Food Chemistry xxx (Xxxx) Xxx

ELSEVIER

journal homepage: www.elsevier.com/locate/foodchem

Contents lists available at ScienceDirect

FoOD

CHEMISTRY

Food Chemistry

Comparison of enzymatic and pH shift methods to extract protein from
whole Baltic herring (Clupea harengus membras) and roach (Rutilus rutilus)

Anni Nisov ™", Tanja Kakko ", Hanna-Leena Alakomi *, Raija Lantto *, Kaisu Honkapaa *

8 VTT Technical Research Centre of Finland, Ltd, P.O. Box 1000, FI-02044, Finland
b Food Chemistry and Food Development, Department of Life Technologies, University of Turku, FI-20014 Turku, Finland

ARTICLE INFO

Keywords:
Undervalued fish
Enzymatic hydrolysis
PH shift process
Functional properties
Microbiology
Sensory properties

ABSTRACT

This study aimed to establish the differences between enzymatically extracted hydrolysates and pH shifted
protein isolates from whole Baltic herring and roach in terms of polypeptide patterns, functionality, sensory
properties, microbial quality, yield, and composition. Alkaline extraction resulted in the highest yields, whereas
the hydrolysates showed the highest protein contents. The hydrolysates showed higher protein solubility
(86.0-88.5%) than the protein isolates (5.1-14.5%) as well as the higher foam capacity for Baltic herring.
However, for roach, alkaline extracted protein isolates exhibited the highest foam capacity. All hydrolysates
showed poor foam stability (0-13%) while the protein isolates showed notably higher stability (30-55%). The
hydrolysates showed relatively low bitterness, whereas alkaline extracted roach proteins were perceived as
bitter. This study demonstrated that it was possible to produce protein isolates and hydrolysates from whole fish
with good microbial quality. However, both processes need to be optimised according to the food application and

fish species.

1. Introduction

There is a growing global need to increase the proportion of fish in
the diets to replace meat, but it must be done by avoiding overfishing. To
manage the balance of sustainable fishery and the growing need for food
fish, the catch should be used more completely than is currently done.
Approximately 12 % of the global fish catch is destined for non-food
uses, such as fish meal and oil (FAO, 2020) for feed. For instance, in
Finland, majority of the food fish is imported while domestic wild fish
are being used for non-food purposes. A market niche exists for novel
food products and ingredients processed from Baltic herring (Clupea
harengus membras) and roach (Rutilus rutilus), among others. Thus, so-
lutions are needed to valorise these two fish species into high-value
products for human consumption. Enzymatic hydrolysis and pH-
shifting are well-known methods for valorising undervalued fish for
food or other value-added use (Abdollahi et al., 2018; Egerton et al.,
2018). These methods enable extraction of nutritionally valuable com-
ponents (protein, polypeptides and oil) without the need for mechanical
filleting step that produces substantial amounts of by-products.

Enzymatic hydrolysis allows the conversion of fish mass into value-

added polypeptides with good functional properties, such as emulsifi-
cation and foaming (Chalamaiah et al., 2010; Liu et al., 2014). These
properties would enable the use of fish hydrolysates as emulsion or foam
stabilisers in food products (Gao et al., 2021). Other relevant applica-
tions of fish hydrolysates in food are related to their bioactivities, which
would enable their use as preservatives due to the anti-oxidation prop-
erties (Egerton et al., 2018; Klompong et al., 2007). However, a bitter
taste as well as fishy odour or flavour may develop during the hydrolysis
process, which may limit the use of hydrolysates as food ingredients.
Selection of enzymes and optimising their activity during the processing
are focal for proper sensory quality (Yarnpakdee et al., 2012) and
functionality of the hydrolysates.

Extraction of proteins by pH shift process includes acidic or alkaline
solubilisation and is followed by isoelectric precipitation of the proteins
(Abdollahi & Undeland, 2018). The method is based on increased pro-
tein solubility induced by changing the pH, which allows the separation
of protein from lipids and insoluble material, such as scales and bones.
The resulted protein isolates differ from the hydrolysates, especially
regarding the molecular weight of the polypeptides, and thus, their
functionalities. Several studies have been conducted using gutted fish or

Abbreviations: DH, degree of hydrolysis; OPA, ortho-phthalaldehyde; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis; ANS, 1-anilino-8-

naphthalene-sulphonate.
* Corresponding author.
E-mail address: anni.nisov@vtt.fi (A. Nisov).

https://doi.org/10.1016/j.foodchem.2021.131524

Received 26 May 2021; Received in revised form 22 October 2021; Accepted 1 November 2021

Available online 3 November 2021

0308-8146/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Anni Nisov, Food Chemistry, https://doi.org/10.1016/j.foodchem.2021.131524



mailto:anni.nisov@vtt.fi
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2021.131524
https://doi.org/10.1016/j.foodchem.2021.131524
https://doi.org/10.1016/j.foodchem.2021.131524
http://creativecommons.org/licenses/by/4.0/

A. Nisov et al.

by-products of different fish species, such as Atlantic croaker (Kris-
tinsson & Liang, 2006), herring, cod, and salmon (Abdollahi & Unde-
land, 2018; Marmon & Undeland, 2010). The process has not however
been published for Baltic herring or roach, and the authors are not aware
of studies where whole (ungutted) fish was used as a raw material.

Publications on microbial quality of protein fractions extracted by
enzymatic treatment and pH-shift process are scarce. Studies by Lans-
downe et al. (2009) reported the reduction of inoculated Listeria innocua
and Escherichia coli during acidic (pH 2.0 and 3.0) and alkaline (pH 11.5
and 12.5) pH shift, but little data is available concerning other patho-
gens. Rodrigues Freitas et al. (2016) also observed that pH 2 and pH 12
in the pH-shift process inactivated microbes originating from the raw
material.

