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Abstract

Up to 50 % of fish is lost during filleting, including significant levels of high-quality protein (10-23 %
[w/w]), which may be a source for bio-functional peptides. The fish processing waste protein hydrol-
ysate can be a potential solution for minimizing the environmental issues related to marine processing
products and act as an alternative to producing value-added fish processing by-products. The main aim
of this study was to investigate the structural and thermodynamic changes in proteins from Atlantic
Mackerel (Scomber scombrus) (AM) and mixed fish (MF) processing waste streams by differential
scanning calorimetry (DSC) and small deformation rheology, respectively. The DSC thermograms
from the samples indicated that the fish waste samples may be comparable. Moreover, in fish waste
sample hydrolysates, the same trends were obtained in 10 kDa AM and MF fractions. Fish waste sam-
ples, especially hydrolysed fish waste samples, showed different protein denaturation transition peaks,
indicating that enzymatic hydrolysis can affect the thermodynamic and functional properties of protein
samples. Similarly, the rheological properties were different for fish samples (AM and MF) with AM
showing higher G' or elastic modulus values (p<0.05). This study will contribute to food security by
reducing post-harvest losses in sustainable food product chains.

Keywords: fish waste protein, fish processing waste, food security, rheological properties, Atlantic
Mackerel (Scomber scombrus), differential scanning calorimetry (DSC)

1- Introduction

In a living system, proteins are found in cell membranes, aqueous solutions, and in lipid-protein com-
plexes. Protein denaturation is usually associated with conformational changes in the molecular struc-
ture. The denaturation process may include protein unfolding or association due to covalent and non-
covalent bonds that occur at specific sites of interaction. Extensive protein- protein interactions, can
lead to aggregation or polymerization, precipitation, coagulation and flocculation, which results in a
higher molecular weight, with larger complexes. Gelation is a process involving native or partially
denatured proteins. The exposed reactive groups in the unfolded protein molecules interact systemati-
cally to form networks via balanced protein-protein and protein-solvent interactions. This process can
result in a three-dimensional protein matrix with water holding capabilities (Messens et al., 1997 and
Howell, 1992).

The term functional properties of proteins, which comprises gelation, foaming and emulsification that
occur during food processing, storage and consumption relates to physicochemical properties. In native
proteins, any changes in physicochemical properties are associated with changes in the primary struc-
ture, comprising a linear chain of amino acids, secondary structure (alpha helix, beta-sheet and random
coil) as well as the tertiary structure. Furthermore, free amino acids and peptides which are the products
resulting mainly from enzymatic hydrolysis (Chalamiah et al., 2012) or chemical modification may
also contribute to enhancement of functional properties. Smaller polypeptides can improve the func-
tional properties, particularly foaming and emulsification that can be used in different applications.



Therefore, enzymatic hydrolysis has been used successfully to obtain useful peptides from fish and
fish by-products (Howell and Kasase, 2010, Halim et al., 2016).

According to Badii and Howell (2002), fish proteins are known to be exposed to aggregation and
denaturation during storage as well as temperature, which affects fish texture and nutritional value.
Protein denaturation can be measured by the reduction in extractable myofibrillar proteins; several
studies have reported that during frozen storage the myosin heavy chain fraction of the myofibrillar
proteins is sensitive to freeze denaturation (Del Mazo et al., 1999, Badii and Howell, 2002).

To date, whilst there are several papers published on the physicochemical properties of proteins in
different types of fish under several conditions (freezing, drying and heating), only a few reports exist
on fish waste protein fractions (Filho et al., 2011). Most papers on waste recovery from fish processing
report functional properties related to fish oil. There are several studies that investigate the functional-
ity (solubility, emulsion and foam capacity and stability, as well as water and fat binding) of fish pro-
tein hydrolysates, especially from the muscle, viscera, skin and roe (Halim et al., 2016).

According to Shahidi (1994), fish processing of by-products using appropriate enzymatic hydrolysis
is known to enhance the quality as well as functional properties of the fish products. Physicochemical,
functional, as well as nutritional and sensory properties of proteins in their original state can be im-
proved by enzymatic hydrolysis. Thus, enzyme hydrolysis is often used to enhance the applications of
low-value food proteins (Althouse et al, 1995; and Kuipers et al., 2005).

