migration. J. Memb. Sci. 2013, 428, 349-356.

(211) Tadimeti, J. G. D.; Kurian, V.; Chandra, A.; Chattopadhyay, S. Corrugated Membrane
Surfaces for Effective Ion Transport in Electrodialysis. J. Memb. Sci. 2016, 499, 418—428.

(212) Kravtsov, V. A.; Kulikova, 1. K.; Bessonov, A. S.; Evdokimov, I. A. Feasibility of Using
Electrodialysis with Bipolar Membranes to Deacidify Acid Whey. Int. J. Dairy. Technol.
2020, 73 (1), 261-269.

(213) Durand, R.; Fraboulet, E.; Marette, A.; Bazinet, L. Simultaneous Double Cationic and
Anionic Molecule Separation from Herring Milt Hydrolysate and Impact on Resulting
Fraction Bioactivities. Sep. Purif. Technol. 2019, 210, 431-441.

(214) Husson, E.; Araya-Farias, M.; Gagné, A.; Bazinet, L. Selective Anthocyanins Enrichment

of Cranberry Juice by Electrodialysis with Filtration Membrane: Influence of Membranes
Characteristics. J. Memb. Sci. 2013, 448, 114—-124.

153



(215) Sarapulova, V.; Nevakshenova, E.; Nebavskaya, X.; Kozmai, A.; Aleshkina, D.; Pourcelly,
G.; Nikonenko, V.; Pismenskaya, N. Characterization of Bulk and Surface Properties of
Anion-Exchange Membranes in Initial Stages of Fouling by Red Wine. J. Memb. Sci. 2018,
559, 170-182.

(216) Cifuentes-Araya, N.; Pourcelly, G.; Bazinet, L. Multistep Mineral Fouling Growth on a
Cation-Exchange Membrane Ruled by Gradual Sieving Effects of Magnesium and
Carbonate Ions and Its Delay by Pulsed Modes of Electrodialysis. J. Colloid Interface Sci.
2012, 372 (1), 217-230.

(217) Suwal, S.; Doyen, A.; Bazinet, L. Characterization of Protein, Peptide and Amino Acid
Fouling on Ion-Exchange and Filtration Membranes: Review of Current and Recently
Developed Methods. J. Memb. Sci. 2015, 267-283.

(218) Persico, M.; Bazinet, L. Fouling Prevention of Peptides from a Tryptic Whey Hydrolysate
during Electromembrane Processes by Use of Monovalent lon Permselective Membranes.
J. Memb. Sci. 2018, 549, 486—494.

(219) Katz, W. E. The Electrodialysis Reversal (EDR) Process. Desalination 1979, 28 (1), 31-40.

(220) Chamberland, J.; Beaulieu-Carbonneau, G.; Lessard, M.-H.; Labrie, S.; Bazinet, L.; Doyen,
A.; Pouliot, Y. Effect of Membrane Material Chemistry and Properties on Biofouling
Susceptibility during Milk and Cheese Whey Ultrafiltration. J. Memb. Sci. 2017, 542, 208—
216.

(221) Binahmed, S.; Hasane, A.; Wang, Z.; Mansurov, A.; Romero-Vargas Castrillon, S. Bacterial
Adhesion to Ultrafiltration Membranes: Role of Hydrophilicity, Natural Organic Matter,
and Cell-Surface Macromolecules. Environ. Sci. Technol. 2018, 52 (1), 162—172.

(222) Ng, K. S.Y.; Dunstan, D. E.; Martin, G. J. O. Influence of Processing Temperature on Flux
Decline during Skim Milk Ultrafiltration. Sep. Purif. Technol. 2018, 195, 322-331.

(223) Xie, J.-H.; Shen, M.-Y.; Nie, S.-P.; Zhao, Q.; Li, C.; Xie, M.-Y. Separation of Water-
Soluble Polysaccharides from Cyclocarya Paliurus by Ultrafiltration Process. Carbohydr.
Polym. 2014, 101, 479-483.

(224) Cordova, A.; Astudillo, C.; Santibafiez, L.; Cassano, A.; Ruby-Figueroa, R.; Illanes, A.
Purification of Galacto-Oligosaccharides (GOS) by Three-Stage Serial Nanofiltration Units
under Critical Transmembrane Pressure Conditions. Chem. Eng. Res. Des. 2017, 117, 488—
499.

(225) Pruksasri, S.; Nguyen, T.-H.; Haltrich, D.; Novalin, S. Fractionation of a Galacto-
Oligosaccharides Solution at Low and High Temperature Using Nanofiltration. Sep. Purif.
Technol. 2015, 151, 124-130.

