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Fisheries by-products constitute large waste streams, despite containing protein, lipids, and other valuable
compounds. The enzymatic protein hydrolysis process has been established as a means of effectively retrieving
these products, though there has been little study to date on the impact of process operating conditions, pre-
treatments, and process design on product quality. This review studies the impact of operating conditions
relevant to the process, as well as the important parameters governing design and scale-up of the process.
Findings indicate pre-treatments such as defatting, while common in literature, can limit the degree of hydrolysis
of protein hydrolysates, while also conferring negative environmental impacts. Process conditions, such as
temperature, pH, water ratios, and enzyme dose are typically established at lab scale, and can be at a disconnect
with pilot and industrial scale studies. Furthermore, the water quality and pH control methods applied at lab
scale are difficult to achieve at commercial scale. Current innovations involving endogenous fish enzymes and
Enzyme Membrane Reactors may improve feasibility of this process in future, though these require more work.
Enzyme hydrolysis is a promising technology for valorizing fisheries and other proteinaceous by-products and
could see enhanced use in industry from further study on kinetics and scale-up.

1. Introduction

By-products from the fisheries and fish processing industries
contribute to large quantities of solid waste in the form of heads, bones,
shells, trimmings, viscera, frames, and unmarketable by-products [1].
These by-products have been estimated to constitute as much as
40-60 % of the catch weight, depending on the species being processed
and degree of processing [2]. These by-products are typically disposed of
either in landfills (in jurisdictions where landfilling of fish by-product is
permitted) or at sea [3]. While a certain fraction can be repurposed in
other industries (i.e. agriculture, direct use as animal feed, fish bait, etc.)
it is estimated that 30 % of the catchweight of the fisheries is still treated
as waste [4], with estimates that just 20 % of these by-products are
valorized further [5]. Landing of by-products is now required in some
jurisdictions as a means of pollution control, with a certain fraction still
returned to sea to return nutrients to the ecosystem [6]. This waste
represents an opportunity to increase sustainability by reducing

environmental and fiscal costs, and enhancing profit through
value-added product recovery. By-products from the fisheries are
commonly rich in proteins, lipids, minerals, and in the case of certain
crustaceans, the biopolymer chitin, among other compounds [7-10].
Recovery of these components requires a separation process that can
extract each component without damaging the quality of the target
product or the biomass [11]. Conventional lipid extractions via solvent
extraction processes have typically used harsh solvents such as
dichloromethane, methanol, and/or acetone, while still requiring
further treatment to separate other components [12,13]. Protein re-
covery via chemical means, using acids or bases, is common, where acids
or bases are used to cleave protein bonds into smaller peptides (chemical
protein hydrolysis). However, as with lipid extraction, these processes
also use harsh and corrosive chemicals, which impact product quality, in
addition to creating environmental and sustainability concerns [12,14,
15]. Fermentation and ensilaging can also produce protein hydrolysates
and lipids from fish by-products, but come at the disadvantage of being

Abbreviations: CSTR, Continuously stirred Tank Reactor; DH, Degree of Hydrolysis; EPH, Enzymatic Protein Hydrolysis; EMR, Enzyme Membrane Reactor; HP,
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very slow in kinetics, with the process requiring days to take place [16,
17].

In more recent work, proteolytic enzymes have been used for re-
covery and enhancement of proteins alongside other product streams
simultaneously, generating high value protein hydrolysates [18-20],
lipids [7], minerals such as calcium carbonate [21,22], hydroxyapatite
[23], and chitin [24,25], among other products. Protein hydrolysates, in
particular, have received attention due to their nutritive and bioactive
properties, with potential applications in human and animal nutrition
[26,27]. Fish protein hydrolysates are also currently already applied as a
fertilizer and soil amendment. The process to make these hydrolysates is
also more flexible in design and operational requirements, as issues
regarding nutritional and food safety requirements are not as stringent
[28]. The enzymatic protein hydrolysis (EPH) process is advantageous
for food/nutrional applications due to relatively mild process tempera-
tures, moderate reaction pH, and relatively mild chemical requirements
in comparison to other valorization techniques [19].

While the EPH process has been studied and optimized for a variety
of feedstocks, including some fisheries by-products, most of this work is
performed at lab scale. At this scale, the effects of heat and mass transfer
and other parameters, such as water ratios and rate of mixing, may not
have significant impact on process efficiency and kinetics. Additionally,
a large portion of existing studies on EPH focusses on soluble model
substrates (e.g., whey [29,30], egg proteins [31,32], vegetable/grain
protein isolates and concentrates [33-35], etc.) which mostly consist of
protein. However, fisheries by-products also contain large quantities of
ash, lipids, and recalcitrant material compared to model substrates,
making direct application of models or approaches in these systems
inadequate. Furthermore, there are few articles comparing the effects of
pre-treatment and process parameters on the quality of the protein hy-
drolysates and other potential products. Fisheries by-products are often
pre-treated prior to EPH; however, there is little discussion in literature
about these pre-treatments and their effect on product quality.

This article studies the process of EPH of fisheries by-products with
the interest in the production of high value protein hydrolysates suitable
for use in feed and supplement applications. In this paper, the parame-
ters affecting EPH of fisheries by-products are reviewed, with a focus on
feedstock properties, pre-treatments, and overall process parameters
affecting product quality. The review centers around EPH of fisheries by-
products as a process, commenting on trends involving enzyme selection
and process operating conditions observed throughout current literature
which could impact process development and scale-up. This discussion
is extended to considerations of process design, and the current state of
process scale-up to pilot and industrial scale. Commentary is then pro-
vided on gaps present in existing literature and how the EPH of fisheries
by-products can be progressed into commercial applications.

2. Process overview
2.1. Process feedstock properties and pre-treatments

Fisheries by-products are highly variable in terms of composition and
stability, depending on the species being collected and the degree to
which they have been processed. Variations in composition can affect
the performance of protein hydrolysis, necessitating pre-treatment of
the substrate in some cases. Fisheries by-products are largely charac-
terized based on protein, lipids, ash (from recalcitrant matter such as
bones, shells, etc.) and moisture content or their proximate composition
[36]. Table 1 presents the composition of fisheries by-products.

During EPH, proteins are hydrolyzed to produce smaller proteins,
peptides, and free amino acids. Progression is often tracked using
measurements of the peptide content of the hydrolysates, or via degree
of hydrolysis (DH), defined as the percentage of peptide bonds cleaved
from the initial substrate [50,51]. While other components such as lipids
or ash do not react directly in the process, they can influence it indi-
rectly. Lipids contained in the by-products can be released during EPH,

307

Process Biochemistry 149 (2025) 306-320

Table 1

Summary of proximate compositions of various fisheries by-products*.
Substrate Moisture Protein Lipid Ash Ref.