Very few papers on hydrolysates from fish processing by-products have been published; these include,
for example, fish processing of viscera (Ovissipour et al., 2009), fish skin  (Mendis et al., 2005), waste
from cod (Gadus morhua), shrimp (Pandalus borealis) and sardines (Sardina pilchardus) and pro-
cessing industry by-products (Bordenave et al., 2002 and Yin et al., 2010). Hydrolysates obtained from
fish proteins are highly affected by the source of the protein, enzymes used, degree of hydrolysis,
buffer pH and the reaction temperature and time. Examples of fish hydrolysates with useful functional
properties include those from the skin of Nile Perch (Lates niloticus), Grass carp (Ctenopharyngodon
idella) and Nile tilapia (Oreochromis niloticus) (Wasswa et al., 2008).

Protein denaturation can be measured thermodynamically and biochemically. The thermodynamic
measurement can be performed by Differential Scanning Calorimetry (DSC analysis), which describes
the changes of free energy enthalpy (AH) in folded and unfolded states after heating.

Molecules in solution exist in equilibrium as native (folded) and denatured (unfolded) conformations.
On heating, the term thermal transition midpoint (Tm) is used when 50% of the molecules are unfolded;
a high Tm denotes a more stable molecule. In addition, the change in heat capacity (ACp), primarily
due to changes in hydration of side chains that were buried in the native state but become solvent when
exposed in the denatured state (Badii and Howell, 2006) can also be measured by DSC.

Denaturation changes affect the functional properties like gelation. Gelation properties of proteins are
generally measured by rheological methods. Rheology is a term used to determine the flow and
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deformation of materials that affects the texture and consumer acceptance of products, especially in
food products. Rheology is also regarded as a key method for monitoring texture in food processing,
quality control, and the shelf life of food materials (Otles, 2011). Food materials display elastic and
viscous behaviour, which is measured by viscosity and oscillatory shear, as well as a wide range of
small oscillatory and large deformation rheological tests that are commonly used to characterize food
gels.

2- Materials and Methods
2.1 Sample preparation and preservation

Fish waste (FW) from Atlantic Mackerel (AM) and mixed fish (MF) samples from fish industry pro-
cessing, were bought from The Fish Society, Wormley, Surrey GU8 5TG, UK. The fish samples were
usually dispatched in ice directly to the Food Science laboratory. The fish waste samples were pro-
cessed upon arrival to the lab, weighed and homogenized in Omni Mixer-CAMLAB) at 6000 rpm for
30 seconds in ice. All chemicals used were mostly bought from Fisher Scientific, Loughborough, UK
and Sigma Aldrich, Poole, UK.

2.2 Heat Treatment

FW samples were treated with heat at 65° C in a water bath for 20 minutes to achieve microbiological
quality and avoid the existence of any endogenous enzymes.

2.3 Fish Protein Hydrolysate

The method used was that of Megias et al., (2004), the powder form of the water-soluble fish waste
protein was mixed with milli-Q water in the ratio (1:10 w/v) and homogenized (Omni mixer homoge-
nizer, USA). The pH was adjusted to pH 2.0 using 1M HCI. Then, pepsin was added to the suspension
with a substrate/enzyme ratio of 20:1. After 3 hours, the pH of the mixture was adjusted again to pH
7.5 using 1M NaOH. Subsequently, pancreatin was added using the same ratio and time of digestion
as described for pepsin. In order to deactivate the enzyme reaction, the mixture was immersed in boil-
ing water for 20 minutes. Then, after cooling, the sample was filtered and lyophilized for further study.

2.4 Differential Scanning calorimetry (DSC)

Protein Denaturation was measured by using a Setaram Micro DSC V11 differential scanning calorim-
eter (Setaram, Lyons, France)

The fish sample (0.8-1 g wet weight) and reference (distilled water) were scanned at 1° C min* over
the range 10-90° C and cooled to 10° C (first scan). The sample was rescanned (second scan); this was
subtracted from the first scan to obtain a heat flow-corrected signal as described in the Setaram DSC
handbook and Setsoft software. For each peak, a linear baseline was constructed by joining the first
point at the peak start and the last selected point at the end of the peak, according to the Setsoft soft-
ware. The total energy required to denature the protein, i.e. the change in enthalpy (AH), was estimated



by integrating the area under each peak. The temperature reached when half of the protein is denatured
is the transition temperature (Tm), which was measured at the tip of the peak (Setaram DSC handbook
and Setsoft software). Three replicates of each sample were tested.

2.5 Small Deformation Rheology Test

Small deformation rheological analysis of fish water soluble and salt soluble protein concentrations of
Atlantic Mackerel and mixed fish were determined on a Rheometrics (Leatherhead, Surrey, UK) con-
trolled stress 200 rheometer using a 40 mm parallel plate geometry and a 0.3 mm gap. A temperature
sweep, with a stress of 0.1 Pa and a frequency of 1rad/s was used. Evaporation during heating was

minimized by using silicone oil.

