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Abstract

Several technologies and methods have been developed over the years to address the environmental pollution and nutritional
losses associated with the dumping of fish processing waste and low-cost fish and by-products. Despite the continuous efforts put
in this field, none of the developed technologies was successful in addressing the issues due to various technical problems. To
solve the problems associated with the fish processing waste and low-value fish and by-products, a process called pH shift/acid
and alkaline solubilization process was developed. In this process, proteins are first solubilized using acid and alkali followed by
precipitating them at their isoelectric pH to recover functional and stable protein isolates from underutilized fish species and by-
products. Many studies were conducted using pH shift process to recover proteins from fish and fish by-products and found to be
most successful in recovering proteins with increased yields than conventional surimi (three cycle washing) process and with
good functional properties. In this paper, problems associated with conventional processing, advantages and principle of pH shift
processing, effect of pH shift process on the quality and storage stability of recovered isolates, applications protein isolates, etc.

are discussed in detail for better understanding.
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Introduction

There has been a gradual increase in exploitation of world fish
stocks and no further increase in the fish catches can be ex-
pected in any near future. Majority of the catch is composed of
small-sized fish that is rich in fat, bones, and dark muscle,
which is unfit for human consumption and is generally used
for cattle feeding purposes or discarded (FAO 2010). Fish
processing generates large amounts of solid waste (30—-85%
of processed fish) depending upon the type of fishery
(Chandra and Shamasundar 2011), which is generally
discarded. This processing waste, low-cost fish, and by-
products contain valuable nutrients which can be used for
human edible purposes; otherwise, which is a serious loss to
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human kind. Utilization of these wastes not only addresses the
environmental pollution problems but also contributes to food
security.

Decrease in marine fish catch and increasing demand for
fish and fish-based products which are inexpensive and nutri-
tionally rich led to the production of protein ingredients from
small underutilized fish species and by-products (Azadian et
al. 2012). Several technologies and methods have been devel-
oped over the years to isolate proteins from fish muscle and
by-products, many of which caused loss of functional proper-
ties of recovered proteins. One of such cases is production of
surimi, for which the demand is very high but the traditional
resources are limited. In order to meet the demand for surimi,
other sources like low-value dark muscle species and their by-
products have to be used. Using these raw materials and ap-
plying conventional surimi processing for recovery of proteins
have not been successful and met with numerous technical
problems (Hultin and Kelleher 2000a). To solve the problems
associated with utilization of low-value fish and by-products,
which are not suitable for surimi production, an alternate pro-
cess was developed. This process, i.e., acid and alkali
solubilization/pH shift process/isoelectric solubilization and
precipitation, employs solubilization of the proteins using acid
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and alkali followed by precipitating them at their isoelectric
pH to recover functional and stable protein isolates from
underutilized fish species and by-products (Hultin and
Kelleher 1999, 2000a, 2000b).

There are three main advantages with the acid-alkaline sol-
ubilization over traditional methods. Firstly, the process of
mechanical deboning or separation of meat from skin and
bones can be eliminated as crushed or minced raw materials
can be used directly in this process. Secondly, the sarcoplas-
mic proteins are also recovered in this process that increases
the protein yield, which is not possible in the case of surimi.
Thirdly, the membrane lipids and neutral lipids can be effi-
ciently removed in this process by minimizing the risk of
oxidation of lipids (Nolsge and Undeland 2009). Another ad-
vantage is that the wastewater produced from acid and alka-
line solubilization process contains low solid content, nitrogen
content, and chemical oxygen demand in comparison with
wastes produced during conventional surimi processing
(Park et al. 2003).

pH shift processing to recover fish proteins
Principle of pH shift processing

The process uses the principle that “the solubility of a
solution containing protein is influenced by the pH of
the mixture.” The changes that occur during the process
are well explained by Nolsge and Undeland (2009),
Gehring et al. (2011), and Tahergorabi et al. (2012). In
general, proteins in a solution are held together by weak
protein—protein interactions (Undeland et al. 2003) and
the side chains of the proteins can assume different
charges with change in pH of the solution. During an
increase or a decrease in pH of the protein solution, the
side chains can assume strong positive or negative
charges, resulting in strong repulsive forces between pro-
teins that pull proteins apart from each other. These strong
positive or negative charges will favor the protein—water
interactions thus causing the solubility of proteins
(Yasothai and Giriprasad 2015). Solubility of myofibrillar
proteins that are bound in myofibrillar segments and bun-
dles depends on electrostatic and hydrophobic interactions
in the protein solution. When the hydrophobic reactions
take over electrostatic interactions, the protein molecules
get extracted (Zayas 1997). By creating the favorable and
unfavorable conditions, the solubility of proteins can be
turned off or on, respectively (Tahergorabi et al. 2012).
Addition of acid will increase net positive charge on side
chains of glutamyl and aspartyl residues through the ad-
dition of hydronium ions (H;O%), while addition of alkali
will increase net negative charge on side chains of tyrosyl,
tryptophenyl, cysteinyl, lysyl, arginyl, and histidinyl
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residues through the addition of hydroxyl ions (OH")
(Tahergorabi et al. 2012). In the same way, fish proteins
get solubilized due to positive charges on aspartyl and
glutamyl residues at acidic pH and negative charges on
lysyl, tyrosyl, and cysteinyl residues at basic pH. When a
protein solution reaches the stage of homeostasis due to
the equilibrium in charges, the final status of a surface
electrostatic charge of proteins at a given pH is termed
as the net charge. The formation of net negative or net
positive charges on protein surface results in protein—pro-
tein electrostatic repulsions and an increase in hydrody-
namic volume due to swelling and expansion (Undeland
et al. 2003; Kristinsson et al. 2005). As the charges on
protein molecule become more positive or negative, they
start interacting with water, which simultaneously de-
creases the protein—protein interactions. So when the pro-
tein assumes more polarity (charged molecule), more in-
teraction will take place with water thus causing the
solubilization.

Protein assumes zero net surface charge when the number
of surface positive charges is equal to negative charges. The
pH at which the net surface electric charge is equal to zero is
called as the isoelectric point (pI) of that protein. The pl of the
proteins is specific and isoelectric focusing technique is used
to find the plI of proteins (Tahergorabi et al. 2015). When the
protein reaches its pl, the surface net charges will diminish. It
results in reduction of protein—water interaction causing re-
duction in protein solubility in water and low water holding
capacity and poor gelling capacity. Simultaneously, hydro-
phobic protein—protein interactions will be favored when the
pH moves towards pl, causing precipitation of proteins. This
behavior of proteins at pl is used to switch on or switch off
protein solubility. In general, protein solubility curves are used
to determine the pl of particular protein. Many researchers
have used the isoelectric behavior of fish proteins to recover
functional proteins from different fishes, their by-products,
and low-value species (Batista 1999; Cortes-Ruis et al.
2001; Undeland et al. 2002; Batista et al. 2003; Kristinsson
and Demir 2003; Kristinsson and Hultin, 2002; Kristinsson et
al. 2005; Nolsge et al. 2007; Palafox et al. 2009; Nolsge et al.,
2011; Marmon 2012; Jafarpour et al. 2013; Shabanpour et al.
2015a) (Fig. 1).