This study aimed to develop a food-grade valorisation method for
whole Baltic herring and roach. It focused on comparing the charac-
teristics of protein hydrolysates and isolates produced by the two well-
established protein extraction methods; enzymatic hydrolysis and pH
shifting. To assess the chemical properties of the obtained hydrolysates
and protein isolates, the protein solubility, polypeptide pattern, degree
of hydrolysis (DH), surface hydrophobicity and zeta potential were
analysed. In addition, foaming, gelation, colour and sensory properties
were studied. It was hypothesised that limited enzymatic hydrolysis
would result in high solubility, which is usually a prerequisite for such
functional properties as foaming and gelation. Regarding pH shifting, it
was assumed that the extracted proteins would result in low solubility
and limited functionality, as the protein was recovered after isoelectric
precipitation. Few studies (Abdollahi & Undeland, 2018; Aspevik et al.,
2016) have reported the full sensorial descriptive profile of the protein
isolates, which is why it was investigated in the current study.
Furthermore, the aim was to use whole fish as a raw material to mini-
mize by-product production and maximise the cost-effectiveness of the
process. Therefore, also the microbiological quality of the protein frac-
tions was analysed.

2. Materials and methods
2.1. Raw materials

Fresh Baltic herring (caught from the Archipelago Sea in September
2018) and descaled roach (caught from the Bothnian Sea in June 2018)
were both provided by Arvo Kokkonen Oy (Finland). The ungutted
Baltic herring and descaled and ungutted roach were ground by a
kitchen mixer (CombiMax 600, Braun, Germany) with a maximum
speed for 60 s. The fish were kept on ice during the grinding procedure
and the ground fish mass was frozen (—22 °C) after grinding. The fish
was ground and frozen within 24 h from catching for further processing
by enzymatic hydrolysis or pH-shift method. The processing was con-
ducted 3 and 1 months after freezing the roach and Baltic herring mass,
respectively.

2.2. Engymes and chemicals

Food grade proteolytic enzymes Protamex® and Neutrase® (Novo-
zymes) and Corolase 7089® (AB Enzymes) were used for protein hy-
drolysis. The protease activity of the enzymes was determined at pH 7
using 1.2% casein as a substrate at 50 °C and dosed as nanokatals (nkat).
All used reagents were at least analytical grade. For the determination of
lipid content, potassium chloride (Merck, Darmstadt, Germany), chlo-
roform (VWR Fontenay Sous Bois, France), and methanol (Sigma-
Aldrich, Steinheim, Germany) were used.

2.3. Protein recovery and yield
2.3.1. Engymatic hydrolysis

For enzyme-aided protein hydrolysis (Fig. S1), the frozen fish mass
was thawed at 12 °C and mixed with fresh tap water (6 °C) (750 g fish
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and 750 g tap water). The mixture temperature was kept at 4 °C unless
stated otherwise. A control sample for analysing the DH was collected at
this point. The mixture was heated to 50 °C under constant stirring. After
reaching the target temperature, the enzyme was dosed as 11.4 nkat/g of
ground fish. The enzyme treatment time was selected as 30 min based on
pre-trials with varying durations of the hydrolysis (data not shown). The
hydrolysis was stopped by inactivating the enzyme at 75 °C for 15 min. A
sample for analysing the DH was collected at this point. The mixture was
cooled down to 4 °C and centrifuged at 4000g for 15 min (Sorvall lynx
4000, Thermo Scientific, USA). Due to a minute lipid layer, the super-
natant of the roach samples was collected by pouring without any lipid
phase separation. Baltic herring supernatant, oil phase and solid lipid-
containing emulsion layer were separated from the solids by pouring.
Then the centrifugation step was repeated for the supernatant, and it
was collected with a laboratory-scale pump to separate it from the oil
phase and solid lipid-containing emulsion layer. All supernatants were
frozen immediately with a blast freezer, freeze-dried and stored at
—22 °C. Three parallel treatments were conducted.

2.3.2. pH shift and subsequent isoelectric precipitation

For pH-shift process (Fig. S1), the frozen fish mass was thawed at
12 °C and mixed with fresh tap water (6 °C) (375 g fish and 1125 g
water). The mixture temperature was kept at 4 °C. The pH of the mixture
was adjusted to 2.5 + 0.1 (acid solubilisation) or 11.5 + 0.1 (alkaline
solubilisation) for 20 min with 6 M HCI or NaOH, respectively, under
constant stirring for an additional 15 min. After solubilisation, the
mixture was centrifuged at 4000g for 15 min (Sorvall lynx 4000, Thermo
Scientific, USA). Due to a minuscule lipid layer, the supernatant of the
roach samples was collected by pouring without any lipid phase sepa-
ration. Baltic herring supernatant, oil phase and solid lipid-containing
emulsion layer were separated from the solids by pouring. Then the
centrifugation step was repeated for the supernatant, and it was
collected with a laboratory-scale pump to separate it from the oil phase
and solid lipid-containing emulsion layer. The pH of the supernatant was
adjusted to 5.2 with 6 and 1 M NaOH (for acidic supernatant) or 6 and 1
M HCI (for alkaline supernatant) to precipitate the proteins. The
precipitated suspension was heated to 75 °C and held there for 1 min to
hinder the possible microbial growth and cooled down to 4 °C imme-
diately. The suspension was centrifuged at 4000g for 15 min. The
precipitated proteins were collected, frozen immediately in a blast
freezer, freeze-dried and stored at —22 °C. Three parallel treatments
were conducted.

2.3.3. Extraction yields
Mass and protein yields of the different treatments were calculated
according to the following equations:

Dried product(g)

Ground fish(g) 100% )

Mass yield(wet basis) =

Protein in dried product(g) 100% o)
0

Protein yield(dm basis) =
rotein yield(dm basis) Protein in ground fish(g)

2.4. Analyses

2.4.1. Protein content

Protein content was determined by a Kjeldahl autoanalyser (Foss
Tecator Ab, Hoganas, Sweden) according to the AOAC method 2001.11.
The nitrogen conversion factor of 6.25 for calculating the protein con-
tent was chosen according to the EU council directive on nutrition
labelling for foodstuff (90/496/EEC). One measurement for each of
three parallel treatments was conducted.