Content Content Content Content
(%) (%wb) (%wb) (%wb)

Sardine 74.6 17.9 4.39 2.77 [37]
(S. pilchardus) by-
products
Shrimp 77.30 12.73 1.59 5.44 [38]
(L. vannamei)
cephalothorax
and exoskeleton
Shrimp 67.4 13.7 1.7 8.4 [39]
(P. monodon) heads,
shell, and tails
Shrimp (L. 71.89 16.11 2.14 4.79 [40]
vannamei) shells
and bodies
Crab (S. serrata) 60.02 11.23 1.64 21.60 [41]
shells
Cod (G. morhua) 77.9 15.4 0.9 6.7 [42]
heads
Monkfish 86.9 8.19 2.61 2.58 [43]
(L. vomerinus) heads
Salmon (S. salar) 40 8 44 1 [44]
viscera
Salmon (S. salar) 61 13 22 4 [44]
heads
Salmon Viscera 72.10 10.23 14.20 3.24 [45]
Tilapia (O. niloticus) 66.57 14.60 5.50 8.93 [46]
by-products
Tilapia (O. niloticus) 65.0 15.0 60.1 8.1 [47]
by-products
Herring 75.36 19.21 5.58 2.08 [48]
(C. harengus)
Viscera
Herring 74.78 12.99 9.45 4.34 [48]
(C. harengus) heads
Alaskan pollock 79.9 15.2 1.2 4.6 [49]
(T. chalcogramma)
head
Pink salmon 71.8 13.9 10.9 3.4 [49]
(O. gorbuscha) head
Alaskan pollock 63.5 15.2 19.1 3.4 [49]
(T. Chalcogramma)
viscera
Pink salmon 81.2 15.3 2.0 NR [49]

(O. gorbuscha)
viscera

whb: wet basis. NR: Not Reported

* The summary does not account for studies in which whole fish, or marketable
products were used in EPH, but instead presents a focus on by-products which
are of interest in biomass valorization.

and can lead to emulsification with the reaction mixture, limiting yield,
DH, and recovery [37]. Additionally, lipid oxidation could occur during
the reaction, causing off-flavours and limiting hydrolysate stability [20].

Generally, pre-treatment for fisheries by-products prior to EPH are
focused on (i) the removal of lipids, which cause off-flavours and
instability in hydrolysates, (ii) the removal of compounds (i.e. ash in
bones/shells) which could inhibit mass transfer between the enzyme and
substrate, or (iii) pre-treatments that alter protein structures to make
them more amenable to EPH.

Lipids vary significantly between fisheries by-products (Table 1)
even within the same species. For instance, in salmon, the bulk of fat is
found in the head, whereas for whitefish such as pollock and cod, the fat
is found primarily in the viscera [49]. The geographical location and
seasonality also play a factor in fish lipid contents, which could lend to
some differences in processing depending on when the material was
harvested [52,53].

Lipids in fisheries by-products are potential value-added compounds
[13], however, they can also pose operational and quality issues for the
EPH process. This is attributed to their rapid oxidation following harvest
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of the animal and as a result, high quality lipids (for food/nutritional
applications) can only be recovered before oxidation sets in [54]. During
the EPH of lipid-containing products (e.g., fish, meat, grains, etc.), lipids
are released from the substrate due to destruction of protein-lipid
complexes [11]. The lipids can be oxidized and therefore it is gener-
ally required that protein hydrolysates contain less than 0.5 % lipids to
enable storage stability and to prevent off-flavours [55].

For some substrates (e.g., shrimp by-products, mussel by-products,
cod frames, etc.) the content of lipids in the by-product is low. In sub-
strates with higher levels of fat, the lipids often separate as a second
liquid layer during EPH and can be removed in this manner. However,
there is a risk of emulsification of these lipids, which can reduces protein
yield and contaminate the hydrolysate [56]. To reduce this risk, lipids
are often removed in a pre-treatment process called defatting. Typical
defatting processes involve either the application of heat to destabilize
lipoprotein complexes, or the use of solvents to extract the lipids
(Table 2).

Defatting processes vary significantly in the chemicals and process
conditions used. In general, little research has been conducted on opti-
mizing lipid separation techniques from fisheries by-products in protein
hydrolysates production. Defatting of fish by-products often limits the
overall degree of hydrolysis (DH) that can be achieved during EPH either

Table 2
Summary of defatting methods applied to fisheries by-products.
Substrate Pre-Treatment Effect of Other Notes Ref.
Pre-
Treatment
on DH
Engraved Homogenized roe No Data None [571
catfish mixed with
(N. caelata) roe  isopropanol at
25°C for 2 hours
Sea bass Defatting using Increase in Increase in [58]
(L. calcarifer) porcine lipase at DH protein yields
skin 30°C prior to EPH compared to Reduction in
control fishy odors
Blue mussel Defatting in 1:4 No Data None [59]
meat (w/v) isopropanol
at 35°C,
performed twice
Salmon Cooking Slight Better radical [8]
backbone backbones in decrease in scavenging
water at 40°C for DH activity in
20 minutes hydrolysates
from defatted
substrate
Mussel meat Defatting in 95 % No Data None [60]
ethanol for 4 h
repeated 3 times
Skipjack roe Extraction using No Data None [61]
chloroform and
methanol mixture
Shrimp shell Extraction in Decrease in Defatting [62]
petroleum ether at DH increased
50°C for 12 hours antioxidant
activity in
defatted
substrate
Herring by- Thermal treatment No Data None [63]
products of minced by-
product
(temperature
varied from 60 to
90°C)
Mussel Extractionin 95%  No data Decreased [64]
(M. edulis) ethanol at 1:1 (w/ oxidation of
meat V) hydrolysates
Germfish & Extraction in Decrease in Decrease in [65]
Hoki roe Hexane and DH antioxidant
Ethanol properties of
defatted
hydrolysates
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due to protein denaturation or reduction of enzyme activity [66].
Rios-Morales et al. found that while the maximum DH of egg white
hydrolysates was unchanged following defatting of the substrate, the
time required to achieve it was extended [32]. This was attributed to the
application of solvents or very high temperatures which can denature
substrate proteins, making them less accessible to protein hydrolysis
[66]. This is of particular importance for fish by-products, in which
proteins exist in complex matrices of varying protein composition. For
example, muscle tissues are primarily consisting of bundles of microfi-
brils, each comprises repeating units of myosin, actin, and other pro-
teins. When these protein structures denature, the fibres tighten, further
impeding mass transfer due to the rigid structure formed (Fig. 1) [67,
68]. Denaturation temperatures of fish tissue varies by species, but as a
general trend proteins in fish denature at lower temperatures given the
poikilothermic nature of most fish species (cold blooded animals with
body temperatures following water temperature) [10].

Defatting can also inactivate endogenous proteases present in the
substrate, reducing the proteolytic activity of the entire reaction mixture
and thus lowering the final DH value [69]. This was observed indirectly
in a study examining the peptide content of stick-water following a
thermal lipid extraction process. Here, when operating the process
above 70°C, the peptide content of the solution decreased, demon-
strating that proteases in the stick-water had been inactivated [63].
Slizyte et al. found that defatting of salmon backbones via cooking in
water at 40°C reduced the DH of Protamex-derived hydrolysates from
22.6 % to 20.9 % after 2 hours of EPH [8]. Thus, defatting has the
simultaneous effect of reducing lipid oxidation in hydrolysates while
also reducing final DH, and negatively impacting process kinetics. As
noted above, there is limited work on the impact or metrics on process
performance and hydrolysate quality from EPH following defatting. This
translates to a lack of consensus on the preferred method of defatting.
This may be due to differences in feedstock properties or process oper-
ating conditions, but this has not been explained in literature to date. In
addition, there is no economic or cost-benefit analysis discussing
whether the improved value of a defatted hydrolysate is greater than the
added cost of adding and operating a defatting operation to the overall
EPH production process. This not only applies to fisheries by-products
but has also been noted regarding defatting processes for other sub-
strates, such as legumes and pulses [70].