Methodology to recover fish proteins

The raw material such as fish meat, by-product, or pro-
cessing waste has to be initially kept at lower tempera-
tures, preferably <4 °C to avoid degradation or denatur-
ation of proteins. The raw material has to be ground to
fine paste using mortar grinder or chopper. Care must be
taken to avoid the rise in raw material temperature during
grinding, which can be controlled by doing the whole
operation in cold room or in the presence of ice. Ground



Environ Sci Pollut Res (2018) 25:18345-18363

18347

Fig. 1 A protein at its isoelectric
point (pl) has a zero net
electrostatic charge (adopted from
Tahergorabi et al. 2015). a At its
pl, protein—water interactions are
at its minimum, while protein—
protein interactions via weak
hydrophobic bonds are at its
maximum, causing protein
precipitation. b Protein—water
interactions prevail under acidic
or basic conditions far from the
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material has to be mixed with 1-10 volumes of cold de-
ionized water (<4 °C) and homogenized with a high
speed homogenizer. The solubility pattern of a particular
protein must be known to adjust the pH to its solubility
range, which requires constructing a solubility curve. A
protein solubility curve can be constructed by adjusting
the pH of homogenate to different pH, generally ranging
from 1.5 to 13.0, and measuring the solubility of protein
at each pH. In general, proteins solubility will be in-
creased towards alkaline and acidic side from the neutral
pH.

pH with maximum and minimum solubility can be obtain-
ed from the solubility curve and homogenate will be adjusted
to the pH of highest solubility using either acid (for acidic pH)
or alkali (for alkaline pH). Hydrochloric acid and sodium

Fig.2 Changes in protein charges

(b)

hydroxide are most commonly used to adjust the pH of fish
proteins as they are generally regarded as safe (GRAS). The
pH-adjusted homogenate will be left for some time to aid
solubilization of proteins followed by centrifugation at high
speed using a refrigerated centrifuge. After the centrifugation,
the supernatant will be filtered through a double-layered fine
cloth to separate it from the insoluble bones, skin, scales, etc.
The separated supernatant will be readjusted to the pH with
lowest solubility (isoelectric point) using acid/alkali and left
for some time to aid precipitation of proteins. It is followed by
centrifugation at high speed in a refrigerated centrifuge and
filtration of supernatant through double-layered fine cloth to
separate it from the precipitated proteins. The recovered pro-
teins need to be stored under frozen condition till further use
(Fig. 2).
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Characteristics of fish protein isolates
Solubility

The protein solubility is considered as a prerequisite for other
functional properties like emulsification and gelation. Fish
muscle protein solubility is often used as a criterion for the
protein alterations (Zayas 1997). During isoelectric solubiliza-
tion, high solubility is needed to separate them from impuri-
ties, whereas low solubility is needed during precipitation for
the maximum recovery of solubilized proteins (Kristinsson et
al. 2005). Solubility pattern of proteins from some fishes un-
der pH shift processing is given in Table 1, and the reasons for
the differences in protein solubility are discussed below for
better understanding.

Different studies reported that the maximum solubility of
fish proteins was found at pH 2.0 to 3.0 from acidic side and
pH 11.0 to 13.0 from alkaline side, with minimum solubility at
pH 5.0 to 6.0, which is the isoelectric point of most of the
proteins. Some of the findings reported a sharp change in
solubility between pH 3.5 and 4.0 and pH between 9.5 and
11.0. Some of the reasons explained for the differences in
solubility of proteins from different fishes are discussed be-
low. The differences in solubility between different species are
related to the species and the prior treatments given to the raw
material (Batista 1999). The minimum solubility of fish pro-
teins at pH 5.0 to 5.5 might be due to myosin, which is a major
myofibrillar protein with isoelectric pH between 5.0 and 5.5.
Above and below this pH range, the proteins will get more
positive or more negative charge, thus increasing the

solubilization due to electrostatic repulsions (Hamm, 1994,
Kelleher and Hultin 1994). The sudden increase in solubility
between pH 2.5 and 7.0 compared to gradual increase in sol-
ubility between pH 7.0 and 11.0 might be because of more
ionizable groups with pKa values between pH 2.5 and 7.0
(Undeland et al. 2002). Low protein solubility during pH shift
process might be the result of denaturation of proteins during
pH shift process (Rawdkuen et al. 2009). Protein denaturation
results in a decrease in solubility and an increase in hydropho-
bic interactions thus causing the precipitation of proteins
(Zayas 1997).

Some of the findings reported that solubility of proteins
was more in alkaline-aided process than acid-aided process
(Zayas 1997; Rawdkuen et al. 2009). Kristinsson and Liang
(2006) stated that improper unfolding of proteins could reduce
the solubility, which might be the reason behind reduced sol-
ubility during acid-aided solubilization. But Kristinsson and
Hultin (2003) made it clear that acidic or alkaline unfolding of
cod myosin did not show any effect on solubility, when it was
refolded at pH 7.5. The solubility of proteins depends on hy-
drophobic or polar nature of the amino acids, pl-pH relation-
ship, and structural status or denaturation of the proteins
(Gehring et al. 2009).

Yield

The protein recovery or yield is an important parameter, which
determines the economical feasibility of pH shift method. The
protein yields obtained from different species and by-products
using isoelectric solubilization method are given in Table 2.

Table 1 pH with maximum and minimum solubility during pH shift processing of proteins from some fish and fish portions
Study Species Acidic pH with Alkaline pH with pH with minimum
maximum solubility ~ maximum solubility  solubility

Batista (1999) Hake saw dust 2.0 12.0 5.0-6.0

Monkfish saw dust 2.0 12.0 5.0
Undeland et al. (2002) Herring light muscle 2.7 10.8 5.5
Choi and Kim (2005) Croaker 2.0 11.0 4.5

Jack mackerel 2.0 11.0 5.5
Kristinsson and Liang (2006) Atlantic croaker 1.5-3.0 11.0-12.0 5.0-5.5
Chen et al. (2007) Trout processing by-products 2.0 13.0 5.5
Rawdkuen et al. (2009) Tilapia 3.0 11.2 5.5
Palafox et al. (2009) Jumbo squid 3.0 11.0 5.5
Freitas et al. (2011) Argentine anchovy residue 3.0 11.0 5.5
Vareltzis et al. (2012) Sardine 2.5 12.0 6.0
Ferreira et al. (2013) Whitemouth croaker by-products 3.0 11.0 5.0
Chomnawang and Yongsawatdigul (2013)  Tilapia frame by-products 2.0 12.0 5.5
Lopez-Enriquez et al. (2015) Giant squid mantle 3.0 11.0 5.0
Panpipat and Chaijan (2016) Big eye snapper head by-product 2.5 11.5 5.5
Surasani et al. (2017a) Rohu processing waste 2.0 13.0 5.5
Surasani et al. (2017b) Pangas processing waste 2.0 13.0 5.5
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Table 2 Protein recovery during pH shift process

Study Species Acidic  Acidic process (without Alkaline Alkaline process (without Surimi
process  centrifugation) method  centrifugation) (34 wash)
Batista (1999) Hake saw dust - - 80.6 - -
Batista (1999) Monkfish saw dust - - 62.9 - -
Cortes-Ruis et al. (2001) Sardine 64.2/76  — — 38.2
Cortes-Ruis et al. (2001) Sardine 67.4 - - -
Undeland et al. (2002) Herring 74.0 - 68.0 - -
Kim et al. (2003) Pacific whiting 68.0 - 70.0 - -
Batista et al. (2003) Sardine 73.0 — 77.0 - -
Batista et al. (2003) Blue whiting 53.6 - 49.1 - -
Kristinsson and Demir (2003) Catfish 71.5 85.5 70.3 80.1 62.3
Kristinsson and Demir (2003) Spanish mackerel 73.6 - 69.3 - 54.1
Kristinsson and Demir (2003) Croaker 81.2 - 58.9 - 57.7
Kristinsson and Demir (2003) Mullet 78.7 - 65.0 - 59.3
Choi and Kim (2005) Frozen croceine croaker 27.0 - 32.0 - 25.0
Frozen black spotted croaker 40.0 - 27.0 - 25.0
Frozen croaker 26.0 - 32.0 - 30.0
Kristinsson et al. (2005) Channel catfish 71.5 85.8 70.3 82.1 62.3
Kristinsson and Ingadottir (2006) Atlantic croaker 78.7 - 65.0 - -
Kristinsson and Ingadottir (2006) Tilapia 58.5 - 64.5 - -
Chen et al. (2007) Trout processing by-products  91.3 - 88.1 - -
Nolsee et al. (2007) Cod - - 71.0 90.0 -
Palafox et al. (2009) Squid ground 773 - 85.6 - -
Ground-frozen 71.6 - 72.0 - -
Frozen-ground-frozen 80.0 - 81.3 - -
Rawdkuen et al. (2009) Tilapia 81.4 - 71.5 - 67.9
Nolsee et al. (2011) Blue whiting (fresh) 47.2 73.4 (Filtration) 51.3 81.3 (Filtration) -
Nolsee et al. (2011) Blue whiting (frozen) 58.7 81.2 (Filtration) 51.1 82.7 (Filtration) -
Vareltzis et al. (2012) Sardines 60.6 73.0 (Filtration) 62.1 80.0 (Filtration) 39.0
Marmon (2012) Herring 59.0 - 57.0 - -
Jafarpour et al. (2013) Silver carp 86.2 - 79.8 - 76.7
Shabanpour et al. (2015a) Common carp 70.2 - 64.5 - 60.5
Shabanpour et al. (2015a) Silver carp 75.18 - 80.89 - 74.0
Freitas et al. (2015) Whitemouth croaker 86.8 - - - -
Freitas et al. (2015) Anchovy 98.4 - - - -
Fatin et al. (2015) Japanese scad 78.40 - 70.53 - 55.97
Shabanpour et al. (2015b) Common kilka 84.0 - 73.0 - 64.0
Surasani et al. (2017a) Rohu processing waste 31.8 - 31.1 - -
Surasani et al. (2018) Pangas processing waste 59.16 - 68.52 - -

The differences in protein recoveries or yields may be because
of the differences in methods used to determine protein con-
centration, fish species used, centrifugation force, and a rela-
tive concentration of sarcoplasmic proteins (Gehring et al.
2011).