2.4.2. Lipid content
Lipid content was measured gravimetrically after modified Folch
extraction (Folch et al., 1957). Lipids were extracted with chloroform:
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methanol (2:1 v/v) and 8.8 % potassium chloride solution was used for
phase separation. Lipid content was analysed in triplicate (once from
each parallel treatment).

2.4.3. Moisture and ash

The moisture content was determined by drying the samples at
105 °C for 24 h. The ash content was quantified gravimetrically after
combustion at 550 °C for 24 h in a muffle furnace (model N11, Naber-
therm GmbH, Lilienthal/Bremen, Germany).

2.4.4. Degree of hydrolysis

The DH was defined as the percentage of cleaved peptide bonds
broken (h) in relation to the theoretical total number of peptide bonds
present in the protein substrate (h;o) similarly to the study of (Xu et al.,
2016):

DH = n 100% 3

1ot

The h and hyy values were calculated as nitrogen concentrations
determined by the Kjeldahl method using the equations according to the
study of Nisov, Ercili-Cura, et al. (2020) to obtain the DH values. The
amount of cleaved peptide bonds was determined by OPA (ortho-
phthalaldehyde) method according to the study of Spellman et al.
(2003) with slight modifications. The modifications were described in
the study of Nisov, Ercili-Cura et al. (2020). Four parallels were
measured from three parallel treatments.

2.4.5. Protein and polypeptide profile

The protein profiles were determined in reducing conditions by so-
dium dodecyl sulphide polyacrylamide gel electrophoresis (SDS-PAGE).
A commercial Criterion TGX (Tris-glycine extended) stain-free precast
gel (4-20%, 30 pl 18-well, Bio-Rad, Hercules, CA, USA) was used for the
analysis. First, the extracted and freeze-dried protein powders were
suspended in MQ water as 1.0 mg/mL protein content (w/w). Then the
suspensions were treated according to the protocol described in the
study of Nisov, Ercili-Cura, et al. (2020).

2.4.6. Solubility

The water-solubility of the proteins was determined according to the
Bio-Rad DC protein assay kit (Bio-Rad, Richmond, CA, USA). Protein-
water suspensions with 0.1% or 1% (w/v) concentrations were pre-
pared and the pH was adjusted to 7. The suspensions were centrifuged at
4000xg for 10 min and the absorbance values of supernatants were
analysed at 750 nm (UV-1800, UV-VIS Spectrophotometer, Shimadzu,
Japan) according to the Bio-Rad instructions. The protein content was
obtained by quantifying against a bovine serum albumin (BSA) standard
curve. Triplicate absorbance values were measured from three parallel
treatments.

2.4.7. Zeta potential

The surface charge of protein particles was measured as zeta po-
tential using a Zetasizer Nano ZS equipment (Malvern Instruments Ltd.,
UK). Protein-water suspensions with 0.1% (w/w) concentrations were
prepared and adjusted to pH 7. The suspensions were centrifuged at
4000xg for 10 min and the zeta potential was analysed from the su-
pernatant. At least three parallels were measured from three parallel
treatments.

2.4.8. Surface hydrophobicity

The surface hydrophobicity of the protein was determined by fluo-
rescence spectroscopy using 1-anilino-8-naphthalene-sulphonate (ANS)
as a probe. A 0.1% (w/v) protein-water suspension was prepared and
adjusted to pH 7. The suspension was centrifuged at 4000 x g for 10 min.
The supernatant was collected and diluted to 50 mM phosphate buffer
(pH 7.0) to obtain solutions with protein concentrations ranging from
0.02 to 0.5 mg/ml. The diluted samples were mixed with an ANS reagent
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and measured in a black polystyrene 96-well microplate as described by
Nisov, Ercili-Cura, et al. (2020). In brief, the fluorescence intensity was
measured with the excitation and emission wavelengths of 390 and 479
nm, respectively. Surface hydrophobicity was reported as the slope of
the curve of the relative fluorescence intensity as a function of protein
concentration.

2.5. Determination of functional properties

2.5.1. Foam formation

Foaming properties were analysed according to Nisov, Ercili-Cura,
et al. (2020) with slight modifications. A 5% (v/w) protein-water sus-
pension was prepared and adjusted to pH 7. Foam formation was
assessed by whipping 10 mL of the suspension with a battery-operated
whisk (AeroLatte AL-V1-SS Chef Kitchen Whisk, United Kingdom) in a
100 mL measuring cylinder. The volume of the foam and the drained
liquid was analysed 0 and 20 min after whipping using the scale on the
cylinder. Foam capacity (FC, %), drainage (DR, %) and foam stability
(FS, %) were calculated according to the following equations:

Vi — Vi
FC=-"_""%100% €))
Vo
1%
DR = -2£.100% (5)
Vo
Vr somin
FS =~ 100% (6)
tot,omin
VF,30min = th,30min - VDR,3Omin (7)

where Vy is the total volume of a resulted foam and possible drainage
(ml), Vp is the aliquot sample volume before whipping (ml) and Vpg is
the volume of the drained liquid (mL). One analysis was conducted for
three parallel treatments.

2.5.2. Heat-induced gelation

Heat-induced gelation was analysed by the inverting tube method
(Agboola et al., 2005). Protein-water suspensions with 5% (w/v) and 15
% (w/v) concentrations were prepared and the pH was adjusted to 7.
The 1 mL sample was heated in an Eppendorf tube for 20 min at 98 °C.
Samples were placed at 4 °C for overnight storage. After 24 h, the
gelation ability was analysed by observing if the suspension was self-
supporting i.e. gelled or leaking when the tube was inverted upside
down. One observation from each of three parallel treatments was
conducted.

2.5.3. Colour

The colour of the freeze-dried protein powders (3 g / petri dish with
50 mm diameter) was determined by a colourimeter (Minolta Chroma
meter, CR-200 Handheld, Osaka, Japan). L* (lightness), a* (green-red)
and b* (blue-yellow) values were recorded according to the CIELAB
colour space system. The colourimeter was calibrated with a white plate
provided by the manufacturer. Whiteness value was calculated accord-
ing to the following equation (Pérez et al., 2016):

WI = ((100 — L)’ +a* + 7 )}

Five replicate measurements from each of three parallel treatments
were conducted.