It is also noted here that oxidation of lipids present in fisheries by-
products can occur prior to EPH, and for this reason appropriate stor-
age of the by-products during transport or before the EPH (i.e. cold
storage) is essential. This is generally required for the preservation of
fish and meat products in general, however, as oxidative compounds
impact flavour [72]. In addition, the presence of blood, endogenous
proteases, and stomach contents in certain by-products can accelerate
oxidation, or pose food safety risks [73]. It is therefore important that
fisheries by-products are sorted prior to EPH to ensure that those
by-products with requirements for pre-treatment are pre-treated effec-
tively or removed from the feedstock to ensure optimum hydrolysate
quality.

Innovations in lipid removal processes using lipases (lipid hydro-
lyzing enzymes) have shown improvement in protein hydrolysis yield
and DH in one study on sea bass skin [58], as well as in another study on
beef bones [74]. Alternative lipid extraction methods, such as super-
critical fluid extraction using CO, have also been studied but not in the
context of EPH and its impact on hydrolysate quality [75]. An additional
practical concern regarding defatting is the fact that at large scale,
defatting large volumes of fisheries by-products would quickly become
cost-prohibitive and impractical, limiting the scalability of the overall
process, especially if lipids could instead be removed from the reaction
mixture using decantation following EPH. In general, further work is
needed to assess the necessity of lipid removal as a pre-treatment, and to
develop greener and more economically viable processes for this form of
pre-treatment.

Ash content can also impact EPH. Ash contents tend to be higher in
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Fig. 1. Structure of muscle fibres and myofibrils, demonstrating a tightly packed fibrous structure [71]. Reproduced with permission from [71] © Elevier Ltd. (2021).

crustacean by-products (15-35 wt%) [76]. The ash/mineral component
of fisheries by-products can inhibit access to the proteins in the sub-
strate, and as a result, demineralization processes are often carried out
for crustacean by-products. The primary mineral making up crustacean
shells is calcium carbonate (CaCO3) most often in the crystal form of
calcite [77]. As this is an alkaline mineral, demineralization processes
typically use acids, most commonly HCI [12,78], however, to reduce
corrosion and safety issues, alternative acids are sometimes used. Citric
acid has been applied for demineralization of shrimp shells, which is
significantly safer and precipitates recovered calcium via chelation [25].
Other acids such as lactic acid [79] and glutamic acid [41] have also
been studied. Some studies have also used demineralization as a post
treatment on the solids after EPH [24]. The sequencing of demineral-
ization (before or after EPH) varies somewhat based on desired prod-
ucts. Antunes-Valcareggi et al. reported enhanced recovery of
carotenoids, a valuable pigment found in crustaceans, when using
demineralization as a pre-treatment [78]. However, it is noted that using
acid demineralization as a pre-treatment may lead to protein degrada-
tion via chemical hydrolysis and racemization of amino acids [80,81].
Racemization, the conversion of amino acids from the L-isomer to the
D-isomer, is of particular concern whereas only L-isomers are used by
organisms, therefore this process reduces the nutritional value of the
hydrolysate [82]. Furthermore, proteins found in these substrates can be
denatured under acidic conditions, reducing accessibility to EPH and
lowering the recovery of protein [83]. Future research on this topic
could help determine if using demineralization as a pre-treatment is
more beneficial than using it after EPH.

Other common pre-treatments focus on making the structure of the
substrate proteins more susceptible to EPH. Generally, three processes
have been widely investigated: microwave (MW), Ultrasound (US), and
High Pressure (HP). MW and US techniques use microwave electro-
magnetic waves and ultrasound, respectively, to cause partial unfolding
and denaturing of proteins in the substrates [84]. This improves yield
and increases DH in a given reaction time compared to no pre-treatment.
US increases rates of reaction and the maximum DH by applying high
intensity ultrasound acoustic waves on a sample, which in turn cause
cavitation and disrupt protein matrices via denaturation [85]. More
specifically, the bubble formation and cavitation occurring during ul-
trasound treatment has the impact of mechanically separating myofi-
brils in muscle samples, increasing mass transfer rates as demonstrated
in a recent study on beef muscle [86]. Furthermore, in the case of protein
slurries, the denaturation induced by US causes reductions in viscosity,
therefore reducing mixing requirements and further improving mixing
and mass transfer in solution [87]. Rebougas Jtnior et al. observed an
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increase in DH and carotenoid contents in US pre-treated shrimp shell
compared to untreated shrimp shells [40]. Noman et al. also noted that
DH was higher when using US as a pre-treatment as compared to a
control without any pre-treatment in a study on Chinese sturgeon meat.
Antioxidant properties were also improved compared to the EPH-only
control [85].

MW processing alters protein structure through the action of mi-
crowave electromagnetic waves, which heat water and other polar
molecules, increasing the accessibility of EPH sites on the protein to the
enzyme [84]. In general, MW processing can increase DH and improve
functional properties of hydrolysates compared with non-MW controls.
However, this effect is lost at high MW power applications, likely due to
excess heat causing protein aggregation [88]. Ketnawa and Liceaga
noted high degrees of hydrolysis for fish frames pre-treated using MW at
either 55°C (DH of 50 %) or 90°C (DH of 47 %), and when using MW
during EPH [89]. However, combined MW pre-treatment and
MW-assisted EPH reduced DH in comparison to running a pre-treatment
or MW assisted EPH on their own, likely due to aggregation of protein
due to excess microwave energy [89]. It is possible that inactivation of
endogenous enzymes may have also occurred here, though it is not
tested in this study. Noman et al. indicated that the use of MW produced
hydrolysates with a considerably lower DH than ultrasound or EPH
alone, attributing this to protein aggregation which reduced accessi-
bility to active sites on the substrate [85]. While US and MW are
currently very popular research subjects, scale-up of these techniques is
very challenging, and has yet to be performed for valorization of fish-
eries by-products [90].

HP pre-treatments have also seen increased study of late. Nie et al.
demonstrated that high pressure treatment of myofibrillar proteins from
bighead carp resulted in loss of the substrate protein a-helix and p-sheet
content, which were converted into p-turns and random coils, impli-
cating that denaturation was occurring. The group theorized that in-
ternal B-sheets in the protein were moved to external portions of the
protein as indicated by higher surface hydrophobicity. Their release
from interior portions of the protein in turn improved access of these
structures for protein hydrolysis [91]. Conversely, Wang et al. reported a
decrease in a-helix content and an increase in f-sheet content when
applying high-pressure but noted no f-sheet content in the original
sample [92]. Much of the work on HP EPH is still focussed on model
proteins, with comparatively little focus on more complex substrates
such as fisheries by-products [93]. Further work in this field may
introduce a simple method increasing protein hydrolysis yield and DH,
as designing vessels for high pressure is already commonplace in many
industries.
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2.2. Reaction conditions