(226) Valifio, V.; San Roméan, M. F.; Ibaiiez, R.; Ortiz, I. Improved Separation of Bovine Serum

Albumin and Lactoferrin Mixtures Using Charged Ultrafiltration Membranes. Sep. Purif.
Technol. 2014, 125, 163—169.

154



(227)

(228)

(229)

(230)

(231)

(232)

(233)

(234)

(235)

(236)

(237)

(238)

Rektor, A.; Vatai, G. Membrane Filtration of Mozzarella Whey. Desalination 2004, 162,
279-286.

Doyen, A.; Beaulieu, L.; Saucier, L.; Pouliot, Y.; Bazinet, L. Demonstration of in Vitro
Anticancer Properties of Peptide Fractions from a Snow Crab By-Products Hydrolysate
after Separation by Electrodialysis with Ultrafiltration Membranes. Sep. Purif. Technol.
2011, 78 (3), 321-329.

Huang, Y.-B.; He, L.-Y.; Jiang, H.-Y.; Chen, Y.-X. Role of Helicity on the Anticancer
Mechanism of Action of Cationic-Helical Peptides. Int. J. Mol. Sci. 2012, 13 (6), 6849—
6862.

Huang, W.; Seo, J.; Willingham, S. B.; Czyzewski, A. M.; Gonzalgo, M. L.; Weissman, L.
L.; Barron, A. E. Learning from Host-Defense Peptides: Cationic, Amphipathic Peptoids
with Potent Anticancer Activity. PLoS One 2014, 9 (2), €90397.

C. K. Rajendran, S. R.; Mason, B.; Doucette, A. A. Review of Membrane Separation
Models and Technologies: Processing Complex Food-Based Biomolecular Fractions. Food
Bioproc. Tech. 2021 14:3 2021, 14 (3), 415-428.

Holder, A.; Merath, C.; Kulozik, U.; Hinrichs, J. Impact of Diffusion, Transmembrane
Pressure and the Electrical Field on Peptide Fractionation Using Cross-Flow Electro
Membrane Filtration. Int. Dairy J 2015, 46, 31-38.

Holder, A.; Scholz, S.; Kulozik, U.; Hinrichs, J. Cross-Flow Electro Membrane Filtration:
Theory and Application in the Dairy Industry. Chem. Ing. Tech. 2013, 85 (8), 1193—-1200.

Lundgren, D. H.; Hwang, S. Il; Wu, L.; Han, D. K. Role of Spectral Counting in Quantitative
Proteomics. Expert Rev. Proteomics. February 2010, 39-53.

Picot, L.; Bordenave, S.; Didelot, S.; Fruitier-Arnaudin, 1.; Sannier, F.; Thorkelsson, G.;
Bergé¢, J. P.; Guérard, F.; Chabeaud, A.; Piot, J. M. Antiproliferative Activity of Fish Protein
Hydrolysates on Human Breast Cancer Cell Lines. Process Biochem. 2006, 41 (5), 1217—
1222.

Nesse, K. O.; Nagalakshmi, A. P.; Marimuthu, P.; Singh, M.; Bhetariya, P. J.; Ho, M.;
Simon, R. R. Safety Evaluation of Fish Protein Hydrolysate Supplementation in
Malnourished Children. Regul. Toxicol. Pharmacol. 2014, 69 (1), 1-6.

Ahn, C.-B.; Kim, J.-G.; Je, J.-Y. Purification and Antioxidant Properties of Octapeptide
from Salmon By-product Protein Hydrolysate by Gastrointestinal Digestion. Food Chem.
2014, 147, 78-83.

Lapointe, J. F.; Gauthier, S. F.; Pouliot, Y.; Bouchard, C. Selective Separation of Cationic

Peptides from a Tryptic Hydrolysate of B-Lactoglobulin by Electrofiltration. Biotechnol.
Bioeng. 2006, 94 (2), 223-233.

155



(239) Leeb, E.; Holder, A.; Letzel, T.; Cheison, S. C.; Kulozik, U.; Hinrichs, J. Fractionation of
Dairy Based Functional Peptides Using Ion-Exchange Membrane Adsorption
Chromatography and Cross-Flow Electro Membrane Filtration. /nt. Dairy J 2014, 38 (2),
116-123.