2.5.4. Microbiology

The microbiological quality of the samples was analysed as described
in Nisov, Aisala, et al. (2020). Briefly, 1 g of sample was homogenised
using 9 mL of peptone saline and the numbers of lactic acid bacteria,
aerobic heterotrophic bacteria, psychrotrophic bacteria, sulphite
reducing bacteria, enterobacteria, coliforms, and sulphite reducing
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Table 1

Food Chemistry xxx (xxxx) xxx

Chemical composition of the Baltic herring and roach raw materials (as is, %) and derived hydrolysates and protein isolates (dry matter basis, %) produced by

enzymatic or pH shift methods, respectively.

Baltic herring composition (%)

Roach composition (%)

Sample Protein Lipids Ash Protein Lipids Ash

Raw material 63.1 £ 0.0 29.9 + 0.4 8.9+ 0.5 64.8 + 0.3 159+ 1.9 16.7 £+ 3.3
Neutrase 87.9+£0.0 3.3+0.2 11.1+0.1 85.1+1.5 6.0 £ 0.2 6.4+ 0.1
Protamex 91.1 +£1.2 3.2+0.1 11.5+0.1 84.0 +1.7 5.8+0.1 6.8 £ 0.5
Corolase 88.7 £ 1.2 3.5+0.2 10.8 £ 0.2 83.6 +1.5 6.3 +0.1 7.2+0.1
Enz control* 81.3+£0.7 n.a. 18.5+ 0.7 824+ 1.7 n.a. 7.4+0.2
Acid 80.4 +0.8 16.7 £ 1.0 4.2+0.1 83.0+1.6 11.1+ 0.5 52+0.3
Alkaline 77.9 £ 0.7 16.8 £ 1.8 3.8+0.7 73.0 £ 2.0 19.4 +£ 0.9 40+05
pH control* 68.3 + 1.0 n.a. 2.7 +0.1 729 +£ 0.3 n.a. 3.6 £ 0.2

" Control sample was prepared similarly to the enzymatic and pH-shifted samples, but without added enzymes or pH adjustment n.a. = not analysed.

microbes and yeast and moulds determined.

2.5.5. Sensory properties

A generic descriptive sensory analysis was performed for Baltic
herring samples by 11 trained assessors and for roach samples by 12
trained assessors. The sensory profile of the freeze-dried powders was
analysed from aqueous solutions (1.2%, w/v). The samples were served
at room temperature in plastic dishes as 20 mL portions covered with a
plastic lid. Water and cucumber slices were offered between sample
evaluations. The samples were coded with random 3-digit codes and
presented in randomised order. The preliminary list of sensory attributes
was formulated by four sensory experts, and the attribute list was
finalised by the whole panel in a training session before the actual
evaluations. Eight chosen attributes were fishy odour, fresh odour,
cloudiness, fish flavour, saltiness, bitterness, rancidity and coarseness.
The intensity of the attribute values was rated on a scale from 0 to 10
where 0 = attribute not detected and 10 = attribute very clear. The
evaluation scores were collected by a Compusense Five data system,
Version 5.4 (Compusense, Guelph, Canada). Two parallel evaluation
sessions were conducted using a sample mixture from three parallel
treatments.

2.6. Statistical analysis

The differences between the means in compositional, functionality
and descriptive sensory data were subjected to one-way analysis of
variance followed by Tukey’s test (p < 0.05) using IBM SPSS Statistics
Version 26 (SPSS Inc., Chicago, IL).
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3. Results and discussion

3.1. Chemical composition, mass yield and protein yield of different
protein fractions

The chemical compositions (dry matter basis) of the ground ungutted
Baltic herring and roach raw materials are presented in Table 1. As was
expected, the ground Baltic herring showed higher lipid content than
roach; however, the protein contents were similar.

The yields of protein and oil fractions separated from fish raw ma-
terials are the key factors when developing successful technological
processes for industry. Fig. 1A and B show the mass (Equation (1)) and
protein yields (Equation (2)) of Baltic herring and roach protein powders
obtained by enzymatic (hydrolysates) and pH shift methods (protein
isolates). Alkaline treatment showed the highest mass yields for both
Baltic herring (9.1%) and roach (9.6%), respectively. Enzymatic and
acidic treatments had insignificant differences in mass yields regardless
of the fish species showing mass yields of 5.7-6.1% and 7.5-8.2% for
Baltic herring and roach, respectively. Otherwise all the control treat-
ments (without enzyme and pH shifting) with both fish species showed
notably lower mass yields (3.3-3.4%), except for the roach control for
enzymatic treatment that showed a mass yield of 6.2%. The yield was
close to what was detected for the Corolase treated roach (7.5%), which
indicated that endogenous enzymes were strongly active in roach sam-
ples and contributed to the protein extraction. This would partly explain
the higher mass yields for roach samples regardless of the applied
extraction method (Fig. 1). In addition, higher lipid content in Baltic
herring raw material could explain the lower yields, as lipids can
interfere with the protein extraction process by forming complexes with
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Fig. 1. Mass yield as wet weight (as is, %) (A), and protein yield as dry matter basis (dm, %) (B) of Baltic herring and roach proteins extracted by enzymatic and pH-
shift methods. Different letters (a, b, ¢, d) indicate the significant differences (p < 0.5) within sample groups of Baltic herring and roach separately. Neut denotes for
Neutrase, Prot for Protamex, Coro for Corolase and Ctrl for control sample (without pH shifting or added enzyme).
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Baltic herring
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Roach

[ 1
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N i

+ Myosin heavy chain ~205 kDa

- Actin ~42 kDa
+ Tropomyosin ~35 kDa

} Myosin light chains ~16-21 kDa

Fig. 2. Reducing SDS-PAGE image for Baltic herring and roach raw materials and protein fractions derived from them by enzymatic extraction and pH shifting. Lanes
2-9 denote for Baltic herring samples: 2) Ground Baltic herring mass 3) Neutrase, 4) Protamex, 5) Corolase, 6) enzyme control, 7) acid pH-shift, 8) alkaline pH-shift,
9) pH shift control. Lanes 11-18 denote for roach samples: 11) ground roach raw material, 12) Neutrase, 13) Protamex, 14) Corolase, 15) enzyme control, 16) acid pH

shift, 17) alkaline pH shift 18) pH shift control. Standard is abbreviated as std.

proteins (Batista et al., 2010; Slizyte et al., 2005). Similar mass yields to
the enzymatic process have been previously reported for the hydrolysed
Atlantic cod backbone (4.6-6.3%) and carp meat (5.4-10.4%) with
varying DH values of 21-24% and 6.7-13%, respectively, depending on
the used enzyme (Elavarasan et al., 2014; Slizyte et al., 2016).