The recoveries will be influenced by several factors like
solubility at acid and alkaline pH, the size of the sediments
formed during the centrifugation process, and solubility at
precipitation or isoelectric pH. Among these, the solubility

at acid and alkaline pH is the main factor that influences re-
coveries. Some of the studies indicated that pH shift process-
ing results in higher protein recoveries compared to the con-
ventional surimi processing (Kristinsson et al. 2005;
Rawdkuen et al. 2009; Ibrahim 2015), while some reports
showed that acid-aided process results in higher protein recov-
eries than alkaline-aided process (Kristinsson and Hultin,
2002; Rawdkuen et al. 2009) during pH shift processing.
The reason for high protein recovery in pH shift process
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compared to protein recovery using conventional surimi pro-
cessing was explained by Choi and Park (2002). Sarcoplasmic
proteins in muscle are water soluble in nature, which will be
removed during washing steps of surimi processing. Excess
washing will result in solubilization and loss of the myofibril-
lar proteins thus by reducing the yields. As sarcoplasmic pro-
teins will be retained during pH shift processing, maximum
yields can be obtained compared to surimi processing (Choi
and Park 2002).

The recoveries using acid and alkaline solubilization
methods were reported to vary between 31 and 98%. The
reasons for the differences in protein recoveries of various
species during pH shift processing are attributed to the differ-
ences in raw material composition, differences in process var-
iables, and the conditions. In some of the studies, acid solubi-
lization process was found to have more protein yields
(Undeland et al. 2002; Batista et al. 2003; Kristinsson et al.
2005; Kristinsson and Liang, 2006; Shabanpour et al., 2015b;
Surasani et al., 2017a) compared to alkaline-aided processing,
while the other studies indicated that the protein yield was
maximum in alkaline-aided processing (Batista et al. 2003;
Kristinsson and Ingadottir 2006; Palafox et al. 2009; Nolsee
et al., 2011; Shabanpour et al., 2015a; Surasani et al. 2018)
than acid-aided processing. The main reasons for the differ-
ences in protein yields between acid and alkaline-aided pro-
cessing are attributed to (i) denaturation of proteins during
solubilization process, resulting in increased hydrophobic in-
teractions and aggregation of the proteins (Zayas 1997). Thus,
the aggregated proteins can simultaneously separate together
with other bone, skin, and debris from the supernatant during
the first centrifugation step. (ii) Different degree of denatur-
ation of the proteins at acidic and alkaline pH results in differ-
ent degree of refolding. A more extensively denatured protein
has more hydrophobic areas exposed and is better able to form
more and stronger protein—protein interactions thus precipitat-
ing more proteins during the precipitation process. (iii) The
amount of lipids in the homogenate. The higher the lipid con-
tent in the homogenate, the high will be the lipid-protein in-
teraction thus reducing the protein yield.

Protein pattern

The knowledge on protein pattern or composition is important
to select most appropriate and inexpensive method for scaling
up the technology. The SDS pattern will be helpful in knowing
the protein fractions and to compare the treatments or process-
es. Several researchers (Undeland et al. 2002; Kristinsson and
Hultin, 2002; Palafox et al. 2009) reported that the protein
from fish and squid had major fractions of myosin and actin
followed by paramyosin and tropomyosin. A band just below
the myosin, which might be the result of myosin hydrolysis,
was also reported in various studies (Kelleher and Hultin
1994; Takeda and Seki 1996; Kristinsson and Hultin, 2003;
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Yeung and Jinx-Soo 2005). This might be due to the action of
enzymes that got activated at pH 5.5 during precipitation pro-
cess (Choi and Park 2002).

Several workers (Choi and Park 2002; Undeland et al.
2002; Kristinsson and Demir 2003) reported hydrolysis dur-
ing pH shift processing especially during acid-aided process-
ing, which might be the reason for the appearance of small
bands in the isolates made through acid-aided processing.
SDS PAGE analysis showed no difference between the pro-
teins obtained using acid and alkaline process (Kristinsson
and Hultin, 2002; Palafox et al. 2009). The presence of myo-
sin, actin, and paramyosin at higher concentrations in super-
natant after centrifugation and in isolates indicates that the
proteins have excellent functional properties. The absence of
these protein fractions in supernatant after second centrifuga-
tion indicates that these proteins got precipitated efficiently.

Amino acid content

The quality of protein is determined by the total number and
quantity of the essential amino acids (EAA). A protein is
considered good for consumption, when it has all the essential
amino acids with a minimum quantity of 287 mg per gram of
protein (Food and Nutrition Board of Institute of Medicine,
2005). Amino acid analysis gives a clear picture of composi-
tion of the recovered protein. Some of the researchers studied
the amino acid profile of proteins recovered using pH shift
process. Studies indicated that the isolates obtained through
pH shift processing were rich in all the essential amino acids
(Batista 1999; Chen et al. 2009; Lee et al. 2016). Batista
(1999) during protein recovery from hake waste reported that
alkaline-aided extraction did not affect the amino acid profile
substantially. They found a slight reduction in proline and
glycine contents which are the major amino acids of connec-
tive tissue collagen. This was attributed to the non-
extractability of connective tissue during alkaline processing.
They have also reported that the ratio of EAA to total amino
acids increased in isolates suggesting the enrichment of essen-
tial amino acids. The similar findings were also reported by
Chen et al. (2009) during their studies on krill proteins. They
have reported that highest amino acid (EAA and non-EAA)
content was found in proteins solubilized at pH 3.0 and 12.0
compared to other pH values. This might be due to the high
pH-induced hydrolysis at other pH values, which was mini-
mum at pH 3.0 and 12.0 causing lowest loss of hydrolyzed
amino acids.

Lee et al. (2016) reported that yellow fin tuna roe isolates
obtained through pH shift processing had high ratio of EAA
and non-EAAs (1.08-1.17) than casein (0.92) but it was less
than that of hemoglobin (1.33). They found that roe protein
isolates were rich in lysine, leucine, glutamine, and aspara-
gines. They have also reported that roe alkaline insolubles
had high content of proline and glycine, which might be due
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to the non-extractability of connective tissues during alkaline
process.

Lipid content

During the extraction of proteins through pH shift processing,
considerable amounts of lipids also get extracted, which need
to be reduced as they may contribute to rancidity if retained
with the proteins (Gehring et al. 2011). This is the reason
behind reduction of fat to less than 1% during surimi process-
ing. The advantage of pH shift processing over surimi pro-
cessing is higher reduction in lipid content in the form of
surface layers and sediments during centrifugation (Marmon
2012). Lipid reduction in different processes employed for the
recovery of proteins from fish and fish by-products is given in
Table 3.

Reductions in lipid content sometimes more than 80% also
have been reported in pH shift processing (Nolsee and
Undeland 2009). However, the exact reduction in lipid content
depends on the composition of raw material used, fish species,
and the type of the pH shift process used. Nolsge et al., 2011
during their studies on blue whiting isolates found that replac-
ing centrifugation with filtration during pH shift process could
improve the protein yield and color but also increased the
amount of lipids in the isolates. Cold washing and pH shift
processing could reduce the lipid content of short-bodied
mackerel to a greater extent. Alkaline-aided process could

cause more lipid reduction compared to conventional surimi
processing (Chaijan et al. 2010). Cortes-Ruis et al. (2001)
studied the strategies for lipid removal during surimi produc-
tion from Bristly sardine. The process involved four washing
steps (1:5) with 0.5% sodium bicarbonate solution replacing
water in the first wash. They found that the lipid reduction in
surimi process was (67.4+6.9%) less than that of pH shift
process (88.3 +4.8%).