The EPH reaction is catalytic in nature, in which the enzyme (pro-
tease) catalyzes the hydrolysis of peptide bonds in substrate proteins,
producing protein fragments/peptides in the process [94]. A schematic
for the reaction is presented in Eq. 1 [95,96]:

ky ko
E+S=ES—E+P

k-1

@

In the reaction, the first step between E and S, forming the inter-
mediate ES, is reversible, while the secondary reaction from the inter-
mediate to the free enzyme and product is irreversible. The terms k; and
k_; are forward and reverse reaction rate constants, respectively, for the
reaction forming the ES complex. Meanwhile, ky (sometimes referred to
as keat) is the forward rate constant for the formation of product and
release of enzyme from the ES complex. Considering the solid nature of
the majority of fisheries by-products, there exists in addition to this an
adsorptive step, in which the enzyme binds to the solid surface and then
proceeds to react with substrate proteins. Further reaction can only
occur at the newly exposed protein interface, thus more fibrous and
tough substrates tend to be harder to hydrolyze [97]. Examples of such
substrates in fisheries by-products include myofibrils [98], collagen in
skin [49], and chitin/protein microfibrils in crustaceans (Fig. 2) [99].
Evidence of an adsorptive mechanism in the kinetics of EPH has been
made for fisheries by-products and related insoluble feedstocks
[100-102] and is commonplace in the hydrolysis of lignocellulosic
biomass [103,104]. Product proteins/peptides may be soluble, thus
providing new surfaces for reaction, however this comes with the
challenge of potentially leading to inhibition reactions with the enzyme
which slow kinetics and may reduce yield. These adsorptive and product
inhibition reaction mechanisms are observed to be controlling mecha-
nisms in the protein hydrolysis of fisheries by-products from previous
studies; in addition to loss of enzyme activity due to thermal denatur-
ation [105].

The driving force for this reaction relies on both enzyme and sub-
strate composition, so the E:S ratio (ratio of enzyme to substrate) has a
significant effect on the rate of reaction [107]. As a result, this parameter
is frequently studied when optimizing EPH processes. Enzymatic ki-
netics are also affected by process conditions. Whereas enzymes are
proteinaceous in structure, their physical conformation changes based
on environmental conditions, which in turn can enhance or limit access
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to the active site. Temperature and pH are the primary influences on
enzyme conformation and activity, and thus see the most frequent study
in literature. Within certain ranges, temperature and pH lead to changes
in folding which impact enzyme structure, while at extreme conditions
(e.g., high temperatures) enzymes denature, and permanently lose all
activity. Furthermore, substrate proteins may be affected by different
temperatures and pH, which also must be accounted for in process
design. Table 3 provides a summary of conditions used for EPH of
fisheries by-products from recent literature.

For EPH of fisheries by-products, bacterial proteases are more
commonly used compared to proteases from other sources. Bacterial
proteases offer several advantages. For instance, most bacterial pro-
teases operate well in neutral to slightly alkaline pH conditions [120],
thus requiring only mild alkaline solutions for pH adjustment. Alcalase,
derived from Bacillus licheniformis, typically operates at a temperature of
50-60°C, and a pH of around 8, as indicated in Table 3. Other bacterial
enzymes also show an affinity for mildly alkaline pH and moderate
temperatures. Additionally, these proteases exhibit high activity and can
be produced on a large scale using cell cultures [120,121]. Fungal
proteases are used to some extent, but recent research indicates that
their use is not prevalent as that of bacterial proteases, likely due to the
ease of manufacturing and using bacterial enzymes rather than any
operational disadvantages of fungal enzymes. Animal- and plant-based
enzymes are used less frequently, primarily due to challenges in pro-
duction, as well as concerns related to food versus resource and land
requirements [120].

In general, lower temperatures are beneficial for EPH where possible,
as reactor heating contributes to higher energy costs as the operating
temperature increases [122]. While optimizing conditions for enzyme
activity is often the focus of lab-scale studies, other factors relating to
cost and practicality must also be considered. For example, although the
reported optimal activity of Flavourzyme is between 55°C and 60°C [2,
111], a study by Rajendran et al. used a lower temperature of 37°C in
order to compare with a bacterial fermentation operating at that tem-
perature [16]. Despite operating below the standard temperature for
this enzyme, the process achieved a DH of nearly 60 %, and hydrolysate
yield of almost 40 % [16]. Studies like this illustrate the important fact
that proteases are typically active over wide range of temperatures and
pH values, despite the rate of reaction may be maximized at a given
temperature. Consequently, the selected operating temperature for an
EPH reaction may also be influenced by economic feasibility and, in
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Fig. 2. Protein-chitin nanostructure found in crustacean shells [106]. Reproduced with permission from [106] © Acta Materialia Inc. (2007) Published by Elsevier.
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Table 3

Conditions of EPH reactions for fisheries by-products.
By-product By-product Fraction Enzyme Enzyme Temperature  pH Feedstock E:S Ratio Ref.
Species Source concentration (kg/ (w/w)

L)

Pacific shrimp Cephalothorax Bacterial Alcalase 60°C 8 1.0 0.5-1 %* [108]
(L. vannamei)
Red tilapia Scales Fungal Flavourzyme 58.3°C 8.3 Not provided N/A [2]
(Oreochromis sp.)
Red tilapia Scales Bacterial Alcalase 58.5°C 8.1 Not Provided N/A [2]
(Oreochromis sp.)
Hake Undersized fish (whole) Not Provided Endoprotease A 70°C 9 1.0 2% [109]
(M. merluccius)
Chinese sturgeon Muscle Tissue Plant-based Papain 70°C 6 0.5 3% [110]
(A. sinensis)
Salmon Viscera Fungal Flavourzyme 37°C 7 N/A (no water 1%* [16]
(S. salar) added)
Cod Frame Fungal Flavourzyme 55°C 6.5 0.33 2% [111]
(G. morhua)
Shrimp (L. vannamei) Muscle Tissue Bacterial Alcalase 50°C 8 0.5 1% [112]
Shrimp (L. vannamei) Muscle Tissue Bacterial Protamex 50°C 7 0.5 1% [112]
Salmon Frame Plant-based Papain 40°C 7 0.1 1-3% [113]
(S. salar)
Salmon Frame Bacterial Alcalase 60°C 8 0.1 1-3% [113]
(S. salar)
Bighead carp (H. nobilis) Muscle Tissue Plant-based Ficin 40°C 6 Not provided 1-5% [114]
Salmon Frame Bacterial Alcalase 55°C 8 0.5° 6-20 AU/kg? [115]
(S. salar)
Tilapia Head, skin, viscera, and frame Animal-based Pepsin 37°C 2 0.5 1% [47]
(O. niloticus)
Cod Frame Bacterial Alcalase 56.8°C 8.35 1.0 0.1 %— [116]
(G. morhua) 0.5 %°
Fish Trawling by-catch Muscle and skin Bacterial Protamex 50°C 7 Not specified 2% [117]
(mixed)
Fish Trawling by-catch Muscle and skin Bacterial Alcalase 50°C 8 Not specified 2% [117]
(mixed)
Blue mussel (M. edulis) Muscle Tissue Animal-based  Pepsin 37°C 2 0.33 5000 U/g” [118]
Salmon Heads, tails, skin, bones, and Plant-based Papain and 50°C N/A 1.0 0.1 %* [119]
(S. salar) trimmings Bromelain
Cod Frame Bacterial Neutrase 50°C 7.4 1.0 1.5% [52]
(G. morhua)
Blue mussel (M. edulis) Whole Shellfish Bacterial Multifect PR 6 L 55°C N/A Not Specified 1.0-2.0 pL/ [21]

a

g

E:S ratio: enzyme to substrate ratio; AU: Anson Unit

% Enzyme dose based on mass of solid added, not based on protein (true substrate) mass

b: The case of no water being added was also tested in this study

some cases, substrate compatibility (e.g. if substrate proteins are prone
to thermal denaturation which could limit protein yield/DH).