Similarly to the mass yield results, alkaline treatment resulted in the
highest protein yields for both Baltic herring (43.4%) and roach
(42.1%). However, the difference to other treatments was significant
only for the Baltic herring samples showing notably lower protein yields
of 30.0% (acidic) and 30.0-33.3% (enzymatic). A similar trend
regarding the acid and alkaline treatment with lower protein yield for
acidic treatment was observed by Abdollahi and Undeland (2019) when
they studied salmon, cod and herring by-products during the pH-shift
process. For herring by-products, they reported similar protein yields
(45%) to our study at the same solubilisation pH of 11.5 whereas for
salmon and cod by-products, they reported notably higher protein yields
(50-60%). They reported protein yield values slightly under 40% for
salmon and herring after acidic solubilisation (pH 2.5); however, for
cod, they reported <30% protein yield. Clearly, the protein yield varies
depending on the raw material and solubilisation pH; however, in the
current study, the added heating step for pH treatment may have
decreased the protein yield as well.

Although the highest mass and protein yields were obtained for
protein isolates, the protein contents of the hydrolysates were generally
higher and varied between 84.1-87.2% for Baltic herring (wet basis) and
79.3-81.1% for roach (wet basis) (Table 1, dm basis). The resulted
protein contents in this study were considerably higher than those re-
ported by Egerton et al. (2018) for whole blue whiting hydrolysates with
values (wet basis) of 76.8% (Protamex) and 40.7% (Neutrase). The
treatment conditions in the study of Egerton et al. (2018) were similar to
the present study, and they reported similar lipid and ash contents. Thus,
the explanation behind the differences in the protein contents remains
unclear, however, one reason could be the different substrate specific-
ities of the enzymes towards different fish species. In the current study,
the protein isolates showed protein contents of 80.4% (acid) and 77.9%
(alkaline) for Baltic herring and 83.0% (acid) and 73.0% (alkaline) for
roach. The values for Baltic herring were slightly higher than those re-
ported by (Marmon et al., 2009) for herring (Clupea harengus) protein
isolates produced by acid (72%) and alkaline (64%) extractions,
respectively.

The protein hydrolysates showed notably lower lipid contents
(3.2-6.3%) than the protein isolates (11.1-19.4%) for both Baltic herring
and roach. Previously, Liceaga-Gesualdo & Li-Chan (1999) have reported
even lower lipid content of 0.77% for a freeze-dried herring protein hy-
drolysate (Alcalase 2.4 L). The lipid contents of the protein isolates in the
current study were partly comparable to lipid contents reported by Mar-
mon & Undeland (2010) for herring protein isolates produced by the acid
(22.2%, dm) and alkaline (17.7%, dm) pH-shifting. Changes in tempera-
ture or pH during protein extraction may induce changes in pro-oxidants,
such as haemoproteins (e.g. haemoglobin and myoglobin) present in fish,
and increase the susceptibility of lipids to oxidation (Halldorsdottir et al.,
2013). On the other hand, the products of lipid oxidation can promote
protein oxidation, which induces protein unfolding and aggregation. This
may influence physical and chemical properties of proteins, such as solu-
bility, hydrophobicity, water-holding capacity, and gelation (Zhang et al.,
2013).

3.2. Polypeptide profiles

Fig. 2 shows polypeptide profiles of roach and Baltic herring raw ma-
terials and the derived protein hydrolysates and isolates after enzymatic
and pH-shift treatments. Regarding the SDS-PAGE results, there was a
difference between the sample preparation of the ground fish raw materials
and freeze-dried protein powders. While the polypeptide patterns of the
fish raw materials include all possible SDS-soluble proteins, the hydroly-
sates and their control powder include only the supernatants after the
separation process. Similarly, the protein isolates and their control powder
include only the precipitated supernatant after the pH solubilisation. In
other words, none of the analysed protein powders included the insoluble
sediment. For example, only the water-soluble polypeptides were present
in Baltic herring control hydrolysate whereas myosin heavy chain, actin
and tropomyosin were either absent or very faint. As expected, the protein
profile of the Baltic herring raw material was similar to what was detected
for herring (Clupea harengus) filleting by-products by Abdollahi and
Undeland (2019). Based on the polypeptide profiles reported by Abdollahi
and Undeland (2019), the Baltic herring raw material in the current study
most probably included myosin heavy chain band around 205 kDa, actin
around 42 kDa, tropomyosin around 35 kDa and myosin light chains
around 16-21 kDa. Additionally, two intense bands were detected at
around 100 kDa, which have been previously identified as vitellin-like
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roach separately.

protein (97 kDa) for salmon and sturgeon caviar (Al-holy & Rasco, 2006) as
well as for yellowfin tuna roes (Lee et al., 2016). The protein profile of
roach raw material differed from that of Baltic herring. The myosin heavy
chain band was not detectable and the most intense bands could be
detected at a low molecular weight range of 10 to 16 kDa. However,
similarly to that found in Baltic herring, actin (42 kDa) and tropomyosin
(35 kDa) bands could be detected also in the roach raw material. In
addition, roach raw material showed an intense band around 26 kDa.