The reason for the differences in lipid reduction was ex-
plained as in conventional method during the washing process
membrane lipids will be retained and a part of storage lipids
co-aggregates with proteins. In pH shift method, proteins will
be exposed to high and low pH conditions that cause their
solubility thus separating them from storage and membrane
lipids. These lipids will be later separated based on density
and solubility differences using centrifugation (Kristinsson et
al. 2005). There are several reasons explained in support of
high lipid reductions in pH shift processing. Final lipid content
depends on initial lipid content of raw material, viscosity of
homogenate, and the speed of centrifugation that separates the
lipids (Park et al. 2003). In conventional surimi processing,
membrane lipids have close affinity with cell membrane and
some of the storage lipids form complexes with proteins dur-
ing the washing process resulting in higher lipid content. In
pH shift process, proteins get easily separated from lipids
which further will be removed based on density differences
in centrifugation process Kristinsson et al. (2005). The high

Table 3  Lipid reduction (%) during pH shift process
Study Species Acidic Acidic process (without Alkaline  Alkaline process (without Surimi
process centrifugation) method  centrifugation) (3+ wash)
Kristinsson et al. (2005) Channel catfish 85.4 454 88.6 61.2 58.3
Undeland et al. (2005) Herring 51-56 - - - -
Kristinsson and Liang (2006)  Atlantic croaker 38.1 - 68.4 - 16.7
1.Batista et al. (2007) Sardines washed mince 95.3 - 99.0 - 91.1
Sardine muscle 51.0 - 65.3 - -
Rawdkuen et al. (2009) Tilapia 85.2 - 88.6 - 67.8
Chaijan et al. (2010) Short bodies mackerel 92.3 - - - 38.47
Marmon (2012) Gutted Herring 36.7 - 50.63 - -
Herring fillet 88.8-92.36 — - - -
Vareltzis et al. (2012) Sardines 90.0 80.0 90.0 75.0 65.0
Chomnawang and Tilapia frame by-products  93.0 - 95.15 - -
Yongsawatdigul (2013)
Freitas et al. (2015) Argentine anchovy 95.31 — — — -
Whitemouth croaker 95.12 — - — -
Fatin et al. (2015) Japanese scad surimi 68.38 - 92.25 - 8.38
Jafarpour et al. (2015) Silver carp 58.4 - 72.3 - 43.6
Shabanpour et al. (2015b) Common kilka 80.3 - 84.3 - 50.11
Panpipat and Chaijan (2016) Big eye snapper head 97.0 - 82.0 - -
by-products
Surasani et al. (2018) Pangas processing waste ~ 97.11 - 90.33 - -
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lipid reduction in pH shift process might be due to its high
emulsification ability (Kristinsson and Hultin 2003).

Though lipids can be removed to a greater extent by pH
shift process, the remaining lipids and pro-oxidants are suffi-
cient enough to cause oxidation and quality deterioration in
protein products. In order to prevent these changes, the lipid
content has to be reduced to as minimum as possible.
Pattaravivat et al. (2008) studied the strategies to remove
lipids from escolar meat and reported that the temperature
greatly affects the lipid removal and the temperature of <
1 °C during alkaline washing and a shorter washing time
could greatly remove the lipids from escolar meat. When
washed mince was washed again with 0.25% palmitic sucrose
ester (P-1670), the lipid content was reduced further in the
meat. They could find the better gelling ability of alkaline
washed and P-1670-treated surimi compared to conventional
surimi. More research is needed in this area to find alternate
methods for the greater removal of lipids in proteins obtained
through pH shift processing and to retard the lipid oxidation in
the protein products.

Myoglobin, hemoglobin, and total pigment content

Chroma is one of the important characteristics of proteins that
determine their food applications. The color of muscle foods is
due to the presence of chromoproteins that contain a
porphyrinic group conjugated with a transition metal.
Caroteneproteins and carotene also exist alongside these pro-
teins and play a major role in imparting muscle color (Perez-
Alvarez and Fernandez-Lopez, 2006). Researchers have re-
ported that pH shift processing can remove efficiently more
myoglobin from the proteins compared to conventional pro-
cessing (Chen 2003; Rawdkuen et al. 2009; Jafarpour et al.
2013) but the pigment removal ability of pH shift processing
is less compared to conventional processing (Jafarpour et al.
2013). Whiteness of extracted proteins is directly related with
the pigment removal. This might be the reason for reduced
whiteness of isolates compared to conventionally processed
surimi (Jafarpour et al. 2013).

Hemoglobin, which is a main catalyst in fish muscle oxi-
dation, is highly pro-oxidative at low pH but it gets stabilized
at high pH (Kristinsson and Hultin, 2003). High pH can re-
move heme proteins more actively than from surimi and can
yield a more stable and whiter product (Kristinsson 2002).
The higher hemoglobin removal by pH shift processing was
explained as pH shift process causes higher degradation of
muscle causing myofibrillar proteins come out of the intracel-
lular structure of the muscle during their solubilization, where-
as oxidation and insolubility of myoglobin cause lower ex-
tractability during conventional processing (Chen 2003;
Rawdkuen et al. 2009). Study by Tian et al. (2016) reported
that acid and alkaline processes significantly increased the L*
and b* values of isolates, while it decreased their a* value
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resulting in the isolates whiter than fish muscle but less whiter
than surimi. The reason behind this color improvement was
considered to be the removal of pigments in pH shift process-
ing (Marmon 2012). The decrease in a* values of isolates was
explained as the extreme pH in acid and alkaline processing
causes change in protein structure thus separating hemoglobin
from proteins. Adjusting its pH to isoelectric point during
precipitation will cause denaturation, unfolding, and oxidation
of the heme proteins resulting in brown color associated with
the increased yellowness (Kristinsson et al. 2005).

Abdollahi et al. (2016) reported that alkaline process could
remove more hemoglobin from blood-rich fish muscle com-
pared to acid process. The heme protein removal ability was
highest during precipitation at pH 6.5, which was further in-
creased with the addition of phytic acid and prewash. Panpipat
and Chaijan (2016) during their work on protein isolates from
big eye snapper revealed that greater removal of hemoglobin
and melanin can be possible with acid-aided pH shift process.
They have stated that acid treatment will dissociate the hemo-
globin into colorless heme and globin thus increasing the
whiteness. In acid-aided process, they observed the disappear-
ance of a soret peak of myoglobin spectra which is an indica-
tion of highest hemoglobin. They could observe more white-
ness of the isolates obtained by acid process compared to
alkaline process. The isolates obtained using alkaline method
had more redness compared to acid-processed isolates, which
might be due to more heme proteins precipitation
(Shabanpour and Etemadian 2016).

Some of the researchers reported that more whiteness of
surimi could be due to more hemoglobin removal from the
intracellular structures (Yongsawatdigul and Park 2004;
Perez-Mateos and Lanier 2006; Jafarpour and Gorczyca
2008). High efficiency to remove more myoglobin with alka-
line pH compared to conventional processing depends on type
of species, type of fillet, condition of mince washing, preserv-
ing time, etc. (Chaijan et al. 2006). Isolates or surimi obtained
by acid-aided processing would have low whiteness compared
to alkali-aided isolates or surimi as hemoglobin will be dena-
tured at lower pH and get precipitated along with some sarco-
plasmic proteins after second centrifugation (Kristinsson and
Hultin, 2003; Kristinsson and Liang 2006).

Color

Color is considered as one of the important parameters when
comparing the proteins or gels obtained through different pro-
cesses (Nolsge and Undeland 2009). Whiteness is the critical
and most important parameter while assessing the quality of
restructured products like surimi (Gehring et al. 2011) and the
market is interested in gels or proteins that are as white as
possible (Choi and Kim 2005). The color of the isolates or
gels can be affected by various factors like the amount of dark
muscle and the presence of pigments and blood. Color is
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strongly affected by physical parameters like moisture of the
samples or structure, which need to be kept in mind when
considering color data from different isolates and gels
(Nolsge and Undeland 2009). The degree of whiteness of
isolates obtained from different fishes by various researchers
is given in Table 4. Various studies reported the whiteness
values of isolates and gels ranging between 20 and 73, 20
and 74, and 35-76% for acid-aided process, alkaline-aided
process, and conventional processing, respectively.