Mixtures of two or more proteases have also been used for enzymatic
hydrolysis of fisheries by-products. Combining multiple enzymes can
balance the properties of each enzyme, resulting in a hydrolysate with
more desirable characteristics, even when controlling for enzyme ac-
tivity (i.e., combination of multiple enzymes does not as well increase
overall initial enzyme activity). Hunsakul et al. combined the endopro-
tease Alcalase with the exo- and endoprotease mixture Flavourzyme for
the EPH of rice bran, aiming to minimize the bitterness commonly
associated with Alcalase hydrolysates [33]. Increasing the ratio of Fla-
vourzyme to Alcalase increased the concentration of small and medium
molecular weight peptides, likely leading to improved antioxidant
properties of the hydrolysate compared to those made with single en-
zymes [33]. Lindberg et al used a combination of Endocut-02 and
Bromelain in order to improve the yield of protein hydrolysis of poultry
by-products, resulting in a 15 % increase in hydrolysate yield when
using a comparable protease dose to single enzyme experiments [123].
Pérez-Galvez et al. performed EPH on mackerel using combinations of
trypsin and substilisin (Alcalase 2.4 L) and assessed the effects of pH,
temperature, and enzyme combination on DH [124]. The combination
of both enzymes showed a higher DH at lower temperatures due to the
differing thermal stabilities and activity profiles of the enzymes (activity
of Alcalase was higher and was not controlled for in the study) [124]. de
Castro et al. also indicated an increase in DH as a result of enzyme
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combinations when controlling for the same enzyme activity in the EPH
of white bean [125]. Further examples exist for EPH using multiple
proteases; however, in many cases, controls with single enzymes are not
provided. Such studies are limited by a lack of baseline comparison,
indicating that further research in this field is required.

While the most commonly used proteases are extracted from fungi
and bacteria, fisheries by-products are themselves another major source
of enzymes. This is already somewhat used in autolysis/ensilaging op-
erations. These methods are either chemical, wherein fish by-products
are acidified and endogenous acidic enzymes in the by-products
perform protein hydrolysis; or biological, in which case bacterial cul-
tures (e.g. lactic acid bacteria) are added to the acidified by-products,
which then hydrolyze the substrate proteins [126]. However, these
processes lead to increased lipid breakdown compared to EPH and can
take days to complete [17]. In contrast, extraction and isolation of crude
endogenous protease extracts from fisheries by-products provide an
inexpensive source of enzymes from a by-product stream. Extraction of
the proteolytic enzymes from fisheries by-products typically takes place
following defatting of viscera and other enzymatically active
by-products, and most commonly involves using buffer salts (i.e. Tris)
followed by precipitation and centrifugation to create a crude extract
[127,128]. These crude extraction processes are relatively simple and
could be accomplished in marine biorefineries [129-131]. Another
benefit of use of autolytic enzymes is that these enzymes tend to be more
active at lower temperatures, which could improve operational costs, as
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evidenced by past work (Table 4).

Some fish-derived enzymes exhibit increased activity in the range of
60°C and higher, though they are not very stable in these conditions. For
example, in the study by Ktari et al., the enzyme was stable below 30°C,
and lost 33.7 % of its total activity at 40°C and 53 % at 50°C after
60 minutes of reaction time. As the temperature increased to 60°C, all
activity was lost after 15 minutes. The fastest reported reaction rates,
meanwhile, were at 50°C [133]. Similarly, Rios-Herrera et al. found that
an enzyme extracted from catfish viscera had stable activity at or below
40°C, and while protein hydrolysis rates increased above 40°C, the
enzyme rapidly denatured under these conditions [130]. This indicates
that optimum temperature is not only influenced by the stability of the
enzyme, but also the rate of reaction that can be achieved within the
time span while the enzymes remain active. Although endogenous en-
zymes from fish have lower inactivation temperatures than commercial
enzymes (commonly 80-90°C), they may provide cost-savings due to
lower temperature required in the inactivation step of EPH. The opti-
mum pH for these enzymes is highly variable but is generally compa-
rable to the range of values observed for commercial proteases.

Some studies compared the extracted endogenous fish enzymes with
commercial proteases. Rios-Herrera et al. observed catfish viscera pro-
tease exhibited faster kinetics for both casein and catfish muscle
compared to Alcalase at 40°C and pH 9 [130]. However, it is important
to note that this temperature is not within the reported optimum tem-
perature range for Alcalase (55-70°C) [11]. Castro-Cesena et al
compared the EPH of sardine viscera protease with Alcalase at 30°C,
achieving DH of 85 % and 28 %, respectively, after 312 minutes of re-
action [134]. Souchet and Laplante assessed the optimum reaction
conditions (temperature and pH) for a crab visceral protease (40-45°C
and pH of 8.5-9.0) and Protamex (35-50°C, pH of 6.0) [10]. This study
still indicated that crab protease has higher specific activity when hy-
drolyzing either hemoglobin (8 times the specific activity of Protamex)
or minced herring as substrates (4 times the specific activity of Prota-
mex) [10].

While enhanced activity at lower temperatures is one benefit of
endogenous marine proteases, another advantage is that these enzymes

Table 4
Summary of past EPH studies using endogenous proteases from fisheries by-
products.

Enzyme Source Substrate Optimum Optimum Ref.
Temperature pH

Mixed fish viscera Casein 30°C 8 [132]

Crab Cod frames 50-60°C 7.5 [129]

hepatopancreas

Zebra Blenny Zebra Blenny skin 50°C 3 [133]

(S. Basilisca)

viscera

Sardine by- Sardine by- 30°C N/A [134]

product product

Sardine viscera Sardine by- 30°C N/A [134]
product

Albacore tuna DL-BAPNA 50°C 8 [135]

spleen (model)

Thornback ray Shrimp shell 45°C 8 [136]

intestine

Blue crab viscera Shrimp shell 60°C 8 [24]

Salmon viscera Salmon muscle 40°C N/A [137]

Sardine viscera Sardinelle by- 40-50°C 8 [138]
product

Crab by-products Herring 40-45°C 8.5-9 [10]

Catfish Catfish 40-45°C 11 [130]

(B. panamensis) (B. Panamensis)

viscera muscle

Rainbow trout Casein 55°C 7 [127]

(0. mykiss) pyloric

caeca

Albacore tuna Synthetic 55°C 9 [139]

(T. alalunga) peptides

viscera
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are typically extracted from waste products. Current production of
proteases requires the use of bioreactors and sophisticated separation
equipment such as chromatography columns, which contribute to the
high cost of these enzymes [121]. In comparison, utilizing by-products
from the fisheries as a feedstock for enzyme extraction and extracting
enzymes as crude protease mixtures significantly lowers the cost of raw
materials. One drawback of this process is that the viscera must be kept
fresh prior to the extraction process to ensure that the extracted pro-
teases will still have high activity. This implicates the need for an
extended cold supply chain, and additional processes to keep the process
cool during enzyme extraction, whereas during direct autolysis, viscera
is mixed directly with the substrate and water [140]. In addition, the
economics of protease extraction processes are largely unknown and
require further analysis. Nonetheless, the potential ease of integrating
this process into a marine biorefinery concept is attractive from both
logistical and practical perspectives and may greatly enhance the eco-
nomics of the EPH process for fisheries by-products.