All hydrolysates (excluding the controls) for both raw materials
showed similar polypeptide profiles with most intensive bands under 15
kDa indicating that the proteins were successfully hydrolysed to shorter
peptides. The Baltic herring hydrolysates showed more intense bands
with higher molecular weight than roach hydrolysates, and even one
faint band could be detected at around 100 kDa. The polypeptide pattern
of the Baltic herring control hydrolysate showed that it was not hydro-
lysed, since it lacked the short peptides under the size of 15 kDa. This
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indicated that the Baltic herring sample lacked endogenous enzyme
activity. On the contrary, the polypeptide pattern of the roach control
hydrolysate was the same as the ones treated with enzymes. This again
was a clear indication that the roach raw material had endogenous
protease activity.

The size range of polypeptide bands in the protein isolates was
clearly broader than in the hydrolysates. Alkaline extracted polypeptide
pattern of Baltic herring sample resembled its control sample while the
roach control resembled the peptide pattern of the acid extracted protein
isolate. The acid extracted Baltic herring sample and alkaline extracted
roach sample showed intense bands between 20 and 37 kDa as well as
under 15 kDa, the latter ones indicating that hydrolysis had occurred.
Usually, the endogenous enzyme activity in fish is optimum at slightly
alkaline pH values, which would explain the peptide pattern of roach
samples. It is also possible that the added heating step may have influ-
enced the polypeptides so that non-enzymatic hydrolysis has occurred.
This could explain the 15 kDa bands in Baltic herring samples, as there
was no evidence of endogenous enzyme activity. The polypeptide pat-
terns of the hydrolysates should be further studied on SDS-PAGE that
resolves peptide bands under 10 kDa to gain more thorough under-
standing on the hydrolysates.

3.3. Degree of hydrolysis

The DH was measured only for the hydrolysates (Fig. 3A). In previ-
ous studies, a wide range of DH values (5-62%) have been reported for
protein hydrolysates produced from different types of fish raw materials,
including surimi processing by-products, minced roe and minced fish
meat (Chalamaiah et al., 2010; Klompong et al., 2007; Liu et al., 2014).
Previously, a trend with an increasing mass yield has been observed as a
function of increasing DH when samples with varying DH values have
been hydrolysed with the same enzyme (Chalamaiah et al., 2010; Ela-
varasan et al., 2014). However, if the application target for the protein
hydrolysate is for human consumption, it is not desirable to produce
hydrolysates with high DH values, since it is well known that also the
bitterness increases with an increasing DH (Aspevik et al., 2016).
Aspevik et al. (2016) reported that a bitter taste was perceived for short
peptides with molecular weights between 0.5 and 2 kDa extracted from
Atlantic salmon. In the current study, the target was to produce protein
hydrolysates with limited DH, with the aim not only to minimise the
bitterness, but also to produce more functional peptides (Klompong
etal., 2007; Nisov, Ercili-Cura, et al., 2020). Reducing the molecular size
of a protein makes it more flexible, and thus, more functional; however,
if the protein hydrolysis exceeds a certain level, the resulting hydroly-
sate may lose the ability to form a stable foam or emulsion (Aspevik
et al., 2016; Nisov, Ercili-Cura, et al., 2020). A wide range of DH values
(5-62%) has been reported for protein hydrolysates produced from
different types of fish raw materials, including surimi processing by-
products, minced roe and minced fish meat (Chalamaiah et al., 2010;
Klompong et al., 2007; Liu et al., 2014). The DH values in the present
study varied between 7.1 and 14%, which was clearly at the lower range
of what has been reported previously, however, the functional proper-
ties and bitterness will determine if the limited hydrolysis was successful
or not.

The enzymatic treatments of roach material resulted in DH values of
14.0, 16.5 and 11.7% with Neutrase, Protamex and Corolase samples,
respectively. Enzymatic treatments of Baltic herring resulted in consid-
erably lower DH values of 7.1, 6.8 and 8.4% with Neutrase, Protamex
and Corolase, respectively. All the DH results were in line with the SDS-
PAGE patterns of the hydrolysates, as smaller peptides were detected for
roach than for Baltic herring. Roach control resulted in a relatively high
DH value of 10.1 %, which was higher than any values detected for
Baltic herring, and almost as high as the DH values detected after the
Corolase treatment. Again, this was a clear indication of an endogenous
enzyme activity in roach raw material as was mentioned already
regarding the yield and SDS-PAGE results. Polypeptides obtained in the

Food Chemistry xxx (xxxx) xxx

control treatment (without added enzyme) of Baltic herring showed a
negative DH value of —1.2%. Despite several attempts to replicate the
DH analysis for the Baltic herring control, the results remained as
negative values. The negative DH value can be explained by the inac-
tivation step that was conducted at the end of the extraction process. The
hypothesis is that when the proteins aggregated during the heating step
in an aqueous environment, the OPA reagent (used in DH analysis) was
unable to reach all free amino ends due to a more compact protein
structure caused by the aggregation. Similar findings were reported by
Slizyte et al. (2014) where DH values of herring hydrolysates decreased
after an enzyme inactivation step. However, they hypothesized that the
DH was reduced due to the Maillard reaction.