Nolsee et al., 2011 reported that the blue whiting (fresh and
frozen) isolates obtained through pH shift processing had
higher whiteness than the starting material. Protein gels ob-
tained from frozen fish had low whiteness than isolates but
fresh fish gels had more whiteness than the isolates. It was also

reported that acid-aided processing resulted in higher white-
ness of isolates than in alkali-aided processing and
centrifugation resulted in higher whiteness of isolates than
filtration. Choi and Kim (2005) also reported that pH shift
processed isolates and gels had lower whiteness compared to
conventional processing and it was explained as hemoglobin
and myoglobin remained in isolates that were recovered using
pH shift process. Similar findings were also reported by
Chaijan et al. (2010), Perez-Mateos and Lanier (2006), and
Chaijan et al. (2006) where the highest whiteness was found in
protein gels and isolates made by conventional processing
than the gels and isolates obtained through pH shift process-
ing. Some of the researchers (Kristinsson and Hultin, 2002;
Yongsawatdigul and Park 2004; Nolsee et al., 2011) reported

Table 4 Whiteness values of the protein isolates recovered using pH shift process

Study Species Product Acidic  Acidic process  Alkaline Alkaline process  Surimi
process  (without method (without (3+ wash)
centrifugation) centrifugation)
Choi and Kim (2005) Frozen croceine croaker Gel 50.0 - 45.0 - 62.0
Frozen black spotted croaker — Gel 45.0 - 46.0 - 62.0
Frozen croaker Gel 35.0 - 20.0 - 45.0
Frozen small croaker Gel 35.0 - 40.0 - 55.0
Fresh mackerel Gel 20.0 - 30.0 - 38.0
Fresh jack mackerel Gel 30.0 - 20.0 - 35.0
Kristinsson and Fresh Atlantic croaker Paste 72.27 - 71.61 - 68.3
Liang (2006) Gel 7387 - 74.66 - 76.26
Frozen Atlantic croaker Paste 69.84 - 72.05 - 66.83
Gel 72.41 - 71.44 - 76.02
Nolsge et al. (2011) Blue whiting (fresh) Isolate 65.5 62.0 559 53.0 -
Gel 75.4 72.0 69.2 69.0 -
Nolsge et al. (2011) Blue whiting (frozen) Isolate 61.4 60.3 61.7 59.2 -
Gel 60.8 60.8 55.9 59.9 -
Shaviklo et al. (2012) Saithe Isolate - - 254 - -
Vareltzis et al. (2012) Sardines Isolate 61.20 - 56.67 48.12
Chomnawang and Tilapia frame Isolate 14.69 - 9.49 - -
Yongsawatdigul (2013) by-products Gel 20.84 _ 13.49 _ _
Shabanpour et al. (2015a) Common carp Isolate 58.45 - 62.25 - 67.73
Silver carp Isolate 67.55 - 72.39 - 71.34
Shabanpour et al. (2015b) Common kilka Surimi 71.02 - 65.8 - 46.58
Freitas et al. (2015) Whitemouth croaker Isolate 73.63 - - - -
Freitas et al. (2015) Argentine anchovy Isolate 69.87 - - - -
Fatin et al. (2015) Japanese scad Isolate 46.26 - 44.79 - -
Lone et al. (2015) Rainbow trout Isolate - - 28.58 - -
Lee et al. (2016) Yellow fin tuna roe Isolate - - 53.5-589 - -
Surasani et al. (2017a) Rohu deboning waste Isolate 52.70 - 41.42 - -
Panpipat and Chaijan (2016)  Big eye snapper head Isolate 54.88 - 42.88 - -
by-product
Surasani et al. (2017b) Rohu processing waste Isolate 52.70 - 41.42 - -
Surasani et al. (2018) Pangas processing waste Isolate 56.08 - 50.73 - -
Gel 64.15 - 53.69 - -
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that isolates made by acid-aided process had more whiteness
than the isolates from alkaline-aided process, while the others
(Undeland et al. 2002; Chaijan et al. 2006; Undeland et al.
2005) reported it as opposite. Color or whiteness of isolates
can be affected by the amount of dark muscle in the raw
material, presence of pigments and blood, processes like the
use of prewash or exclusion of centrifugation (Nolsee and
Undeland 2009). The factors that influence the color and
whiteness of isolates are the amount of connective tissue that
gives lightness, lipid retention that causes yellowness, co-
precipitation of heme proteins that causes redness and oxida-
tion, and denaturation of hemoglobin that causes yellow-
brownish color. High redness values of protein isolates may
be due to the presence of heme proteins (Kristinsson et al.
2005).

Oxidative stability

Lipid oxidation will cause considerable loss in food quality
and storage stability, which can be more severe in muscle
foods. Application of fish protein isolates in food system de-
pends on the efficacy of processing methods employed in
stabilizing the residual lipids (Thorkelsson et al. 2008).
Moreover, lipid oxidation can cause problems due to the re-
action of the oxidation products of proteins (Kristinsson et al.
2005) and by reducing whiteness of the isolates thus further
affecting their applications. Peroxide value (PV) and thiobar-
bituric reactive substance (TBARS) value can be used to mea-
sure lipid oxidation by determining the amount of peroxides
and the amount of secondary oxidation products formed dur-
ing oxidation (Frankel 1998). For oxidation of fish system,
TBARS data correlates well with sensory data (Kristinsson
et al. 2005). Reducing lipid content in protein isolates is very
important as it can reduce the susceptibility to lipid oxidation
(Nolsee and Undeland 2009). Thorkelsson et al. (2008) re-
ported that pH shift process can remove both membrane and
neutral lipids to a greater extent, which can improve the oxi-
dative stability of isolates. Although the amount of lipids and
pro-oxidants can be reduced to a greater extent by pH shift
method (Hultin et al. 2005), the leftover small amounts of
lipids in the isolates are sufficient enough to cause consider-
able oxidation (Frankel 1998). Some findings showed that
proteins obtained through pH shift processing did not possess
good oxidative stability (Shaviklo et al. 2012; Shabanpour and
Etemadian 2016), while a few studies reported that the isolates
obtained by pH shift processing showed good oxidative sta-
bility (Kristinsson and Demir 2003; Petty and Kristinsson
2004; Panpipat and Chaijan 2016).

Shaviklo et al. (2012) reported that lipid oxidation in saithe
protein isolate powder was more than that of fish mince pow-
der, which was further increased during freeze-drying.
Although the pH shift process has been reported to reduce
lipids and active pro-oxidants from isolates to a greater extent
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(Hultin et al. 2005), a small amount of lipids in the product is
enough to lead to significant oxidation. This oxidation might
be due to the formation of secondary oxidation products dur-
ing freezing and freeze-drying. Geirsdottir (2005) reported
that drying increased the lipid oxidation of herring protein
isolate resulting in a protein powder with rancid odor, dark
color, and poor functionality. Shabanpour and Etemadian
(2016) reported that recorded TBARS values were more for
pH shift processed surimi than the conventional processed
surimi of common carp during 5 months frozen storage, indi-
cating low oxidative stability of surimi obtained through pH
shift process.