The feedstock concentration is also a key process parameter.
Particularly at the lab-scale, water is almost always added to EPH re-
actions. Typically, distilled or ultrapure water is used to eliminate the
potential for changes in enzyme activity due to ions present in munic-
ipal/industrial water sources and to avoid microbial contamination
[127]. In lab-scale research, a wide variety of feedstock concentrations
are applied for EPH of fisheries by-products, with feed concentrations
between 25 % and 50 % [115,116,118]. The addition of some water is
important to ensure adequate mixing of substrate and enzyme in the
reaction, while also helping control the enzyme to substrate (E:S) ratio
by acting as a diluent. The upper bound to the amount of water added is
governed by more techno-economic concerns than reaction perfor-
mance, as the addition of excess water would lead to a larger heating
cost during the reaction. In addition, hydrolysates are typically stored as
dried powders to improve long term stability [141,142]. Therefore,
addition of excess water leads to an additional energy cost during dry-
ing, as any water added must additionally be removed via drying
following EPH [115]. The cost of drying has led some researchers to the
lower extreme of feedstock concentrations in EPH experiments, where
no water is added, and instead, the fish by-products are minced to a
paste and mixed with the enzyme solution/powder as is. Reactions using
no added water are common for substrates with high water/oil contents,
and those with low amounts of shells/bones. These materials are readily
homogenized to form slurries, thus enabling some mixing. Several
studies have performed this to date and have observed minimal impacts
on process performance for salmon viscera [16] and hake by-catch
[109]. Water ratios can also affect separation of lipids from the hydro-
lysate. Higher feedstock concentrations tend to show better separation
of the lipid layer due to reduced emulsification between the two liquid
layers, though if feedstocks are defatted first this is likely not an issue
[11,143].

While it is seldom discussed in literature, the form and rheology of
substrates in solution can also influence the selected water ratio. For
example, shellfish by-products can consist primarily of shell/ash com-
ponents, with mussels measured at times being 85-90 % shell by weight
[144]. Similarly, crustacean by-products such as lobster, shrimp, and
crab contain large amounts of ash and chitin [108,145]. Additionally,
protein microstructure can play a role in mixture rheology and emulsion
formation. Substrates with higher proportions of myosin, for example,
create more viscous mixtures with higher emulsifying capacity, as evi-
denced by past studies on fish protein isolates [146]. Viscosity of protein
mixtures tends to decrease as the EPH process progresses due to
reduction in average protein size, further influencing mass transfer via
enzyme mixing throughout the reaction [101]. These substrates are not
readily homogenized and require additional water to enable mixing in
the reactor. High solid concentrations can also lead to dead spaces in the
reactor due to inadequate mixing, requiring increased mixing speeds
and, as a result, a substantially higher power requirement for the
agitator [147].
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Another crucial parameter in EPH experiments is the E:S ratio, which
is typically measured in enzyme mass per unit mass of raw substrate or
as enzyme mass per unit mass of protein in the substrate. The ambiguity
of units for E:S ratio used in literature can lead to some confusion over
common measures for enzyme dosing. Therefore, the data presented in
Table 3 is annotated where required to represent alternative units where
present. In general, E:S ratios in the range of 0.5 %-3 % (weight percent,
typically mass enzyme per unit mass of protein in substrate) are the most
widely used. Acting as the reaction catalyst, the dosing of enzyme
directly affects the rate of reaction that can be achieved; however, there
is a careful balance on how much to add. Enzymes are costly and have
been reported as one of the most expensive operational costs in the EPH
process alongside energy for heating [122]. Moreover, increasing
enzyme dosage eventually leads to a saturation point, where all avail-
able substrate sites occupied, and addition of further enzyme no longer
increases DH [34]. Mechanistically, this manifests as a form of enzyme
inhibition, although instead of one occurring due to the binding of sol-
uble substrates to enzyme, the enzyme instead binds to the surface of the
solid substrate where the reaction occurs (adsorptive maximum [105]).
This observation has been made frequently in the case of lignocellulosic
biomass, yet is seldom mentioned in EPH kinetic models [148,149].

Currently, EPH of fisheries by-products is conducted under a wide
variety of conditions and using many different enzymes and enzyme
classes. These conditions are driven by substrate characteristics and
desired product properties. Further research in this field should also
include process parameters critical for scale-up and development.
Additionally, research into the integration of endogenous enzymes could
provide improvements in process costs and enhance the sustainability of
the overall process, making it a potential avenue for future work.

3. Reactor design considerations
3.1. Scale-up in batch reactors

The bulk of literature for EPH is focussed on lab-scale systems
(typically < 1L), which does not reflect operations on pilot- and
industrial-scales. At these larger scales, mass and heat transfer phe-
nomena may be more pronounced than at the lab scale. As a result, it is
necessary to study scale-up into larger batch reaction systems to observe
the effect on reaction performance (Fig. 3a).

To date, there are only a few studies related to the EPH of fisheries
by-products in large-scale batch reactors, which are summarized in
Table 5.