The temperature of the Peltier plate was programmed to ramp, at a rate of 2° C min !, from 20 to 90°
C, was then cooled to 20° C at the rate of 2° C min™'. Changes in the elastic or storage modulus (G”)
and loss modulus (G”’) were recorded and G’/G” crossover point were recorded.

2.6 Statistical Analysis

Statistical analysis by t-test was performed using Microsoft Excel. All values represent means of trip-
licate analysis and are given with standard deviations and those at p<0.05 were considered significant.

3- Results and discussion
3.1 Differential Scanning Calorimetry (DSC)
3.1.1 Water soluble fish protein (Atlantic Mackerel)

The DSC thermogram analysis parameters include; heat energy uptake (C, endotherm), transition peak
(Tm) as well as calorimetric enthalpy change (AHcal) (Figure 1)

Water Soluble protein

0.0300 -

0.0200

0.0100 - F\\
5 0.0000 : : A" .
2 401000.00 t 20.00 40.0 60.00 80.00 100.00
B 0.0200 -
- Peak: 48.57°C

-0.0300 7 Onset point: 46.44°C

-0.0400 + Enthalpy/J/g: 0.0745

0.0500 -

-0.0600 -

-0.0700 -

Furnace Temperature/°C

Figure 1. DSC thermogram of Atlantic Mackerel water-soluble fish protein
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On heating the sample at a constant rate, heat change was detected due to thermal denaturation. The
main transition temperature (Tm) was 48.57° C, which is the point where water soluble proteins started
to denature.

The fish proteins in aqueous solution were in equilibrium between the native and denatured (unfolded)
conformation. The native state remains stable depending on the size of the Gibbs free energy (AG) and
the thermodynamic interplay between enthalpy (AH) and entropy (AS) changes. Therefore, a positive
AG 1is characteristic of a stable the native state rather than the denatured state. Proteins denature and
unfold when covalent and non-covalent bonds are broken. When conformational entropy overcomes
the bonding forces, the protein is able to unfold on heating to temperatures where entropy becomes the
main factor (Johnson, 1995).

3.1.2 Fish waste samples (Atlantic Mackerel and Mixed Fish)

The DSC analysis was undertaken on waste obtained from Atlantic Mackerel and mixed fish as well
as hydrolysates samples prepared from fish waste (10 kDa of Atlantic Mackerel and 10 kDa mixed
fish). The DSC thermograms from the samples indicated that they may be comparable. By investigat-
ing the denaturation peaks enthalpies (J/g) and denaturation temperatures (°C) (Table 1), the t-test of
significance showed that there were no significant differences between the two types of fish waste
samples (p> 0.05).

The denaturation enthalpy change for myosin in Atlantic mackerel (0.349 J/g) was higher at the tran-
sition temperature (TM) of 49.3° C than mixed fish (0.286 J/g at 47.4° C). For actin denaturation,
mixed fish had the highest enthalpy change values (0.12 J/g) compared to Atlantic Mackerel (0.055
J/g), and there was no significant difference between samples (p>0.05). Sarcoplasmic proteins in mixed
fish waste sample denatured more readily with a lower enthalpy change value than in Atlantic Macke-
rel fish waste. Different habitats and type of fish have different muscle fibre composition, i.e. mixed
fish had more white muscle fibre than Atlantic mackerel. White muscle fibres comprise myofibrils,
and a few lipid droplets. The fish fat content may contribute to different heat conductivity, which is
also different among the species.

For the DSC thermograms of fish waste sample hydrolysates, the same trends were obtained in 10 kDa
AM and MF. Atlantic Mackerel showed higher enthalpy change values for myosin (0.69 J/g) and lower
enthalpy change values for actin (0.024 J/g) than mixed fish (0.202 J/g for myosin and 0.12J/g in actin),
showing that there were significant differences (p<0.05) among the samples.

The controlled enzymatic hydrolysis of fish waste is known to affect the functional characteristics,
such as foaming and emulsification, due to the production of smaller polypeptides (Chalamiah et al.,
2012 in Halim et al., 2016). In addition, the small peptides are reported to have several therapeutic
properties, including anti-hypertensive and anti-cancer properties (Yousr and Howell, 2015).