Panpipat and Chaijan, 2016 during their work on protein
isolates from big eye snapper head by-product found lower
lipid oxidation in terms of TBARS value in isolates obtained
by pH shift process compared to raw material, but PV values
were comparable between protein isolates and initial head by-
product. They explained that PV value represented the forma-
tion of peroxide, which is unstable compound degrading with-
in a few seconds. Therefore, determination of PV at a specific
time does not reflect indeed lipid oxidation status. Though the
previous reports by Undeland et al. (2005) stated that acid
processing can cause rapid lipid oxidation, no significant dif-
ference was observed in TBARS values of acid and alkaline
processed isolates in this study. The oxidative stability of al-
kali processed isolates was more than the acid-processed iso-
lates and sometimes more than surimi (Kristinsson and Demir
2003; Thorkelsson et al. 2008). The acid-aided processing
causes heme protein denaturation and co-precipitation
resulting in darker and less stable isolates (Kristinsson and
Hultin 2003, 2002; Kristinsson et al. 2005). Tongnuanchan
et al. (2013) reported that the oxidation (TBARS value) of
films from red tilapia protein isolates was much lower com-
pared to films made from unwashed mince during 40 days
storage period at room temperature. They have related the
high TBARS values of film from unwashed mince with the
presence of pro-oxidants and high amount of lipids, which
were reduced to a greater extent by washing and alkaline sol-
ubilization. From the study, it was also suggested that incor-
poration of antioxidants is an effective way to prevent oxida-
tion of isolate products (Tongnuanchan et al. 2013).

Despite of greater removal of lipids and pro-oxidants in pH
shift processing, the residual lipids and heme proteins can still
cause considerable oxidation in protein isolates and products
resulting in quality losses. The greatest defense against lipid
oxidation is the use of antioxidants. Antioxidants occur exog-
enously and endogenously and can prevent initiation and
propagation steps in the free radical mechanism.
Antioxidants donate hydrogen to the peroxyl radical and elim-
inate it as a reactive substance in the radical mechanism
(Erickson, 1999). Processing fish proteins through pH shift
method followed by mixing with approved antioxidants such
as «-tocopherol, butylated hydroxyanisole (BHA), butylated
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hydroxytoluene (BHT), and propyl gallate (Storro and
Mozuraityte 2013) to the food products before storage or ap-
plication can be a better way to preserve the quality as well as
functionality of fish proteins.

Undeland et al. (2005) studied the effect of erythorbate
(0.2%, 9.3 mM), sodium tripolyphosphate (STPP; 0.2%,
5.4 mM), ethylenediaminetetraacetic acid (EDTA; 0.044%,
1.5 mM), and milk proteins (4%) on lipid oxidation of herring
protein isolates. They found that erythorbate alone, or in com-
bination with STPP/EDTA, significantly (p < or = 0.05) re-
duced lipid oxidation during processing if added in the pre-
wash or homogenization step. During ice storage, better sta-
bility was gained when antioxidants were added in both of
these steps and when EDTA was used instead of STPP.
Shaviklo (2008) also found that addition of salt, sucrose, and
polyphosphate to cod proteins could decrease the oxidation
during the frozen storage (Shaviklo 2008). According to
Undeland et al. (2005), low molecular weight aqueous ex-
tracts, also known as “press juice,” from fish muscle are also
effective in inhibiting lipid oxidation. Possible inhibitors in
the “press juice” could include nucleotides and other reducing
agents. The implementation of tocopherol and ascorbic acid at
low pH significantly decreased levels of lipid oxidation in
homogenates of Spanish mackerel (Petty 2007); however, an-
tioxidants proved to be pro-oxidative with pH readjustment of
homogenates from acidic and alkaline pH to neutral pH.
Increases in lipid oxidation in the readjusted homogenates
with antioxidants were observed. Readjustment alone had no
effect on the levels of lipid oxidation in homogenates.
Successful implementation of antioxidants into the acid and
alkali-aided protein isolation process requires further investi-
gation of appropriate antioxidants and their effectiveness at
various pH values and holding times.

Gel quality

The temperature during processing and the pre-process history
of raw materials are among the important factors that affect the
gel quality of isolates and surimi (Nolsee and Undeland
2009). The temperature of fish muscle increases by 5—10 °C
after death because of continuing muscle metabolism (Lanier
et al. 2005), which may cause more protein denaturation. This
can be reduced by keeping the fish at possible lower temper-
atures before processing. Choi and Kim (2005) reported that
breaking forces of protein gels from alkali-aided processing
were dependant on species. They have also reported that fish
proteins were more sensitive to acidic pH and reduction in
myosin heavy chain and actin was high in acidic conditions
resulting in reduced breaking force of heat-induced gels from
acidic processing. Gels from alkaline processing showed bet-
ter gel-forming ability than acid-processed gels, which was
also reported by other workers (Ninomiya et al. 1990;
Yongsawatdigul and Park 2004).

Nolsee et al., 2011 during their studies on blue whiting
protein isolates reported that large variations in the breaking
forces could be due to variations in raw material quality. They
have also reported that replacement of centrifugation with
filtration during pH shift processing resulted in lower breaking
force and deformation of isolates, which might be due to
higher lipid content of the isolates obtained using filtration.
The higher lipid content in the isolates obtained through fil-
tration resulted in a lower protein content of gels thus by
reducing the gel strength Nolsge et al., 2011). Kristinsson
and Liang (2006) reported that isolates obtained through pH
shift processing had a higher G" compared to surimi after
heating to 80 °C as well as after cooling to 5 °C, which might
be because of the stronger gel network formed by more pro-
tein—protein interactions. These reports were supported by the
findings of Kristinsson and Hultin (2003). They have stated
that acid- and alkali-treated cod myosin had high G” value
than surimi, which might be due to the partially denaturation
of myosin head group causing initiation of gel network and
strengthening of the network upon cooling.

Rawdkuen et al. (2009) studied the microstructure of
modori and kamaboko gels made of surimi (conventional
washing) and protein isolates (pH shift processing) and report-
ed that there was no significant difference found between the
microstructures of the gels. They compared the sizes of holes
in gel matrix and reported that sizes of holes were smallest for
surimi gels compared to gels from protein isolates. The gels of
surimi had regularly ordered fine fibrillar structures, which
might be the reason behind higher breaking force and defor-
mation (Fig. 3). While studying the microstructures of raw
mince and protein isolate obtained by pH shift processing of
herring, Marmon (2012) reported that alkaline processing in-
duced large differences in microstructure of herring proteins
resulting in loosely formed protein network structure with no
remaining myofibrillar structure. The gel strength of proteins
precipitated at pH 6.8 was found to be more compared to other
proteins obtained at their pl. During the microstructure stud-
ies, they found that protein precipitated at pH 6.8 had smaller
pores and finer strands resulting in more homogenous protein
network compared to the protein isolated at pH 5.5. This im-
proved network was the reason explained for increased gel
strength of the proteins precipitated at pH 6.8 compared to
pH 5.5. The microstructure studies revealed that pH shift pro-
cessing causes changes in microstructures of proteins thus by
forming larger holes and poor gel networking.

Various researchers also found that alkali-aided isolates had
highest G than the acid-aided isolates and surimi (Kristinsson
and Demir 2003; Davenport and Kristinsson 2003, 2004,
2005; Kristinsson and Hultin, 2002). Many studies reported
that the gel quality of isolates made using alkaline-aided pro-
cessing was superior to surimi. The quality of gels from acid-
aided process seems to be species dependant (Kristinsson and
Liang 2006). Several researchers reported that acid-aided
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Fig. 3 Electron microscopic
image of surimi gels prepared by
using different conditions
(magnification x10,000, EHT

10 kV). Con, conventional
method; Acid, acid-aided process;
and Alk, alkaline-aided process
(reprinted with permission from
Rawdkuen et al. 2009)
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process gave gels of poor gel quality, which might be due to
enzymatic action at solubilization and precipitation pH (Choi
and Park 2002; Kristinsson and Demir 2003; Yongsawatdigul
and Park 2004).

Functionality of isolates

Functionality is a sum of functional attributes, which influence
the application of proteins and protein products into foods.
Functional properties such as solubility, gelling, emulsifica-
tion, water holding, and foaming and oil holding are more
commonly used to measure the functionality of proteins.
Fish and fish processing waste has been gaining importance
in food applications as they are considered to be highly nutri-
tious, protein rich, functional, and safe. Functionality of pro-
teins is affected by various factors like protein characteristics,
source, and process employed. Several studies reported that
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the proteins obtained through pH shift processing had better
functional properties and gelation properties compared to pro-
teins obtained through conventional processing (Hultin and
Kelleher 2000a; Undeland et al. 2002; Kristinsson and
Demir 2003). The functionality of fish protein isolates obtain-
ed using pH shift process is discussed here for better
understanding.