(240) Persico, M.; Dhulster, P.; Bazinet, L. Redundancy Analysis for Determination of the Main
Physicochemical Characteristics of Filtration Membranes Explaining Their Fouling by
Peptides. J. Memb. Sci. 2018, 563, 708-717.

(241) Iritani, E.; Mukai, Y.; Kiyotomo, Y. Effects of Electric Field on Dynamic Behaviors of
Dead-End Inclined and Downward Ultrafiltration of Protein Solutions. J. Memb. Sci. 2000,
164 (1-2), 51-57.

(242) Lentsch, S.; Aimar, P.; Orozco, J. L. Enhanced Separation of Albumin-Poly(Ethylene
Glycol) by Combination of Ultrafiltration and Electrophoresis. J. Memb. Sci. 1993, 80 (1),
221-232.

(243) Robinson, C. W_; Siegel, M. H.; Condemine, A.; Fee, C.; Fahidy, T. Z.; Glick, B. R. Pulsed-
Electric-Field Crossflow Ultrafiltration of Bovine Serum Albumin. J. Memb. Sci. 1993, 80
(1), 209-220.

(244) Zumbusch, P. v.; Kulcke, W.; Brunner, G. Use of Alternating Electrical Fields as Anti-
Fouling Strategy in Ultrafiltration of Biological Suspensions — Introduction of a New
Experimental Procedure for Crossflow Filtration. J. Memb. Sci. 1998, 142 (1), 75-86.

(245) Sun, X.; Sarteshnizi, R. A.; Boachie, R. T.; Okagu, O. D.; Abioye, R. O.; Neves, R. P.;
Ohanenye, 1. C.; Udenigwe, C. C. Peptide—Mineral Complexes: Understanding Their
Chemical Interactions, Bioavailability, and Potential Application in Mitigating
Micronutrient Deficiency. Foods 2020, 9 (10), 1402.

(246) Lv, Y.; Liu, Q.; Bao, X.; Tang, W.; Yang, B.; Guo, S. Identification and Characteristics of
Iron-Chelating Peptides from Soybean Protein Hydrolysates Using IMAC-Fe3+. J Agric
Food Chem. 2009, 57 (11), 4593-4597.

(247) Suwal, S.; Ketnawa, S.; Liceaga, A. M.; Huang, J. Y. Electro-Membrane Fractionation of

Antioxidant Peptides from Protein Hydrolysates of Rainbow Trout (Oncorhynchus mykiss)
Byproducts. Innov. Food Sci. Emerg. Technol. 2018, 45, 122—131.

156



APPENDIX

Table of Contents

Table Al: List of top 20 most abundant proteins (based on peptide spectral
matches) from the salmon protein hydrolysate as determined by bottom-up
proteomics (LC-MS/MS)

Table A2: List of top 20 most abundant proteins (based on peptide spectral
matches) identified from the salmon emulsion as determined by bottom-up
proteomics (LC-MS/MS).

Illustrations: on set-up of filtration assembly in steps

License for published manuscript (Chapter 4)

157

158

159

160

164



Table Al: List of top 20 most abundant proteins (based on peptide spectral matches) from the
salmon protein hydrolysate as determined by bottom-up proteomics (LC-MS/MS)

Source protein
myosin heavy chain, fast skeletal muscle-like isoform X1 OS=Salmo salar OX=8030
GN=LOC106564162 PE=3 SV=1

Calcium-transporting ATPase OS=Salmo salar OX=8030 GN=LOC106579065 PE=3 SV=1
aldehyde dehydrogenase family 7 member A1 homolog OS=Salmo salar OX=8030 GN=AL7A1
PE=2 SV=1

acidic mammalian chitinase-like OS=Salmo salar OX=8030 GN=LOC106565087 PE=3 SV=1
Actin alpha 1-1 OS=Salmo salar OX=8030 GN=LOC106564730 PE=2 SV=1
Beta-hexosaminidase OS=Salmo salar OX=8030 GN=hexb PE=3 SV=1

mucin-5AC-like OS=Salmo salar OX=8030 GN=LOC106595510 PE=4 SV=1
Carboxypeptidase Al precursor OS=Salmo salar OX=8030 GN=CBPA1 PE=2 SV=1
Alpha-1,4 glucan phosphorylase OS=Salmo salar OX=8030 GN=pygma PE=2 SV=1

Ferritin OS=Salmo salar OX=8030 GN=FRIM PE=2 SV=1

eosinophil peroxidase OS=Salmo salar OX=8030 GN=LOC100380666 PE=4 SV=I
vitellogenin OS=Salmo salar OX=8030 GN=LOC100136426 PE=4 SV=1
Glyceraldehyde-3-phosphate dehydrogenase OS=Salmo salar OX=8030 PE=2 SV=1