Many lab-scale studies employ some form of pH control to ensure the
optimum pH for the given enzyme is always maintained [122,157,158].
EPH reactions tends to become more acidic as the reaction progresses
due to formation of new acidic functional groups as peptide bonds are
broken [50]. Thus, control of pH is typically achieved using basic
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solutions such as NaOH. However, the constant addition of base to the
reaction system can negatively impact the hydrolysates due to the
accumulation of salts from the titration reaction [115]. The addition of
base can also result in scaling and corrosion. In many industrial appli-
cations, enzyme reactions are often set at an initial pH close to the en-
zyme’s optimum with no further control [115,159,160]. This factor of
pH control should be accounted for during scale-up, as the change in
kinetics or protein quality due to lack of pH control may influence
product quality. Other scale-up studies still apply pH control in some
cases. For example, Valencia et al. investigated the use of direct pH
control using NaOH, as opposed to using only initial adjustment [115].
Protein yields and DH were higher for pH-controlled regimes in this
study compared with the experiment where only the initial pH was set.
However, the authors noted that it was unclear if this difference was
large enough to make up for the cost of removing the additional water
added to the reaction mixture for pH control [115]. However, further
research is still desired in this area, as little else has been done.
Feedstock concentrations at the pilot- and industrial-scales tend to
follow similar trends to those at lab-scale, with 1.0 kg/L being the most
common dosage [151,155]. However, to date, no industrial-scale EPH
has been carried out where no water is added to the reaction. This is
likely due to difficulties in mixing at very large scales, as previously
discussed, and the formation of reactor dead spaces. Valencia et al.
experimented with the effect of water ratios during the EPH of salmon
frames, where a higher DH was measured when more water was added.
The feedstock concentrations ranged from 1.0 to 2.0 kg/L in a 50 L
reactor [115]. In general, it has been observed that high solid loadings
correspond to higher viscosity of fish protein mixtures, which impedes
mass transfer due to poor mixing and slower diffusion of enzyme
through the more viscous feedstock mixture [101,147,156]. Similar
observations have been made for other food proteins [161]. This would
also likely lead to higher degrees of substrate/product inhibition, as
there would be excessive sites for enzyme to bind with substrate [37,
105,162,163]. Impacts of solid concentrations are not frequently dis-
cussed in the case of EPH design; however, this is a popular field of study
for lignocellulosic enzyme hydrolysis, which can provide useful analo-
gies that may guide future design of EPH for fisheries by-products. It has
been similarly observed in these studies that high substrate loading of
lignocellulosic materials impedes mass transfer of enzyme within the
reaction mixture due to increased viscosity and leads to excessive inhi-
bition, which restricts reaction progress [164]. Typically, this has been
dealt with by improved impeller designs to enhance mixing at higher
solids loading, as well as fed-batch approaches, which limit initial solid
loads by slowly feeding feedstock into the reaction mixture, in turn
lowering viscosity [165]. These approaches are not typically applied for
EPH of fisheries by-products, though could provide improved reactor
performance should further study demonstrate a need for improved
yields. However, in scale-up of EPH for similar feedstocks, mixing effects
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Fig. 3. Process Flow Diagram of a batch reactor (a) and of an EMR (b) (latter based on work described by [175].
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Table 5
Summary of pilot- and plant-scale batch reactor studies for EPH of fisheries by-products.
Substrate Reactor Feedstock Enzyme E:S Ratio pH Control Water Comparison to Lab Scale Ref.
Volume Concentration Source
L) (kg/L)
Cod 2000 1.0 Protease from 20000 AU/ Yes (not Distilled Reaction took 4 h instead [150]
(G. macrocephalus) Pseudoalteromonas sp. kg® specified) water of 1.5 h to yield
skin SM9913 hydrolysate of comparable
yield
Cod (G. morhua) heads 1000 1.0-4.0 Protamex/ 0.1 % (w/w  None Not Reduced protein yield [151]
mixture of Papain and %)* specified
Bromelain
Fish discards 500 0.5 Alcalase 0.1% (v/ Yes (NaOH) Distilled Higher lipid emulsification [152]
(Various) w)? water due to poor separation
Round Scad 10000 1.0 Protamex 0.2 % (w/ None Deionized N/A [153]
(D. maruadsi) w)? water
Hake by-catch 150 1.0 Endoprotease A 2% (w/w) Initial pH set, Not No Differences [109]
(M. merluccius) no control specified
Herring (C. herrengus N/A 1.0 Alcalase / 0.1 % (w/w None Tap water N/A [63]
L) mixture of Papain and %)*
Bromelain
Shrimp (P. longirostris) 50 1.0 Protamex 3% (w/w Yes (NaOH) Distilled N/A [154]
by-products %)* water
Shrimp (L. vannamei) 250 0.16 Papain + Bromelain ~1% (w/w  Phosphate Tap water Required additional time [155]
shells %) Buffer for EPH
Crab (C. opilio) by- N/A 1.0 Protamex 0.1 % (w/w  None Deionized N/A [9]
products %)*? water
Sardine (S. pilchardus) 60 1.0 Pepsin N/A Yes (HCD) Not Specific protein yield [156]
by-products Specified dropped from 65 % to

50 %

E:S ratio: enzyme to substrate ratio; AU: Anson Unit; w/v%: weight/volume percent

% Enzyme dose based on mass of solid added, not based on protein (true substrate) mass

have proven important to obtain hydrolysates with the same properties
as at lab scale. For example, Amaral & de Castro demonstrated that
scale-up of batch reactors from 100 mL working volumes up to a 3 L
working volume required conservation of the Reynold’s number of the
reactor to achieve the same DH, and as such mixing speed was increased
to maintain this property. Amaral & de Castro further made the obser-
vation that this is why some other papers have required increased
mixing during scale-up of EPH (e.g. Sierra-Lopera & Zapata-Montoya
[2], as stated in the former paper), though this is seldom reported [166].

The type and purity of water (i.e., deionized, distilled, fresh water,
seawater, etc.) can also impact the EPH process due to interactions be-
tween enzymes and solutes in water [167]. Lab-scale studies use
deionized water due to low volumes, but at industrial and pilot scales
this would be cost prohibitive. There are limited studies on the effect of
water quality on EPH, but a summary is presented here (Table 5).
Murphy et al. used the enzymes Multifect PR 6 L and Multifect PR 7 L to
hydrolyse mussels (meat still attached to shell), and performed the
enzymatic reaction in deionized water, synthetic seawater, natural
seawater, or tap water. This research indicated that the type of water did
not impact the overall reaction, and that tap water had a similar extent
of protein solubilization compared to deionized water [21]. Seawater
also performed well for meat removal; however, practically saltwater
would result in a high salinity hydrolysate, adversely affecting quality
for nutrition applications and risking increased vessel corrosion. This
would, in turn, necessitate additional removal steps, increasing process
costs [137,168], though could be useful in producing cleaned shells.
Research into the impact of water chemistry on this type of enzyme
reaction may still be important in future work and requires further study
during process scale-up.

Enzymes used in these studies are typically bacterial and plant-based
proteases, which have already seen widespread use at lab scales. The
commercialization of these enzymes likely makes them more acceptable
choices, as well as the fact that most work at neutral or alkaline pH,
simplifying pH control. E:S ratios observed on this scale are generally in-
line with those reported on lab-scale, though with the caveat that they
are much more often reported on the basis of weight of feedstock added
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as opposed to the protein content of the substrate [63,152,153]. This
method of reporting likely has more to do with the practicality of dosing
enzymes based on unit mass of by-product, whereas at large scale, dis-
cussions of the amount of protein mass added to a reactor are not as
intuitive.

Overall, during scale-up of EPH reactions in batch reactors, mass
transfer appears to be primarily affected, largely due to reduction in
mixing performance. This in turn can increase required reaction times
and decrease protein yield from the reaction. Furthermore, separation of
lipids from the reaction can be reduced at larger scale due to greater
extent of emulsification and greater difficulty in scaling up separation
equipment. Further work in this field may help to improve these
challenges.

3.2. Alternative reactor designs

Standard stirred batch reactors (Fig. 3a) remain the most common
reactor designs for EPH of fisheries by-products, however in the interest
of seeking out more advantageous and economical approaches, other
designs have been approached. For one, continuous, or semi-continuous
reactors for EPH processes have been studied with several designs being
investigated. Common continuous reactors, such as Continuously Stirred
Tank Reactors (CSTRs) or Plug Flow Reactors (PFRs) where enzymes
flow out with products are not practical for EPH of complex substrates
such as fish by-products, as maintaining enzyme concentration would be
difficult and costly [169]. Continuous (or semi-continuous) enzyme
reactor designs are instead centered around retention of enzymes in the
reactor and ensuring adequate residence time of the enzyme and sub-
strate. Given that many EPH processes are heavily limited by enzyme
inhibition [170], processes which reduce the concentration of inhibitory
peptides could enhance DH and protein yield of a reaction without
additional enzyme addition. This is typically achieved by separating
enzymes from the product stream and recycling them, thereby
improving process economics [171]. In the case of soluble proteins (i.e.,
whey proteins, protein isolates, etc.), immobilization of proteases is a
common technique, where the enzyme is immobilized in/on a particle
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[135,172] or membrane [173,174]. However, for solid substrates,
immobilization is not practical.