Tian et al. (2016) during their studies on common carp
proteins reported that the maximum solubility was observed
for fresh mince followed by surimi, acid-processed isolates,
and alkali-processed isolates. The reason for lower solubility
of'isolates was attributed to denaturation of proteins during the
process. They have also explained that the functional proper-
ties of protein isolates are weaken at their precipitation pH
(Isoelectric point), which necessitates the adjustment of pH
to 7.0 for better functional properties. Tian et al. (2016) re-
ported that the isolates obtained from common carp by pH
shift process showed better digestibility than the fresh mince.
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They explained that pH shift processing causes some degen-
eration of proteins, increasing the sensitivity to proteases,
which increases their digestibility. This is the reason that pro-
ducing isolates, peptides, and fermented products has more
advantage than direct extraction of fresh fish muscle.

Kristinsson and Liang (2006) during their work on Atlantic
croaker found that the pH shift processed isolates (both fresh
and frozen) had significantly more stronger gel network (G'—
storage modulus) than the surimi after heating to 80 °C indi-
cating protein—protein interactions in protein isolates. These
differences in gel-forming ability of isolates and surimi might
be due to partial denaturation during pH shift processing
(Kristinsson and Hultin 2003). It was found that cooling from
80 to 50 °C caused firmer gel network of isolates (high G')
compared to surimi, particularly in frozen cryoprotected iso-
lates. Alkali-processed isolates had more G’ followed by acid-
processed isolates and surimi. They have further reported that
addition of cryoprotectants and freezing could increase the G’
of the protein isolates significantly, which was much lower in
case of surimi.

Vareltzis et al. (2012) during their studies on functionality
of sardine protein isolates reported that emulsification activity
index (EAI) and relative overrun (index of foaming capacity)
were higher in proteins from the conventional surimi process
compared to proteins from pH shift process. No significant
difference was observed in liquid drainage. They have also
reported that the alkaline-processed isolates had high gel-
forming ability than acid-processed isolates which might be
due to the differences in formation of bonds, particularly
greater disulfide bond formation in protein pool during alka-
line process (Vareltzis et al. 2012). It was suggested that the
application of microbial transglutaminase (Pérez-Mateos et al.
2004) and control of protein exposure to extracting medium
could improve the gelling properties of the isolates (Undeland
et al. 2002).

Water holding capacity of protein isolates from Argentine
anchovy residue was higher (at pH 3.0 and 11.0) after extrac-
tion by acid process compared to alkaline process (Freitas et
al. 2011). The similar findings were also observed by Ferreira
et al. (2013) during their studies on whitemouth croaker by-
product. They have reported that the isolates from white
mouth croaker had highest solubility and water holding capac-
ity at pH 11. It was found that the isolate proteins also had
good oil holding capacity (13.71 mL/g protein) and the digest-
ibility (in vitro was 91.32 £0.15%). The low water holding
capacity of isolates obtained by pH shift method indicated the
changes in protein structure. However, the protein structure
change might be due to intermolecular charge repulsions
(Hultin and Kelleher 1999). Oil holding and emulsifying ca-
pacity of alkaline processed Argentine anchovy residue iso-
lates were more compared to acid-processed isolates, which
might be due to the lipid content in the initial sample. Most
hydrophobic region of the pH shift processed isolates could be

used as gelling or emulsifying agents in foods (Freitas et al.
2011). Fu et al. (2012) during their studies on silver carp
protein isolates found that alkali-processed isolates had the
best solubility at all the salt concentrations used. These iso-
lates had highest water holding capacity (WHC) and gel
strength at 0 and 1% salt concentrations, which was equal to
the properties of surimi at 2% salt concentration. Based on the
results, they have also suggested that alkaline processing can
be used to produce functional low salt fish products from
silver carp (Fu et al. 2012).

Shaviklo (2006) determined the quality of fish protein iso-
lates obtained from cod, saithe, and Arctic charr fillets based
on the Codex Code of Practice for frozen surimi (FAO/WHO
2005) and compared them with the quality characteristics of
surimi. They have stated that though the quality attributes such
as gel-forming ability, whiteness, and gel strength were differ-
ent to surimi or protein isolates, fish protein isolates are still
good source to produce ready-to-eat products. They reported
that the sensorial quality of the products made of isolates was
acceptable and can be improved further by adjusting different
ingredients as per the demand (Shaviklo 2006).

Combination of methods

A few studies reported that combining other methods can
improve the yields or quality of isolates obtained using pH
shift processing. In a review, Nolsge and Undeland (2009)
reported the average protein yields of 56% and 67-70% in
surimi processing and pH shift processing, respectively.
They have also reported that running the pH shift process
without the first centrifugation step resulted in an increase of
average protein yields from 67 and 70% to 84 and 86%. These
low protein yields in pH shift processing with centrifugation
were attributed to the large gel-like sediment formation during
the first centrifugation step, which trapped large amount of
soluble proteins (Undeland et al. 2003).

Taskaya and Jaczynski (2009) combined flocculation
with pH shift processing to separate protein precipitate from
rainbow trout process water. During the study, they have
found that a high molecular weight anionic flocculent at
100 mg/L at 10 min reaction time gave highest separation
and they have suggested that this flocculent can be added to
a bioreactor that precipitates proteins at pH 5.5 in a
continuous pH shift processing. To increase the protein
yields during pH shift processing, Nolsee et al. (2011) com-
bined filtration with pH shift processing. They have re-
placed first centrifugation during pH shift processing of blue
whiting with filtration and found a substantial increase in
protein yield (38 to 62%) but the isolates had low gel
strength, high lipid content, and low whiteness values com-
pared to the isolates from centrifugation process.
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Tian et al. (2015) combined high intensity ultrasound
(HIU) technique with alkaline pH shift process to recover
proteins from tilapia. They found that HIU increased the pro-
tein solubility at less extreme pH (10.5) and decreased the
consistency of the homogenate and sediment ratio. They re-
ported that with HIU the protein yield increased from 47.0 to
62.6%, at pH 10, which is almost equivalent to the recovery at
pH 11.5, suggesting a 40% reduction in alkali and acid vol-
ume. HIU caused the changes in thin filament of sarcomere
resulting in an increased solubility. Combining HIU with al-
kaline process also elevated the gel strength of tilapia protein
isolate (Tian et al. 2015). Abdollahi et al. (2016) studied the
efficacy of pH shift process to remove hemoglobin from
blood-rich cod muscle and reported that adding phytic acid
to the first supernatant of alkaline process could improve the
hemoglobin removal from 77 to 93%. They have also found
that combining prewash with phytic acid at precipitation pH
5.5 followed by pH shift processing could improve the hemo-
globin removal to 96 and 92% in alkaline- and acid-aided
processing (Abdollahi et al. 2016).

Food applications of fish protein isolates

The success of any technology depends on the applicability
and utilization of its outcome. From the studies, it was report-
ed that the protein isolates recovered from fish, fish portions,
and by-products could be successfully incorporated into food
products (Leon et al. 1990; Shaviklo 2008; Tahergorabi et
al. 2012, 2015; Ibrahim 2015). Some of the work done in this
field so far is discussed below for better understanding. Leon
et al. (1990) produced fish protein isolates and hydrolysates
through alkaline process from mullet followed by powdering
them to use in Mexican food dishes. From the study, they have
reported that the powders with 90% protein could give 20—
35% of protein concentration of final dishes and the prepared
dishes were accepted by 70% of the panel.

Shaviklo (2008) prepared mince balls using the proteins
recovered from haddock by pH shift process. During the
study, he found that the cook loss of mince balls incorporated
with haddock protein isolates was similar to pure mince balls
and he also suggested that the haddock proteins can be used
for the development of mince-based food products. Ibrahim
(2015) prepared meat and fish balls using the protein isolates
recovered from small Nile bolti fish through pH shift process.
During their study, they have found that incorporation of fish
protein isolates improved the protein content in fish and meat
balls but reduced the content of fat and carbohydrates. When
the pure meat cutlets were incorporated with fish protein iso-
late (FPI) (25%) amino acid content, value was increased from
94.37 to 96.78% with a good biological value and protein
efficiency ratio, while a reduction was found in fish mince
balls containing 50% fish protein isolates. From the studies,
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they have concluded that fish protein isolates obtained
through pH shift process can be used to develop low-energy
acceptable meat cutlets.