Ferritin, heavy subunit OS=Salmo salar OX=8030 PE=2 SV=1

Alpha-galactosidase OS=Salmo salar OX=8030 GN=NAGAB PE=2 SV=1

fibrillin-2-like OS=Salmo salar OX=8030 GN=LOC106613712 PE=4 SV=1
Fructose-bisphosphate aldolase OS=Salmo salar OX=8030 GN=LOC100194624 PE=3 SV=1
alpha-actinin-3-like OS=Salmo salar OX=8030 GN=LOC106577856 PE=4 SV=1
mucin-5AC-like OS=Salmo salar OX=8030 GN=LOC106593959 PE=4 SV=1

cathepsin L1-like OS=Salmo salar OX=8030 GN=LOC106560797 PE=3 SV=1

158



Table A2: List of top 20 most abundant proteins (based on peptide spectral matches) identified
from the salmon emulsion as determined by bottom-up proteomics (LC-MS/MS).

Source protein

titin-like isoform X1 OS=Salmo salar OX=8030 GN=LOC106586456 PE=4 SV=1
myosin heavy chain, fast skeletal muscle-like isoform X1 OS=Salmo salar OX=8030
GN=LOC106564162 PE=3 SV=1

Calcium-transporting ATPase OS=Salmo salar OX=8030 GN=LOC106579065 PE=3 SV=1
vitellogenin OS=Salmo salar OX=8030 GN=LOC100136426 PE=4 SV=1

fibrillin-2-like OS=Salmo salar OX=8030 GN=LOC106573567 PE=4 SV=1

collagen alpha-1(XII) chain isoform X1 OS=Salmo salar OX=8030 GN=col12al PE=4 SV=1
nebulin OS=Salmo salar OX=8030 GN=neb PE=4 SV=1

Fructose-bisphosphate aldolase OS=Salmo salar OX=8030 GN=LOC100194624 PE=3 SV=1
Alpha-1,4 glucan phosphorylase OS=Salmo salar OX=8030 GN=pygma PE=2 SV=1

Actin alpha 1-1 OS=Salmo salar OX=8030 GN=LOC106564730 PE=2 SV=1
Glyceraldehyde-3-phosphate dehydrogenase OS=Salmo salar OX=8030 GN=G3P PE=2 SV=I
alpha-actinin-3-like isoform X1 OS=Salmo salar OX=8030 GN=LOC106608893 PE=4 SV=1
myosin-binding protein C, slow-type isoform X1 OS=Salmo salar OX=8030 GN=mybpcl PE=4
SvV=1

Myosin regulatory light chain 2-2 OS=Salmo salar OX=8030 GN=mlc-2 PE=2 SV=1

enolase 3-1 OS=Salmo salar OX=8030 GN=LOC100196671 PE=3 SV=1

Creatine kinase-1 OS=Salmo salar OX=8030 GN=ckm1 PE=2 SV=1

collagen alpha-3(VI) chain-like isoform X5 OS=Salmo salar OX=8030 GN=LOC106581666 PE=4
SvV=1

keratin, type I cytoskeletal 13-like OS=Salmo salar OX=8030 GN=LOC106564958 PE=3 SV=I
Pyruvate kinase OS=Salmo salar OX=8030 GN=pk PE=2 SV=1

filamin-C-like isoform X3 OS=Salmo salar OX=8030 GN=LOC106561692 PE=4 SV=1
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Illustrations on set-up of filtration assembly in steps

Figure Al. Photograph of set up of filtration module — placement of feed spacer. (1)
Outer O-ring, (2) Inner O-ring, (3) Spacer, (4) Top plate, (5) Bottom plate, (6) Electrode
on permeate side
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Figure A2. Photograph of set up of filtration module — placement of flat sheet
membrane. (1) Membrane, (2) Electrode on permeate side, (3) Electrode on feed side
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Figure A3. Photograph of set up of filtration module — fastened module with membrane.
(1) Feed line, (2) Retentate line, (3) Feed channel inside the module, (4) Retentate
channel inside the module, (5) Permeate line

162



Figure A4. Photograph of set up of filtration module — complete set up with electrodes
connected. (1) Feed line, (2) Pressure gauge, (3) Module with flat sheet membrane, (4)
Permeate line, (5) Electrodes connected to power supply, (6) Stand for the module, (7)
Retentate line
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