Enzyme Membrane Reactors (EMRs) employ a size exclusion mem-
brane to separate product molecules from the enzymes, keeping free
enzymes in the reaction vessel while substrate can be added continu-
ously (Fig. 3b) [176]. The removal of smaller proteins and peptides once
they have been hydrolyzed to a desired molecular weight reduces the
extent of product inhibition, improving process kinetics [177]. These
systems are run either in continuous modes or individual feedstock
batches with only enzyme being recycled and fed continuously [175].
The latter form is likely more practical for EPH of fisheries by-products,
as individual fish species are not always being landed creating feedstock
supply fluctuations, and the fact that fisheries by-products vary in
composition on a seasonal basis [53,178]. Prieto et al. studied the
enzymatic hydrolysis of whey protein in a Batch-type EMR with an
8 kDa MWCO UF unit, finding that this process retained up to 44 % of
the enzyme activity. Reaction kinetic analysis demonstrated that reac-
tion rates were faster owing to removal of inhibitory peptides, while the
enzyme retained activity for up to 9 batches at 50°C [175]. O’Halloran
et al. also studied the EPH of whey proteins in a continuous type EMR,
using a 3 kDa UF unit. The group observed an 8.7 % increase in pro-
ductivity of compared to batch processing. Kinetics did slow after
6 hours of operating time, which was attributed to membrane fouling
and thus a greater amount of inhibitory peptides being returned to the
reactor [179]. Research on more complex, insoluble substrates such as
fisheries by-products is comparably limited. Here, only Thuanthong
et al. used an EMR to hydrolyze tilapia skin collagen, however little data
on operational performance of the unit is described in the paper [180].

Recycling of enzyme enables large economic benefits over batch
processing from an operational perspective. However, the high shear
stress induced by pumps and proximity to membranes involved in EMRs
is a potential mechanism for enzyme denaturing [181,182]. For
example, Merz et al. noted that more enzyme activity was retained be-
tween cycles when using a diaphragm pump in comparison to a gear
pump, the latter is known to impart a greater shear stress on fluids
[176]. Using a diaphragm pump reduced enzyme activity by 2 % while a
gear pump reduced activity by 60 %, over 10000 reactor volumes, given
the same reaction operating conditions [176]. Furthermore,
membrane-protease interactions have been observed in past research
which may negatively affect the process. Considering this process in-
volves pressure-driven membrane filtration, fouling is also a concern.
Benhabiles et al. noted irreversible fouling may have occurred during
EMR experiments, which was attributed to high transmembrane pres-
sure [156]. As membrane fouling is generally difficult to avoid, this
implicates the need for additional operating steps to clean and/or
replace membrane filters, requiring downtime and extra process steps.
EMRs also involve high shear stress due to the presence of mixers in the
reactor and the membrane process itself, further affecting activity [183].
As a result, mixing and membrane flux must be carefully managed to
ensure that excessive enzyme inactivation does not occur. It is further
noted that the mechanism of enzyme inactivation due to thermal effects
is still present during EMR processing [183], and thus it is still likely that
some fresh enzyme would need to be added as a make-up stream. Given
all this information, it is unknown how much benefit EMRs may provide,
as these systems are much more complex than traditional stirred batch
reactors and may not provide sufficient gains in terms of cost reduction
to make the process practical. This is of particular importance given the
often-rural nature of fisheries processing facilities. To maximize
by-product freshness, EPH facilities should be placed close to harvesting
and processing plants, and thus should be able to be operated under the
infrastructure limitations often found in these areas. Still, considering
the proliferation of research into EMRs in recent years, it is sensible that
additional research be conducted into the use of EMRs for production of
hydrolysates from fisheries by-products.  Solid-liquid and
solid-liquid-liquid EMRs are now being used in research and industry
[182]. As enzyme costs currently remain one of the largest burdens on
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further industrial-scale operations for this valorization method, and
considering recent advances in EMR design and analysis may help to
overcome these issues.

An additional design technique employed to some extent for EPH is
that of sequential batch reactors. In these systems, the reaction begins by
adding substrate, enzyme, and water in one reactor, and once the re-
action has slowed, the hydrolysate is drained, and fresh water and
enzyme is added [100]. This process skips the step of membrane sepa-
ration, which simplifies the process and reduces energy costs, but also
leads to loss of some enzyme. However, given that proteases adsorb to
insoluble substrates to some extent [100,102], enzyme activity still ex-
ists on the substrate itself, meaning that not as much enzyme is required
in this step. For example, Valencia et al. observed a 46 % protein yield in
two-stage operation compared to 27 % in single-stage. EPH still
occurred as well in the second stage without enzyme addition with a
nitrogen yield of up to 20.5 % [100]. As such, the combination of pro-
tease adsorption on solid substrate and the reduced product inhibition in
the second stage is likely playing a role in enhancing the reactor per-
formance. This technique has only been studied twice for fisheries
by-products [100,184], however given that this overcomes certain
limitations of EMRs regarding process complexity, large feedstock re-
quirements, and operational concerns, this process could be very bene-
ficial in future as a means of enhancing process performance.

4. Conclusions

Valorization of fisheries by-products using EPH is a very popular
research topic, with significant interest from researchers and from in-
dustry in adapting the technology at large scale. However, much of the
published research still focusses on lab-scale, and work has only begun
on understanding the process from the perspective of design and oper-
ational considerations. As a result, the methods in which fisheries by-
products are handled, and by which the EPH process is operated are
often studied in unrealistic or impractical forms. Pre-treatments vary
considerably across literature, with little acknowledgement of what
feedstock compositions require treatment before EPH. For instance,
lipid-rich by-products are only sometimes defatted, and in other cases
the lipids are left in without consideration to the impact on product
quality. Demineralization is performed either as a pre-treatment or post-
treatment for crustacean by-products, with few authors discussing why
the process was sequenced in each order. Both of these pre-treatments in
turn likely influence feedstock quality and potential food/nutritional
uses, but this is not discussed widely in literature. Work involving pre-
treatments demands further study to assess the impact of pre-
treatments on all products of the EPH process.

Process conditions for EPH are also highly variable, particularly at
lab scale, where mixing is often performed in incubators or using very
small reactors. As a result, water ratios vary significantly in this work, as
practical considerations regarding mixing efficiency or the cost of water
removal are typically not studied. Furthermore, many lab scale pro-
cesses employ pH control techniques which are not always feasible at
larger scales due to salt accumulation and other effects on product
quality. These process parameters, in turn, have an effect on the feasi-
bility of the process at larger-scales, and must be better studied at
smaller-scale before any scale-up occurs. Current work involving novel
enzymes and process intensification is also underway and provides
insight into the mechanisms of enzymatic protein hydrolysis and the
potential for improved kinetics and protein recovery. Much of this is still
under early development and requires further study at lab scale before
scale-up can be properly assessed. Research on endogenous proteases,
particularly crude protease mixtures, is of particular interest considering
how well the concept would tie into the overall marine biorefinery
framework. However, scale-up of these processes has not been per-
formed to date, and future work in this field could help to confirm
process feasibility. Further work on scale-up of batch and continuous
EPH processes will also help to promote the future of the industry, and
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study of this process at larger reaction volumes is required to establish
practical and economical conditions for this process to operate on in a
commercial scale.

Considering the maturity of the field of protein hydrolysis, this re-
view indicates the need for better process design of EPH processes for
fisheries by-products and the need for researchers to consider overall
process design in their studies. Industrial practicality of processes is
important to consider even at lab scale, and so consideration of process
parameters such as water quality, the effect of lipids, process control, are
equally important as DH and reaction time. Another practical require-
ment is that in order to preserve raw material quality (preventing
oxidation/microbial storage), feedstocks must be kept chilled, and so
designs must be capable of either being close to processing sites (often
rural) or in areas with access to refrigerated transport. Further work in
proposing comprehensive and scalable models for EPH has the potential
to incentivize industries to further invest in by-product valorization,
thereby contributing to a net-zero economy.
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