Hydrolysates from protein isolates

Many studies have reported the important roles of protein
hydrolysates from fish and fish by-products such as hyperten-
sion control (Kawasaki et al. 2000), glucose homeostasis
(Lavigne et al. 2001; Lavigne et al. 2003), immunomodulation
(Bowgald et al. 1996; Gildberg et al. 1996), lowering choles-
terol (Bergeron et al. 1992), antiproliferative and reparative
properties (Picot et al., 2006), radical scavenging and reducing
ability (Raghavan et al. 2008), and antioxidant activity (Wu et
al. 2003). Various factors can affect the functionality of these
hydrolysates, among which nature and quality of the raw ma-
terial used for hydrolysis will greatly affect the functionality
and their antioxidative ability (Kristinsson et al. 2005).

One major problem associated with the preparation of hy-
drolysates from muscle portions of fish is the presence of pro-
oxidants, which can greatly decrease the stability of
hydrolysates and limit their use. This led researchers to use
fish protein isolates obtained through pH shift processing for
producing hydrolysates and the results are satisfactory. Some
of'the findings reported during the study on fish protein isolate
hydrolysates are discussed below. Theodore and Kristinsson
(2007) prepared fish protein hydrolysates from alkaline-aided
channel catfish protein isolates to study its angiotensin-
converting enzyme inhibition (ACE) activity at different de-
gree of hydrolysis (5, 15, and 30%). They found that hydro-
lysates and their soluble fractions had high ACE inhibition
activity (70.0-90.6%) based on degree of hydrolysis and
fraction. They have reported that the maximum ACE activity
was performed by the soluble fractions of hydrolysates
containing smallest peptides and they can be used as
bioactive ingredients. Hamaguchi et al. (2008) studied the
bioactivity of hydrolysates from saithe protein isolates. They
have found that isolates and hydrolysates exhibited good ox-
idative stability. A significant increase in antihypertensive ac-
tivity was found with a decrease in molecular weight of
peptides.

Theodore et al. (2008) during their studies on protein hy-
drolysates prepared from alkaline-processed channel catfish
isolates reported that with an increase in degree of hydrolysis,
oxygen radical absorbance capacity (ORAC), metal chelating
ability, and TBARS inhibiting ability of hydrolysates were
increased, while 1,1-diphenyl-2-picrylhydrazyl (DPPH) radi-
cal scavenging ability and ferric reducing antioxidant (FRAP)
power were reduced. They have found that low molecular
peptides showed high ORAC values and metal chelating abil-
ity, while high molecular peptides had high FRAP values.
They have also reported that the supernatants had higher metal
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chelating ability and the hydrolysates had higher DPPH radi-
cal scavenging ability and Fe**-reducing ability.

Martins et al. (2014) used fungi to produce hydrolysates
from insoluble whitemouth croaker protein residue formed
during pH shift processing. They have reported that
Trichoderma sp. and Penicillium sp. showed highest
proteolytic activity on alkaline and acidic substrates. Highest
protein solubilization was showed by Fusarium sp., whereas
highest amino acid solubilization was reported for hydrolysis
by Penicillium sp. From the studies, they have suggested that
the amino acids, peptides, and proteins recovered during the
process can be used in traditional processes of protein
concentrations to increase yield. Chai et al. (2015) studied
the functionality of hydrolysates produced using alcalase, pa-
pain, and trypsin from blue-spotted stingray isolates. They
have reported that 3-h alcalase hydrolysates had the lowest
half maximal effective concentration and highest peptide con-
tent for copper chelating, iron chelating activity, hydroxyl rad-
ical scavenging, and ABTS radical scavenging activity. They
have observed that the fractions of 3-h alcalase hydrolysis
namely < 3, 3-10, and > 10 kDa exhibited highest iron che-
lating activity, ABTS radical scavenging activity, and copper
chelating activity, respectively. From the study, they have con-
cluded that alcalase is the best protease for producing hydro-
lysates from stingray proteins.

Frozen storage stability of isolates

Storage stability is one of the important properties any food
component should possess. Many deteriorative changes that
occur during storage including physical, chemical, and
biological changes will affect the product quality, reduce the
acceptability, and limit their applications. Some studies were
conducted on frozen storage stability of fish protein isolates
and the food products incorporated with fish protein isolates.
Thawornchinsombut and Park (2006) studied the frozen stor-
age stability of Pacific whiting proteins under various storage
conditions. They have found that the gel texture was maxi-
mum when proteins were added with cryoprotectants and
stored at pH 5.5 and 7.0 without freeze/thaw cycles, while
minimum for isolates frozen and thawed without cryoprotec-
tants. Proteins stored at pH 5.5 and 7.0 showed high hydro-
phobicity and low sulthydryl content indicating the more di-
sulfide bonds and hydrophobic interactions resulting in more
protein aggregation. Alkali-treated isolates kept at pH 5.5
showed low stability compared to isolates kept at pH 7.0.
From the studies, they have suggested that alkali-treated iso-
lates should be added with cryoprotectants for extended shelf-
life and frozen stability. Shaviklo (2008) studied the functional
properties and rheological behavior of haddock protein iso-
lates with 20% protein and added with salt, polyphosphate,
and sucrose under storage at + 2, — 18, and —24 °C. He has

reported that time of storage and amount of additives signifi-
cantly changed the attributes of haddock protein isolates.
From the results, they have suggested that the proteins obtain-
ed through pH shift processing also need to be added with
cryoprotectants to protect them from denaturation during fro-
zen storage. Haddock protein isolates should be added with
salt (1.3%) and sucrose (5%) to prevent denaturation during
storage.

Shaviklo et al. (2010) during their studies on haddock
mince balls reported that when the fish balls were added with
0, 25, and 50% haddock cutoff protein isolates followed by
frozen storage, the sensorial quality (odor, flavor, texture, etc.)
was significantly affected during frozen storage. They have
found the most negative attributes with haddock mince balls
containing 50% mince and 50% isolates. Tongnuanchan et al.
(2013) developed protein-based films from tilapia protein iso-
lates (FPIT) and studied the storage stability at room temper-
ature after incorporating antioxidants (Trolox). They have
compared the properties of FPIT film during storage with film
made from unwashed mince film (UWM). They have found
that elongation at break (EAB) and tensile strength (TS) and
degradation temperature (Td) were more for FPIT film, while
UWM film had high water vapor permeability (WVP). During
the storage of 40 days, both the films showed an increase in
TS and Td values, whereas EAB, WVP, and protein solubility
were decreased. It was found that FPIT film had low lipid
content with the low amplitude of amide B bond than UWM
film. UWM film had non-disulfide covalent bonds in network,
occurred due to interaction between proteins and lipids
through Maillard reaction, which might be due to high
amount of lipids and further oxidation. It was found that FPI
film added with cryoprotectants had improved properties
without discoloration. Shabanpour and Etemadian (2016)
studied the chemical changes and shelf-life of common carp
protein isolates and surimi during frozen storage for a period
of 5 months. They have reported that the protein solubility of
surimi prepared using pH shift process was more compared to
conventional surimi during storage in freezer. The hydrolyza-
tion of myosin light chain was high in the case of conventional
surimi during storage. The lightness values were highest for
conventional surimi followed by surimi obtained at pH 11.0.
They have explained that the surimi prepared by pH shift
method had low lipid levels than conventional surimi
giving increased shelf-life and health of the product during
storage.

Conclusion
Acid- and alkaline-aided processing has both advantages and
disadvantages. Higher yields, higher reductions in lipids, and

improved gel-forming ability of proteins are the advantages,
whereas lower whiteness and protein denaturation during the
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processing are the disadvantages. Though a lot of work has
been done on recovery of proteins from fish and by-products,
utilization and application of recovered proteins are lacking
still. Only a few reports are available on application of isolates
for developing edible food products, suggesting the need of
further research in this area. As low protein yields are the
major drawback of the technology, combination of other
methods should be used with pH shift process, which can
reduce the loss of proteins during processing. Some of the
studies reported the use of filtration, flocculation, and HIU
technique in combination with pH shift process and could
get successful outcome. More work is needed in this area to
find an appropriate technology, which can improve the protein
yields without affecting the functionality. Further studies are
needed to find suitable applications of recovered proteins in
order to utilize the resources efficiently.
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