3.4. Protein solubility, surface hydrophobicity, zeta potential, foaming
and gelation properties

Protein solubility in water at pH 7 was measured, as it is well known
that solubility is a prerequisite for several functional properties (Wout-
ers et al., 2016). Baltic herring and roach hydrolysates showed notably
higher protein solubility values (86.0-90.3%) than the pH shifted pro-
tein isolates (5.1-14.5%) (Fig. 3B). This was expected as the pH shifted
proteins were precipitated and dried at their isoelectric point (pH 5.5.)
where most of the protein material was insoluble. Moreover, a heating
step was included in this study following the pH-shift process to inhibit
microbial growth, which in turn may have decreased the solubility due
to protein denaturation and subsequent aggregation. On the other hand,
in enzymatic extraction, the hydrolysates were collected as the soluble
fractions (supernatants) in the process; thus it is logical for them to have
high solubility. Also previous studies have reported that after shifting
the pH to 7 after the isoelectric precipitation would not result in as high
protein solubility as the enzymatic processes. For example, Rodrigues
Freitas et al. (2016) studied the solubility of Argentine anchovy and
whitemouth croacker protein isolates produced by acid and alkaline
extraction whereas Abdollahi and Undeland (2018) studied the solubi-
lity of protein isolates produced by alkaline extraction from cod, herring,
and salmon by-products. Depending on the fish species of these studies,
acid and alkaline extracted proteins showed solubility values of 21-25%
and 9-50% at pH 7, respectively (Abdollahi & Undeland, 2018; Rodri-
gues Freitas et al., 2016). Similar to the present study, solubility values
of over 80% have been previously reported by Egerton et al. (2018) for
hydrolysates from whole blue whiting produced using several different
commercial enzymes (Alcalase, Protamex, Flavourzyme, Savinase), by
Liu et al. (2014) for hydrolysates from silver carp by-products (flesh on
bones, head, skin and viscera) using Alcalase and by Klompong et al.
(2007) for hydrolysates of yellow stripe trevally minced meat using
Alcalase. In the present study, a Baltic herring control for enzymatic
process resulted in 56% solubility, which was significantly lower
compared to the actual hydrolysates, whereas roach control resulted in
88.8% solubility with an insignificant difference to the actual treat-
ments. Again, this indicated that the roach raw material exhibited
endogenous enzyme activity leading to a hydrolysis of roach proteins,
which improved the solubility without any added enzyme. No signifi-
cant differences were detected within the solubility values of the pH
shifted Baltic herring protein isolates. On the other hand, alkaline
extracted roach protein isolate resulted in a significantly higher solu-
bility value (14.5%) than the acid extracted proteins (5.7%) or the
control proteins (7.6%). A similar observation of higher solubility values
with alkaline extraction was reported by Rodrigues Freitas et al. (2016)
for Argentine anchovy at pH 9 and for whitemouth croaker residues at
pH 7 and 9.

All roach and Baltic herring hydrolysates as well as roach control
showed low surface hydrophobicity values (9.0-12.3) regardless of the
studied enzyme (Fig. 3C). Exceptionally, the Baltic herring control
showed considerably higher surface hydrophobicity value of 94.7. A
negative correlation between DH values and surface hydrophobicity
could be detected. When the DH value increased, the surface
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hydrophobicity was low and vice versa. This could mean that the pro-
teins in this study were hydrolysed into a molecular size that was too
small for the ANS probe to be able to properly attach to the peptide and
form the needed reaction for detection of hydrophobic groups as was
discussed in the study of Nisov, Ercili-Cura, et al. (2020) for rice protein
hydrolysates. Also, the pH shifted Baltic herring protein isolates showed
substantially higher surface hydrophobicity values with an increasing
trend from the acid extracted sample (53.2) to alkaline (84.7) and
control (217.5). On the other hand, all pH shifted roach protein isolates
showed notably lower surface hydrophobicity values of 32.5, 22.9 and
35.9 for acid, alkaline and control proteins, respectively. The surface
hydrophobicity values measured in this study seemed low compared to
what has been previously reported for fish protein hydrolysates
(225-565) by Liu et al. (2014) and for alkaline extracted fish proteins
(600-1200) reported by Kobayashi and Park (2017). Moreover, Kim
et al. (2003) reported a surface hydrophobicity value of nearly 2000 for
acid extracted Pacific whiting proteins. Liu et al. (2014) reported that a
change in surface hydrophobicity during enzymatic hydrolysis depends
on the used enzymes, as the values decreased with increasing DH when
Protamex was used, but on the contrary, it increased when Alcalase was
used. The values detected for the fish protein hydrolysates in this study
were closer to those reported by Nisov, Ercili-Cura, et al. (2020) for rice
protein hydrolysates (5-40) and those reported by Wu et al. (1998) for
soy protein hydrolysates (1-30) with varying sizes. Nisov, Ercili-Cura,
et al. (2020) reported a similar trend to this study with decreasing sur-
face hydrophobicity when compared to the control samples, whereas,
Wu et al. (1998) reported an increasing trend when compared to the
control. The reason behind this trend remains unknown and needs
further investigation.

Regardless of the fish species, the zeta potential (Fig. 3D) was lowest
for the acid extracted samples followed by alkaline and control samples,
respectively. Little variation was detected regarding the enzymatically
treated samples for which the absolute zeta potential values varied from
30.2 to 33.1 mV for Baltic herring and from 34.3 to 38.1 mV for roach
samples. Slightly lower absolute zeta potential values were reported by
Liu et al. (2014) for protein hydrolysates derived from surimi processing
products by Alcalase (24.0-29.2 mV) and Protamex (22.5-29.8 mV).
The pH shifting showed an increasing trend in absolute zeta potential
values from acid (23.9, 30.8) to alkaline (29.1, 39.9) and control (40.1,
45.9) treatment with both fish species.

Foegeding et al. (2006) reviewed that the surface hydrophobicity
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correlates with improved foaming properties. However, no clear corre-
lation between surface hydrophobicity values and foaming properties
was detected in the current study. All produced foams (Fig. 3E and F)
were unstable, showed a high drainage, and collapsed almost immedi-
ately after whipping. Enzymatically extracted protein hydrolysates
resulted in considerably lower foam stability than the pH-shifted pro-
teins. This can be partly explained by the low molecular size of the
hydrolysate peptides, however, it does not explain why also Baltic her-
ring control showed low foam stability as it had molecular size ranging
between 20 and 100 kDa. Enzymatically extracted roach hydrolysates
showed clearly a lower foaming capacity than the Baltic herring hy-
drolysates or pH shifted protein isolates. This can be explained by the
higher DH value being the result of endogenous enzyme activity in roach
raw material. Moreover, none of the produced hydrolysates nor protein
isolates were able to form rigid gel networks, which also suggests that
the enzymatically extracted samples exhibited too high DH values and
pH extracted proteins possessed too low solubility values. Thus, it can be
concluded that the targeted limited enzymatic hydrolysis was not suc-
cessful in terms of optimising functional properties, especially regarding
the roach samples.