Table 1. Transition temperature and enthalpy change (J/g) for fish waste (FW) samples in Atlantic

Mackerel (AM), mixed fish (MF), 10 kDa AM and 10 kDa MF

FW Sample AM MF 10 kDa AM 10 kDa MF
Peak 1 (°C) 49.3+£0.2, 474 +£0.5. | 48.1 +0.5, 47.1 0.1,
Enthalpy 0.349 + 0.286 =+ 0.69 =+ 0.202 =+
change (J/g) 0.06, 0.050, 0.005, 0.00804
Peak 2 (°C) 60.1 +0.3, -- 59.7 £0.7, --
Enthalpy 0.001 =+
change (J/g) 0.001, B - B
Peak 3 (°C) 712 £0.2, -- 70.1 £0.6, --
Enthalpy 0.007 =+ 0.007 +
change (J/g) 0.002, ) 0.001, B
794 =+
Peak 4 (°C) 80 +0.3, 76.7 +£0.1, 75.2 £0.001,
0.003,
Enthalpy 0.055 + 0.120 + 0.024 =+ 0.120 +
change (J/g) 0.002, 0.030, 0.002p 0.020y

Values expressed as mean = SD (n=3) of triplicate measurements.

a-b Means within a column with different letters are significantly different (P<0.05)

ANOVA single factor was carried out by Least Significant Difference (LSD) test, followed by the T-

test.
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Figure 2. DSC thermogram of Atlantic Mackerel (AM) fish waste sample
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Figure 4. DSC thermogram of 10 kDa Atlantic Mackerel (AM) fish waste hydrolysate sample
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Figure 5. DSC thermogram of 10 kDa mixed fish (MF) waste hydrolysate sample

3.2 Small Deformation Rheology test
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Figure 6. (a) Temperature sweep and rheological properties (G’ and G’”) of water-soluble fish protein
from processing waste sample; (b) Temperature sweep and rheological properties (G’ and G”) of salt
soluble actomyosin from fish processing waste sample and (c) Temperature sweep and rheological
properties (G’ and G”’) of fresh Atlantic Mackerel fish processing waste sample.
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Figure 7. Temperature sweep and rheological properties (G’ and G*”) of (a) water-soluble, and (b)
actomyosin proteins from fish processing waste stream sample of mixed fish

The results obtained for both water-soluble fish protein fractions showed that prior to heating, the
storage modulus (G”) was greater than the loss modulus (G’’), demonstrating that the samples had a
gel-like structure as shown in Figure 6 and Figure 7. The viscous and loss modulus of both Atlantic
Mackerel and mixed fish increased with time and temperature after storage at -80°C.

The G’ (storage modulus) of Atlantic Mackerel fish sample were considerably higher at 90°C (18399
Pa) and cooled to 20°C (G’=1.02E+05 Pa) compared with water and salt soluble sample at 90°C (G’=
7.62 and 6.15 Pa respectively) and 36.82, 70.93 Pa respectively when cooled at 20°C (p<0.005).

Meanwhile, the G’ (storage modulus) of salt soluble mixed fish processing waste streams protein was
higher at 90°C=5.0268 Pa and cooled to 20°C (G’=215.97 Pa) compared to the water-soluble sample
at 90° C (G’=3.6774 Pa) and 17.629 when cooled at 20°C (p<0.05).

As G’ is the energy stored elastically in the structure, this shows that Atlantic Mackerel sample was
tougher than the mixed fish sample. The difference between the G’ values of the water-soluble (small
proteins, peptides) and salt soluble proteins (high MW myosin and actin) indicates that the latter can
form stronger 3D gel networks and influence the rheological and texture properties.

4- Conclusions

Fish waste samples, especially hydrolysed fish waste samples, showed different protein denaturation
transition peaks, indicating that enzymatic hydrolysis can affect the thermodynamic and functional
properties of protein samples. Similarly, the rheological properties were different for different fish
samples (AM and MF) with AM showing higher G’ or elastic modulus values. The salt soluble acto-
myosin fraction had higher G’ values than the water-soluble fraction (p <0.05).



Changes in myofibrillar as well as sarcoplasmic proteins of fish waste can be exploited in the future to
monitor the effect of freezing and heating during processing and in storage as well as to study the effect
of antioxidants added to preserve the fish waste samples.

Further work to be taken into consideration includes measurement of the amino acid composition by
HPLC in order to see if the different amino acid content in both Atlantic Mackerel and mixed fish
processing waste protein contributed to the gel strength.

Few papers report changes in water holding capacity of fish due to surface dehydration of proteins as
well as the relationship between protein solubility of muscle and toughening of tissue during frozen
storage fish (Badii and Howell, 2002). Thus, further work can be done on moisture content and protein
solubility of fish proteins (myofibrillar protein and other mixture of protein components) alongside the
small deformation testing.
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