3.5. Colour

In general, all hydrolysates showed significantly higher whiteness
values (74.4-78.8) than the pH shifted protein isolates (49.1-72.8)
(Fig. 4). The difference in whiteness values of the hydrolysates was
insignificant regardless of the applied method or raw material. Similar
values were reported by Slizyte et al. (2009) for different types of fish
protein hydrolysates derived from backbones of Atlantic cod with
lightness values varying from 85.3 to 91.5 depending on the hydrolysis
time and the freshness of the raw materials. They reported that the most
significant effect on obtaining higher lightness values was using fresh
fish instead of frozen fish. Regarding the protein isolates and their
controls, significant differences in colour values were found depending
on the extraction conditions as well as the used fish species. For
example, the roach control produced using alkaline extraction resulted
in the highest whiteness value of 72.8, which was close to the whiteness
values of the hydrolysates whereas both acid and alkaline extracted
roach protein isolates resulted in significantly lower whiteness values of
65.1 and 59.8, respectively. On the contrary, the Baltic herring hydro-
lysate control resulted in the lowest whiteness value of 49.1, whereas the
acid and alkaline extracted proteins showed higher whiteness values of
58.2 and 63.2, respectively. Similar values to the alkaline and acid
extracted Baltic herring proteins obtained in the present study were
reported by Abdollahi and Undeland (2018) using alkaline (pH 12)
extraction for herring, which resulted in a whiteness value of 54.8. In the
same study, they reported whiteness values of 71.8 and 66.1 for alkaline
extracted cod and salmon proteins, respectively. This demonstrated that
the whiteness value is dependent on the fish species used, as was also
noticed in our study. Rodrigues Freitas et al. (2016) reported whiteness
values of 55.6 and 49.0 for acid and alkaline extracted proteins from
Argentine anchovy residue and 56.6 and 47.4 for acid and alkaline
extracted proteins from whitemouth croaker residue, respectively.

3.6. Microbiology

The lowest level of microbes was observed in the alkaline extracted
protein isolate in which the level of psychrotrophic and heterotrophic
microbes was <10 colony forming units (CFU)/g. In other samples, low
levels of psychrotrophic and heterotrophic microbes were observed,
10-40 CFU/g. Levels of other microbial groups were below 100 CFU/g.
Freitas et al. (2016) reported that the alkaline and acidic treatments,
investigated in their study, were sufficient to inactivate microbes orig-
inating from raw materials. Microbes are known to adapt and produce e.
g. acid-tolerant mutants. Therefore, Lansdowne et al. (2009) examined
the efficacy of acid (pH 2.0 and 3.0) and alkaline (pH 11.5 and 12.5) pH
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shift on the reduction of inoculated Listeria innocua and Escherichia coli
during processing. They observed a reduction of the viability of the
inoculated bacteria, but little data are available concerning other
pathogens. In industrial-scale process, the food producers need to
examine their products according to Regulation (EC) No 2073/2005
food safety criteria and examine also hygienic quality including Salmo-
nella, Listeria and sulphite reducing clostridia. Raw material quality and
process hygiene influence the microbiological quality of the final
products. Therefore, the results of the current study indicated that the
microbial quality of the produced hydrolysates and protein isolates was
good.

3.7. Sensory profile

Both roach protein products produced by enzymatic and pH-shift
methods resulted in moderately fishy odour, whereas, the odour of
Baltic herring hydrolysates were perceived fishier when produced by the
enzymatic method, and with some variation with different enzymes
(Fig. 5). However, the freshness of the odour was perceived significantly
higher for both fish species when the protein was extracted enzymati-
cally and not by the pH-shift method. The cloudiness of all samples was
perceived significantly higher in samples produced by pH shifting
including the control. A similar moderate fish flavour was perceived in
all roach samples, whereas Baltic herring hydrolysates were perceived to
have more fishy flavour than the pH shifted counterparts. Rancidity,
fishy flavour and fishy odour are common issues in fish proteins pro-
duced by the pH-shift method and by enzymatic extraction (Abdollahi &
Undeland, 2018; Shaviklo et al., 2011; Yarnpakdee et al., 2012). Yarn-
pakdee et al. (2012) reported a decreased fishy odour and taste when the
amount of pro-oxidants and lipids were reduced. None of the protein
products was perceived as salty regardless of the used fish species or
method. Surprisingly, none of the Baltic herring samples, roach hydro-
lysates or acid extracted roach samples were perceived bitter, whereas
significantly higher bitterness was perceived for roach samples pro-
duced by alkaline extraction and by control pH shifting. This supported
the findings regarding the endogenous enzyme activity in roach sam-
ples, especially in alkaline and control extracted samples. All pH shifted
samples were perceived clearly more rancid than samples produced by
enzymatic extraction. None of the hydrolysates was perceived coarse,
whereas all pH shifted samples showed quite high coarseness values.
The reason for this could be that the heating step in the pH-shift method

denatures the proteins and subsequently forms aggregates that lead to
coarse mouthfeel especially at pH 5.5 where the proteins are almost
insoluble.

4. Conclusions

This study showed that it is possible to produce microbiologically
good quality food-grade hydrolysates and protein isolates from whole
Baltic herring and roach. However, both studied processes need opti-
misation regarding functional properties as the produced polypeptides
and proteins showed poor foaming properties, and no gelation ability.
The highest mass yield was obtained for alkaline extracted protein iso-
lates; however, the highest protein content was detected for the hy-
drolysate produced using Protamex. Surprisingly, all enzymatically
extracted hydrolysates exhibited low bitterness values while alkaline
extracted proteins showed high bitterness values for roach. On the other
hand, although the protein isolates resulted in low solubility, the foam
capacity was comparable to the hydrolysates and showed even higher
foam stability. Thus, it can be concluded that the selection between the
two processes was not straightforward and requires preliminary in-
vestigations for each fish species depending on what properties are
desired. Further studies are needed for improving the sensory quality
and functional properties of the protein isolates and hydrolysates.
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